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Zones Of Influence And Shock Motion In A Shock
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This paper aims at describing the main features of a shock refiction on a turbulent boundary layer.
The data used for this analysis are the results of Large Eddy i&wulations of the interaction carried out
with three different shock intensities, from incipient to fully separated cases. Computational results are
validated vs experiments obtained for the same interactiogeometries. The main space-time properties
of the leading shock motions are described together with the links with the other regions of the
flow. In particular, information about the origin of the shoc k motion is derived from the correlations
between shock motion and unsteady pressure field. It is showthat the shock motion reveals the flow

unsteadiness found in the interaction region.

Nomenclature
« Angle of the characteristics (see Eq. 3)
o Angle of the Mach wave (see Eq. 6)
Azt Streamwise cell dimension in wall unit
Azt  Spanwise cell dimension in wall unit
0 Boundary layer thickness
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Boundary layer thickness at the inflow

Wavelength of the disturbances along the leading shock

Angle between the shockwave and streamlines

Optimal delay time of the cross-correlation function

Flow deflection angle

Distance from the reference point

Speed of sound

frequency

Elevation of the crossing point between the leading shodkth@ expansion fan
Elevation of the crossing point between the incident anditeashocks

Length of the interaction

Convective Mach number

Strouhal number (see Eq. 1)

Strouhal number of the disturbances along the leading shock

Flow velocity

Velocity downstream the incident shock

Propagation velocity along characteristics (see Eq. 4)

Propagation velocity along Mach waves produced by condesdarces (see Eq. 7)
Convection velocity

Propagation velocity along the shock

Propagation velocity along the shock for disturbancescatam with characteristics (Eq. 5).
Propagation velocity along the shock for disturbancesaate with Mach waves (Eg. 8).
Longitudinal dimensionless coordingte — X;)/L

Mean position of the foot of the leading shock



Yy Vertical dimensionless coordinajg L
o Height of the cell adjacent to the wall in wall unit
I. Introduction

Shock/boundary layer interactions are found in many aericel applications such as air intakes or over
expanded nozzle flows. Fully separated interactions hame walely studied in the past [1-5]. Whatever the
flow configuration (compressions ramps, shock reflectiamtdin or over-expanded nozzles), low frequency
shock motions are observed when the flow is separated, gltitbair origin is not always clearly established
[4-8]. In the case of the reflection of a shock wave on a turbid@undary layer at moderate Reynolds
number, it has been recently proposed to relate the low émegumotion of the leading shock (denoted
reflected shock in see Fig. 1) to the dynamics of the separatgdn developped downstream [6, 9]. The
link between the leading shock motion and the low frequemsteadiness was not fully specified although
some elements have been examined. For example, the refetieen the low frequency breathing of the
separated region and the dynamics of the large cohereetssitaimed in the mixing layer originating at the
foot of the leading shock has been discussed. [3, 6, 9]. Tétegetures produce frequencies at least one
order of magnitude higher than the low frequency shock metid heir influence on the shock unsteadiness
has still to be explored. Moreover recent experimentalstigations of various shock reflections have shown
that incipient separation presents several similaritith separated cases, with evidence of low frequency
shock unsteadiness as in separated cases [6, 10].

Recent work by Touber and Sandham|[8] has proposed an amayghich the response of the shock sys-
tem to external perturbations is examined, providing aimage of the low frequency range of the interaction
and justifying a former heuristic theory. This approach begr was not well adapted to the determination
of the origin of the low frequencies. The results presentze provide a quite different viewpoint. To some
extent, it complements the results quoted here above. Fioniation of comparable parameters, the de-
tails of the physical mechanism are explored, giving risdaéupstream/downstream influence on the shock
motion; it also identifies spatially the zones controllihg motion of the different part of the shock system,
along with the frequency ranges which are involved. All thesalyzes are applied to a shock reflection

configuration described in the following.



ncident shock

Fig. 1: Schlieren visualization of the fully separated iatgion. Adapted from [6].

A Mach 2.3 shock reflection was set up in the IUSTI supersoni@viunnel. The flow deflection
anglef can be set fron# = 5.5° to # = 9.5° causing flow separation, from incipient to fully separated
The organization of the flow is illustrated by a Schliereruaiézation of the interaction in Fig. 1. Results
include (time-resolved) hot wire measurements along thdifey shock and velocity field measurements
from Particle Image Velocimetry (not resolved in time). &ikt on the experimental set up and the results
can be found in Refs. [3, 6, 9, 11, 12]. The Reynolds numbeedasn the momentum thickness of the
upstream boundary layer is about 5000, a convenient valperform Large Eddy Simulation of such a flow.
The present work complements the experimental resultsibgibg time resolved data obtained from Large
Eddy Simulations of the same configuration.

The numerical method and aerodynamic parameters are loeddni section Il. The unsteadiness of the
leading shock is characterized in section IIl. As will be whoit involves two distinct frequency bands.
Each one will be related with phenomena occuring in paictggions of the flow and the main features of

the communication paths from these regions to the shockemerithed in section IV.

II.  Numerical simulation of the interaction

A. Computational model and parameters

Since the flow under study is fully turbulent with a moderatyRolds number and since it develops
low-frequency unsteadiness, a turbulent modeling relgimghe Large-Eddy Simulation method appears to
be a good candidate to perform time-accurate computatima. matter of fact, LES has been proved to be

a suitable modelling to resolve reflecting shock/turbutemindary layer interactions of the type described



above. The LES have produced accurate predictions of the features of the flow [13] and of the low-
frequency unsteadiness, in good agreements with expetsiiiet.

The various computations are performed using ONERA's FLUMer that has been extensively used
in the recent years to analyze successfully compressihies figther by DES, LES and DNS [15-17]. The
numerical scheme is designed to be able to capture the shioitdk mveeting the LES requirement of very
low dissipation in the turbulent region [18]. This is acheédvby adding the dissipative part of the Roe
scheme [19], modulated by Ducros’ sensor [20], to a secoderarentered scheme. The subgrid filtering is
implicitly provided by the mesh and the subgrid modelinga®bn the selective mixed-scale subgrid model,
well suited for compressible wall bounded flows [21]. Timeegration is achieved by means of a second-
order accurate implicit Gear scheme [22] with a timestep®k 10~ 7 s. yielding maximal CFL numbers of
12 so as to make the implicit time filtering negligible wittspect to the implicit grid filtering. The resulting
non-linear system is solved iteratively at every timestéjn ® sub-iterations, yielding a reduction of the
residuals of 1.5 order of magnitude at worst and more thao2iér of magnitude on average.

Following [13], the computations aim at reproducing onlg tinid-span part of the wind-tunnel, ex-
cluding the influence of the side walls. Periodic boundamyditions are consequently used in the spanwise
direction, with a spanwise extent of the computational doregqual to 1.6 boundary layer thicknessesor-
responding at least to 3 times the expected height of thea@pabubble. The domain inflow and outflow
boundaries are locatddd away of the interaction region and rely on characteristastlary condition.

The mesh is designed to match the resolution required te@ sed-bounded flows by LES with values
Azt ~ 40, y§ ~ 0.9 andAz+ ~ 16. The grid stretching in the vertical direction is mild in erdo be
able to accurately capture the recirculation bubble, yigld number of cells located in the initial boundary
layer thickness of 95. The mesh is stretched in the streagngiiection starting fronsé downstream of
the interaction region in order to progressively damp thaveated vortices. The total cell count is equal
to 5.5 millions. Such a moderate grid size allows a very langetintegration ranging from 0.5 million to
2 millions timesteps, corresponding to 0.125 to 0.5 seca@misbeing large enough to resolve 50 to 150
periods of the low-frequency oscillations. These numbépedods are comparable to or larger than values
found in previous studies[5, 8, 18, 23].

Two additional LES of the case with the largest separatioe b@en carried out for validation purposes.



The first computation relies on a refined mesh with ~ 30, y;7 ~ 0.9, Az* ~ 12 and 105 cells spanning
the initial boundary layer thickness. The timestep wasceduo2 x 10~ s. for this simulation. The second
computation is based on the same grid resolution and the tia@step as the original one but with the span
of the computational domain extendedltb’. Both computations were run f86 ms., a time large enough
to obtain converged first and second order statistics andialy the spectral analysis of about 10 periods of
low-frequency oscillations.

Velocity, density and pressure data over various horizpmgtical and transverse planes are stored on
disk with a 200 kHz sampling rate, except for the computatiorthe refined mesh for which a 500 kHz
sampling rate was set. The 200 kHz rate is not high enoughnplesadequately the data in the incoming
boundary layer region for which the maximum in the presspeesum is located at about 70 kHz. However
comparisons between data sampled at 200 kHz and 500 kHz deraierthat the former rate is high enough
to ensure a negligible aliasing in the interaction regiaorthis region, less than 5% of the total density power
spuriously originates from the aliasing for every frequeindhe ranges of interest, namely the low frequency
unsteadiness and the intermediate frequencies correspaodhe large scales of the mixing layer/shedding

regions.

B. Boundary conditions

An adiabatic boundary condition is enforced at the wall ahdracteristic-based boundary conditions
are used at the outflow and upper boundaries. Turbulent Eoyrdnditions at the inflow are set using a
variant of the Synthetic Eddy Method [24, 25] suited to sspaic boundary layers: the method described

in [25] was modified in the following way:

* Increase by a factor of ten of the density of the synthetdieslyielding a more Gaussian-like proba-
bility distribution of the velocity fluctuations. It maketsgossible to damp the tails of the distribution
associated with fluctuations of huge kinetic energy resglin non-physical high values of the local

Mach number.

 Addition of density fluctuations computed from the streasewelocity fluctuations using the Strong
Reynolds Analogy coupled with the linearized ideal gas lad aero pressure fluctuations so as to

achieve zero mean.



* Renormalization of the strength of the eddy locally in erteset at the inflow exactly the wanted

Reynolds stress profiles even in regions of overlapping mode

» Use of temporal characteristics to achieve non-refleatgs of the boundary condition in the subsonic

region of the boundary layer.

Following [25], 5 modes were distributed over the boundagel height, using the proposed loci, length-
and timescales but with Gaussian shape functions only.

It has been verified by comparisons with the experiments atidam auxiliary LES computation of a
freely transitioning boundary layer that this method iseatiol recover accurate turbulence statistics and the
expected organization within a development length sm#iem104,. At the reference station = 260 mm,
located9.50, downstream of the inflow and at leagt upstream of the interaction region, the values of the
friction velocity computed either from the derivative aettvall or using Clauser’s method differ by less
than 4% and than 1.5% respectively from the experimentab&i26, 27] estimated from Clauser’s method.
Moreover the differences between the computations andxerienents regarding the displacement and the
momentum thicknesses are lower than 2%.

These concordances can be assessed by looking at the meflunctunating velocity profiles plotted in
wall unit in Fig. 2. Note that the slight differences seenhe van Driest velocity profiles can be almost
suppressed by using Clauser’s method to estimate theofrigglocity from the LES data. The most notice-
able discrepancy is found at the end of the log region wherstittamwise fluctuations are underestimated
with respect to the experiments. However this discreparayalso found, though slightly weakened, in the
LES computation of a freely transitioning boundary layemtianed above. Consequently it has not to be
associated with the SEM method. Lastly, the method has lmerdfto be free of low to medium frequency
forcing found especially for the pressure in preliminarst$§28] for which the compressible variant[29] of

the Lund recycling method was used.

C. Flow parameters
Three LES were made to reproduce flow cases in incipient, andl full separation conditions, re-
spectively corresponding to flow deviation ®6°, 8.0° and9.5° in the experiments performed at IUSTI.

However, these shock reflection experiments were sensiivateral effects due to the finite span of the



Fig. 2: Van Driest transformed mean velocity profile (a) andtfiating velocity profiles (b) at the reference location
x = 260 mm, 9.50o downstream of the inflow plane: standard LES (solid), refinE8 (dashed),
experiments [26] using Pitot tube for the mean velocity abd\lfor the fluctuations (circles). More recent
experiments [9] using LDA measurement at the locatica 240 mm, 7.45, downstream of the inflow plane,
have been added (triangles). The friction velocity is cotegwsing the Clauser method for all the experiments.

wind tunnel, as recently shown by the RANS computationdedout for the European UFAST project [12]
and the DES by Garnier [18]. This leads to experimental sifésteractions being up to 20 % larger than
the lengths found in the computations not taking into actthmside walls. Such differences may be of low
influence on the unsteadiness for the- 8.0° andf = 9.5° cases since the change in size of the interaction
region is not large enough to induce a change in the sepasttite. Therefore computations associated with
these cases are carried out for the same flow deviation asgje @&xperiments.

The incipient case should on the contrary be very senstiieay reduction in the size of the interaction
that possibly could result in changing the onset of separatiThe flow deviation angle of the incipient
computation has consequently been adjusted iteratively=£06.3° so as to result in an interaction length
L (see Fig. 1) defined as the distance from the foot of the lgastiock to the extrapolation down to the
wall of the incident shock, equal to the experimental valtié. o= 25 mm found in the experiments. The
flow computed from this setup exhibits a similar separatiatesas the experiment, as demonstrated by the
distribution of the reverse flow probability plotted in Fiy.

Note that the interaction lengthis and some other geometrical parameters useful for furthalyases

are listed for the three interactions in Tab. 1.

D. Validation
The accuracy of the LES can first be evaluated by analyzingéhsitivity of the computations to the

definition of the computational grid for th&5° case. The divergence between the standard computation,
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Fig. 3: Percentage of reverse flow from PIV measurementan@) &S data (b).

60 5, mm L, mm H;, mm e H., mm e

6.3° 11 25 7.5 0.68 7.5 0.68
8.0° 11 38 12 1.09 23.5 2.14
9.5° 11 63 21 1.91 56 5.09

Table 1: Geometrical parameters of the interactions.

the LES carried out on a refined mesh and the simulation withidamspan have first to be analyzed for
the incoming boundary layer. No difference at all is foundamsen the standard and the span-extended
computation in that region whereas the comparison betweeistandard and refined computations shows
that metrics of the boundary layer such as the friction vigsljpmomentum thickness and shape factor differ
by less than 1.5% between the two simulations. Figure 2(ajroos this agreement. Fluctuations profiles of
Fig. 2(b) also collapse correctly.

When focusing on the interaction region, the standard afimbict LES exhibit the very same properties:
separation length as well as interaction length differ tgg lhan 1%, as seen in Fig. 4. Moreover almost
identical geometry of the separated region and streamwisli@teon of the friction coefficient are seen in
this figure. The computation with an enlarged span also shewssimilar features but with lengths reduced
by 2% (interaction) and 6% (separation).

This has to be associated with the rather large asymptdtiesaf the spanwise correlations coefficient
found in some part of the interaction for the LES with théd span:c,, (¢ = 0.8§) = —0.26 close to the
wall at the beginning of the separation and, (¢ = 0.86) = —0.17 in the shedding region. The narrow

span computation of th@.5° case appear therefore to be slightly confined. However herdtifference



0.025¢
0.02r

~— 0.015f
> 0.01f

0.005¢

.......
=

027 028 029 03 031 032 033 034 035
X (m)

Fig. 4: Separation line and geometry of the lower part of thoédient and leading shocks (see Fig. 1): standard
LES (solid), refined LES (dashed) and standard LES with as®d span (dotted).

beyond the confinement-induced enlargement has been ebseetween the physics found in the narrow
and wide computations. This is consistent with the analgsisne of the computations described in [8]
subject to a much higher confinement. Particularly the @aastdehavior of the interaction, as deduced from
the wall pressure spectra, appears to be unaffected onoehined usingl.. Note that the short duration of
the enlarged computation results in a noticeable levelatistical uncertainty for the spectra but this can be
counterbalanced for the most part by a space averaging sptrawvise direction.

Maximum absolute values of the streamwise correlationfwderfit of velocity were found lower than
0.1 at every location of thé.3° and8.0° computed flowfields. It is therefore very unlikely that taeom-
putations are subject to spanwise confinement and no exngutation with an extended span has been
done.

A grid independence study has been carried outif8t computations not described in this paper by
using the same standard and refined grids a9 tifecase. Grid convergence was fulfilled for the- 4.8°
case similarly to th@.5° case. Consequently it is believed that refined grids shoatdring significant
improvements for thé.3° and8.0° computations.

The ability of the computations to reproduce the main feztwof the flow unsteady behavior can be
evaluated by looking at the streamwise evolution of the ywedissure spectra plotted in Fig. 5. All three
computations as well as the = 8.0° andd = 9.5° experiments exhibit a similar development of the
interaction, as described in [3]: the first part of the int¢ian is dominated by low frequency component,
followed by a transition region of increasing charactériftequencies related to the development of the
mixing layer that eventually result in a shedding procegh &h almost constant frequency, lower than the
typical ones in the incoming boundary layer.

Assessment of the fidelity of the LES can be performed in a mpoaatitative way by normalizing both

10
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(c) LES,0 = 9.5° (d) Experimentsg = 8.0°

Fig. 5: Frequency-streamwise location map of the magnitdidee wall pressure premultiplied spectra normalized by
the local value of the variance (arbitrary scale). Abscifemuency in Hz, with Strouhal numbétt ;, of values
0.03 and 0.5 indicated. Ordinate: streamwise coordinath,dimensionless streamwise coordinafé values
of 0 and 1 indicated.

lengths and frequencies to take into account the differebetveen experiments and computations regarding
the size of the interaction. The dimensionless coordin&tes- (x — X()/L andY™* = y/L are used, where
X is the mean position of the foot of the leading shock. In tefgresentation, the interaction extends from
X* =0toX* = 1. In separated cases, previous works [3, 30] have used a mamdional shock frequency,

or Strouhal numbe$t;,, defined as :

Sty = =— 1)

wheref is the frequencyl the interaction length and; is the velocity downstream the incident shock. It

has been shown that for Mach numbers greater than two, segdamteractions experience low frequency

11
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Fig. 6: Premultiplied power spectra of streamwise momertuarthe mean shock at elevatigrio = 1.8: experiments,
0 = 5.5° with the full-duration signal (10 s, bold solid), experintg,6 = 5.5° (dot) and LES¢ = 6.3° (dash)
with signals of duration 125 ms.

shock motions arounfit;, ~ 0.03 (see [31]). Such a value is clearly seen in Fig. 5(d) for theeeixnent
atd = 8°. Itis recovered for the LES of interaction with separatiad = 8° andf = 9.5° in Figs. 5(b)
and 5(c), although the former case exhibits peaks spreadansdes of th&tr, = 0.03 line rather than

a smooth bump centered §t; = 0.03 . This difference is due to the rather short duration of¢he 8°
computation with about 50 periods of the low frequency shaclktion, as checked by computing spectra
from experimental data restricted to a similar duration &xhibit similar uneven patterns.

No such well defined low frequency content was found in theeeirpental spectra related to the incip-
ient separation despite evidences of energy content irrdhige[6, 10]. This appears when looking at the
premultiplied power spectrum of Fig. 6 computed by the Buethnd from the time series of a hot wire
located on the mean location of the leading shocl at 1.85. The streamwise momentum premuliplied
spectrum from the incipient LES computation at the sametiocanonetheless seems to result in a slightly
noticeable bump roughly centered%t;, = 0.03 but this difference between experiments and computations
may be again due to the difference in the temporal length efsthnal. When the experimental signal is
restricted to the same duration as the LES computation trgpom the experiments and the LES show
very similar features with the exception of the highest frencies, because of the strain gauge effect of the
hot-wire.

Itis therefore concluded from Fig. 5-6 that the present LEESable to accurately reproduce the dominant

12



unsteady features found in the experiments while givingsgto time-resolved data encompassing the whole
flowfield. In the next part the main results obtained from tl&SLcomputations will be presented, both for

the mean fields as well as for the unsteady aspects.

lll.  Shock motions and regions of influence

A. Power spectrum of the shock positions

The time-resolved data are used in first place to charaetériz kinematics of the leading shock. The
LES data are considered to track the position of the shockdlt 8Bme. Its location is determined at every
timestep and for every elevation by seeking for the maximéithepressure gradient in the direction normal
to the shock. The premultiplied spectra of shock positiatiseanormalized elevatiop/ H; = 2, whereH; is
the elevation of the crossing point of the incident and legdihocks, are plotted versus the Strouhal number
in Fig. 7. Here the height/; has been used to normalize the ordinat¥/hen changing the deviation angle
0, the shock angle varies, so that the triangles formed by thesing of the incident and leading shocks
cannot be similar. However, in practice, as seen in Tablad differences are small, the pattern is almost
unchanged, and normalizing ly; or by L would lead to the same evolutions. The two frequency ranges
Sty ~ 0.03 and Sty ~ 0.5 are observed with different importance. Moreover, the spetormalized by
L? appear to collapse at low frequencie& { ~ 0.03). This is in agreement with [3] in which it is shown
that the measured length of leading shock excursion vaoieghly like the length of interaction. As this
amplitude of the shock motion is closely related to the loggfrencies, the observed collapse of the spectra
when normalized by.? is not surprising. This suggests still more firmly tiais the pertinent length scale
for these low frequency motions, leading to self similardagbr in this frequency range.

Low frequency unsteadiness is expected in the separated kasvever, it is more surprising to find it
also in the incipient case at the same Strouhal number. kique work, the same characteristic low and
intermediate Strouhal numbers were observed in the irtterecfor separated cases [3]. They have been
respectively related to some breathing of the separatibblbuand to the development of vortical structures
of Kelvin Helmholtz type in the mixing layer downstream oétbeparation shock [3, 6]. The former physics
was energy-dominant. In the incipient case, it seems tleaitical sources of unsteadiness are found, but in

different proportions: the shock motion associated withititermediate frequencies prevails. Nevertheless

13
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Fig. 7: Premultiplied power spectra of the shock streamvaisation at elevationy/ H; = 2 normalized by the
interaction lengthl; dash-dot: incipient separatiof & 6.3°); solid: mild separationq = 8.0°); dash: full
separation = 9.5°).

the normalizing of the displacement at low frequencies lgyitiberaction length yields a same amplitude as
in the separated cases. The origin of both low-and interatedrequency shock motions will be discussed

in the next sections.

B. Correlation fields in the interaction

The pressure fields are now considered to investigate wherehiaracteristic frequenci®$; ~ 0.03
andSt;, ~ 0.5 are present in the field and how they can influence the leadiiogksmotions. Two pressure
correlation fields have been computed, associated withatbecharacteristic frequencies. They are derived

from the following procedure :

« Firstly, the pressure fluctuations of the whole flowfield #meltime series of the streamwise location
of the shock at a given elevation are band-passed aroundtis&dered frequencies, with a bandwidth
of 0 < St < 0.1 for the low frequency range and 0f3 < St;, < 0.8 for the intermediate frequency

range.

» Then, the cross-correlations between pressures and tlo& streamwise location at the selected ele-

vation are computed.
This procedure has been applied for the three interactiodsrconsideration.

14



Figure 8(c) presents the fields of the resulting cross-tatiom coefficients in the low frequency range
for the mildly separated interactiofi & 8.0°). The coefficients have been computed by taking as referenc
the shock motion at elevatiayy H; = 1.4 for practical reasons. Note however that the results warado
insensitive to the location along the shock. Figure 8(c¥ puéevidence a high level of correlation between the
shock and the initial part of the interaction, whereas tlpaesion wave, the second part of the interaction and
the downstream flow are in anti-correlation with the shocifian. Similar results were already obtained for
shock reflection as well as for compression ramp from expamtai[1, 3, 32, 33] as well as numerical[7, 28]
unsteady wall pressure data. They are now generalized iwltloée field of the interaction. It can be seen
in Figs. 8(a) and 8(e) that similar properties are also foiandhe § = 6.3° andf = 9.5° flow deviations,
respectively.

Results obtained for intermediate frequencies are shotigures 8(b), (d) and (f). It was tried to choose
the samey/ H; value for the reference point in all cases, large enoughue hignals not directly polluted by
the fluctuations of the shear layer. This led to the valug/df; = 3 for the incipient case and for tr&0°
deviation. In thé.5° case, it was not possible to reach such high values becatisesmaller relative extend
of the computational domain; a compromise/at; = 1.8 was adopted to minimize the contribution of the
turbulent layers. Finally, it was checked that the resulésjast weakly sensitive to choice 9f H;. When
focusing on the mild separation case- 8.0° in Fig. 8(d), two distinct periodic patterns are obsereafilhe
first pattern is found along the leading shock while the sdquattern is located downstream of the foot of
the expansion wave and spans the vortex shedding rediér( 0.7). More detailed information on these
patterns can be gained by looking at the incipient and fidpesated cases.

Considering thé = 6.3° incipient case, Fig. 8(b) provides the visualization cdigk part of the leading
shock located above the crossing point with the incidentklmcated at elevatiop/ H; = 1. Consequently
the alternated correlated and anti-correlated regionsdalong the leading shock in Fig. 8(d) are more
clearly seen here. They are on the contrary barely seen ir8fjgcorresponding to the = 9.5° case since
they are mostly located above the domain on which the ungiéaa have been sampled.

The second correlation pattern, located in the sheddingmetpwnstream ofX* ~ 0.7 is also found
for both the incipient and fully separated cases in Figs) 8l 8(f), respectively. Note that the wavelength

does not scale witlh, ranging from\ ~ 1.7L for the incipient case ta ~ 1.1L for the fully separated case.
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(c) Low frequenciesgtr, < 0.1), mildly separated interaction (d) Medium frequenciesd)(3 < Sty < 0.8), mildly separated
(6 = 8.0°) with the field of mean characteristics interaction ¢ = 8.0°). The leading shock location is outlined
superimposed (white lines). with a dashed-dotted line.
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(e) Low frequencies§tr, < 0.1), fully separated interaction  (f) Medium frequencies(.3 < St;, < 0.8), fully separated
(6 = 9.5°) with the field of mean characteristics interaction ¢ = 9.5°) with the field of the Mach wave for
superimposed (white lines). U. = 160 m/s superimposed in white lines. The leading shock

location is outlined by a dashed-dotted line.

Fig. 8: Maps of cross-correlation between the band-passs$pre and the band-passed time series of the shock
streamwise location at the elevation denoted by a star. &bleet! line corresponds to the sonic line.
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This is due to both an increase in the Strouhal numbers andraaie in the convective velocity of the shed
vortices in regior).8 < X* < 2whend is increased. Furthermore, the pattern extents furthéregrs into
the mixing layer region for the fully separated case. Theehength is slightly lower in that region. This is in
rather good agreement with the value determined experatigfrom two-point wall pressure measurements
that were associated with the mixing layer structures [3].

It consequently appears that the cross-correlation pefibeind at the end of the mixing layer and in the
shedding region is directly related to convected vortiCese nature of the pattern found along the leading

shock is however less clear and further analyzes are retuirdarify that point.

C. Propagation and convection velocities in the interactio

1. Convection velocity of vortical structures in the mixiager

In previous experimental works, two point measurementsrsteady wall pressure have been per-
formed. Evidences of links were found between the leadinglstand the other regions of the interaction,
depending on the frequency range [3]. Typical convectidoocities were determined and associated with
each frequency domain.

At low frequency, no convective behavior was found in thelattion, except for th@.5° case, within
a small region in the vicinity of the reattachment point [33]

On the opposite, the intermediate frequencies were obdeéosée convective. In the regidn2 <
X* < 0.5, phase velocities deduced from wall pressure measuremengsfound to be rather insensitive
to the value of the deviation angée with a typical value ofl70 m/s. This value was associated with the
convective velocitie#/,. of the structures in the mixing layer [3].

These experimental results have been confirmed by consgd#ré unsteady wall pressure data com-
puted by LES. Moreover, LES give an access to unsteady datatloe whole flowfield, allowing a more
direct evaluation ot/, by using phase velocities deduced from velocity measurealeng the center line
of the mixing layer. Convective velocities ranging roughlgm 160 m/s for the fully separated case to

200 m/ s for the incipient case are obtained, in good agreement wéhipus values.
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2. Disturbance propagation along the leading shock at therinediate frequencies

LES data were also be used to compute the propagation weldeiassociated with the corrugation of
the shock. Time delays,,: optimizing the cross-correlation of the shock locationdsn two points taken
along the leading shock separated by a distafickdve been determined. The reference point is located just
above the crossing point of the two shocks, whereas the dgmaint is placed at higher altitudes, along the

leading shock. Times delays are then converted into prdjmemeelocity Vp by the relation :

§

Topt

Vp =

(2)

The optimum delay times for intermediate frequendi@8 < St; < 0.8) along the leading shock
have been evaluated for the three interaction intensifidgey are reported in Fig. 9. The local velocity
of propagation along the shock is equal to the local slop@efcurves(r,,.) . Several behaviors can be

observed depending on the state of separation and on tlaackstrom the reference point:

* For the incipient separation case £ 6.3°) the expansion fan is merged with the leading shock (see

[9]). The propagation velocity along the shock is found apgmately equal tal00 m/s.

« For the strongest shock intensity £ 9.5°) the expansion wave intersects the leading shock outside
of the computational domain. The region below the inteiesaqtoint H. of the leading shock and the

expansion fan has a nearly constant convection velocitpofie250 m /s.

« For the shock of intermediate intensity £ 8.0°) the computational domain is such that it is possible
to evaluate the propagation velocity in both regions: bedag above the intersection of the expansion
fan with the leading shock. In the first region, between thecklcrossing and the intersection with
the expansion, the convection velocity is the same as if the9.5° case 250 m/s), while above
this region, where the leading shock and the expansiongsdlahe same convection velocity as in the

incipient case is obtained @0 m/s).

To summarize, the shock kinematics at intermediate frecjgsican be split into two parts on each side of the
crossing pointH,.. The propagation velocity of disturbances along the first pithe shock (belowH.) is

about250m /s, while along the second part (abok#) the propagation velocity is different, and has a value
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Fig. 9: Separation distangevs optimal time delay-,: along the shock; incipient separatigh=€ 6.3°): o; mild
separation{ = 8.0°): +; full separation§ = 9.5°): <. Black solid line and gray dotted line correspond
respectively to velocities equal #90 m /s and t0250 m/s.

about400m/s. The possibility of a link between these two different véfies and the kinematics of the

vortical structures found in the mixing layer and in the atiad region will be analyzed in the next section.

IV.  Pressure disturbance propagation within the flow

A. Reminders about characteristics and disturbance propagtion

An attempt will be made to interpret some of the previousltesn terms of characteristic directions.
This is often possible in flows with pressure gradients,esin¢urbulent flows, even in supersonic conditions,
outside of the viscous sublayer, the pressure force isddrgm friction. Therefore, outside of this thin
viscous zone, the equations of motion reduce to Euler ezpsti

Under the assumption of an inviscid and supersonic flow, ipetbolic equations governing compress-
ible flows can be recast into the characteristic form. In tlaise, pressure fluctuations propagate along the
characteristic lines, which are known as Mach waves. Shaoleware located at the coalescence of such
lines. Therefore the directions and the speed of transomiggiinformation described in the previous sections
will be compared to the properties of characteristic diog.

Such analyses are carried out by considering the mean flovdied are consequently invalid for the
high frequency range. The upper limit of validity can be rastied toSt;, < 1 as shown in appendix.
Interpretation of the data based on this model will therefoe meaningful for thé&'t;, ~ 0.03 frequency

range. Itis also expected it will help analyzing the flow kiragics at intermediate frequenci€s;, ~ 0.5
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though in that range extra care will have to be taken to vidittee results.

Different paths of propagation for pressure disturbancepassible. Simple cases are considered here.
If the source of perturbation is stationary in a flow at vetpdr, the wave front grows at a speed equal to
the sound speed’, and is convected at the spe€d It is known that it remains inside of a Mach cone, or

dihedral in two dimensions, and the disturbance followsaratteristic line of slope given by :
a=sin~' (C/U). 3

whereU andC' denote the flow velocity and the speed of sound, respectiigie that the propagation of
the disturbance results from the motion of the tangencytpdithe wave front represented in simple cases
by the sphere or the circle convected at velo€ityand growing at a rate equal to sound speed, as sketched

in Fig. 10(a). In such conditions the propagation velo€ityalong this characteristics is equal to:
U,=vU?-C? (4)

Taking into account the fact that for the present cases thke &retween the characteristic lines and the shock

is rather small, the propagation spdégl, of the disturbance along the shock can be approximated by:
Vpe = Uy )

When the source of perturbation moves with a velotityradiation should be considered in a frame of

reference moving at velocitly.. Such sources consequently radiate Mach waves of glope

o =sin~! <U fU) = sin™? (&) ) (6)

wherel. is the convective Mach number, see for example [34]. Thikustrated by Fig. 10(b).

Some comments can be made on this figure. At tirae0, a perturbation is produced at the origin. The
situation is examined at tim@A¢t in the example given in Fig. 10(b), for which the wave frons ti@aveled

over a distanc8At U, and its radius i8At C. Perturbations produced at intermediate tild¢and2 At are

20



Uc.2h: | U.A

/ Uc.A U.2At
U.3At ‘ U.3At
(a) Radiation by steady sources: characteristics. (b) Radiation by moving sources: Mach waves.

Fig. 10: Propagation of pressure disturbances.

considered, with their properties at tiBA¢. After a timeAt, the source has moved along a dista¢é/...
As we consider the situation at tin3é\¢, the wave front has traveled over a distagg U, and its radius is
2At C. For a perturbation emitted at tin2é\¢, the reasoning is the same and corresponds to the thire circl
of radiusAt C, in Fig. 10(b). Simple geometrical similarity consideoat$ show that the envelope of the
wave fronts (Mach wave) is a straight line of slapedefined in Eqg. 6.

In this case of moving sources, disturbances propagateg #henMach waves with a speéd given by

the companion relation of formula 4:
U=+ (U-U.)?—-C2 @)

Moreover, when the Mach wave produced by such a convectatste intersects the shock wave of angle
with respect to the direction of convection, the propagasipeed/p,,,,, Of the disturbance along the shock

isequalto:

sin(a’) ) .

Ve =V (e

Note that the two previous relations are obtainedfioandU, being collinear. It has been checked that this
condition condition holds approximately for the presenuftrases.

Geometrical and kinematical properties of the disturbammopagations described by Eqgs. 3-8 are sum-
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Fig. 11: A general scheme for characteristics and Mach waves

marized in Fig. 11. It is obvious from this figure that steadyl @onvective sources radiate in different
directions. Consequently this general framework will bedlis next sections to seek for the sources located
within the interaction region that could be responsibletfa propagation of perturbation along the leading

shock.

B. Regions of influence for the shock unsteadiness at low fre@ncies

As already mentioned, no convective properties were fowad the low frequency range for the most
part of the interaction region[3]. Consequently the donaimfluence of the low frequency unsteadiness
has rather to be searched for by considering the chardatsri§his domain is visualized in Fig. 8(a) for
the 8.0° interaction by plotting the field of mean characteristis. geen on this figure, the isolevels of cross-
correlation follow closely the characteristic lines. Tlegions of origin for the disturbance along the shock

at low frequency can therefore be identified as follow :

* The region of the leading shock located belély is affected by disturbances coming from the first

part of the separated zofie< X* < 0.5.

« The kinematics of region abovH, is governed by disturbance sources located at the foot of the

expansion fan withlX* ~ 0.6 — 0.7.

It appears consequently that the low frequency motion ofwthele leading shock has to be associated with
the low frequency motion of the separation bubble and/ohefibteraction zone. This result seems to hold

for the fully separated cage= 9.5° in Fig. 8(e) but also, more surprisingly, for the incipieaised = 6.3°,
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although only in the) > H, region because of the evanescence ofijtke H, region in this case, as seen in

Fig. 8(a).

C. Regions of influence for shock unsteadiness at intermed®&frequencies

1. Flow regions influencing the part of the leading shock betloe expansion fan

Different values of the propagation velocity of the disturbances along the leading shock have been
found in Sec. Il C 2 on on each side of the intersection péipwith the expansion fan. It suggests that the
physics responsible for propagation differs from one péathe leading shock to the other. It is therefore
reasonable to assume that the location of the disturbanceesomay also differ. The region of the leading
shock located below, will be analyzed first and the analysis will focus on data fithe = 9.5° case that
bring forth the largest extension of this region.

The cross-correlation map in Fig. 8(f) shows that the fluatus along the lower part of the leading
shock are correlated with fluctuations located within thggae associated with the development of the mixing
layer0 < X* < 0.5. An almost constant convection velocity ~ 160 m/s has been associated with this
regionin Sec. Il C 1. Therefore Mach wave radiation comgditem the same convection velocity radiation
has to be considered.

The path followed by a Mach wave radiation can be obtainedbyiritegration of Eq. 6 over regions
whereM, > 1. Such paths has been superimposed to the cross-correfagiprof Fig. 8(f). This figure
shows a good concordance between the radiation paths aisolénels of correlation. Mach wave radiations
emitted by the vortical structures of the mixing layer cathlerefore be responsible for the disturbances found
along the leading shock beloi,.

The velocityVp,,,, induced on the leading shock by such radiations has to be utuhpo confirm that
point. Injection of value$/ = 490 m/s andC = 270 m/s, typical of the region located above the edge of
the mixing layer, into Eqg. 6 yielda’ ~ 55°. Moreover the angle between the leading shock and the floor
can be estimated t®4° whereas the angle between the mixing layer and the floorighly equal tol12°,
leading too ~ 22°. The use of Eq. 8 then results in the estimafi¢n,,, ~ 240 &+ 10 m/s when taking into
account the uncertainties on the estimation of the variagesa. The same analysis can be conducted on the

0 = 8.0° case and leads to the same value despite a slightly higredrdeuncertainty due to the rather small

23



extension of the region of the shock beldiv.

The valueVp,,, ~ 240 m/s is in very good agreement with the valli® ~ 250 m/s measured
from two-point two-time cross-correlations on the lowertd the leading shock in Sec. IlI C 2 for both the
0 = 8.0° andf = 9.5° cases. One may consequently infer with reasonable cociddnat the disturbances
propagating along the leading shock upHp are induced by Mach wave radiations from the vortical struc-
tures of the mixing layer. This scheme is supported by psaatitieren movies computed from the LES
data showing pressure waves emitted in the mixing layeoreghd propagated up to the lower part of the

leading shock.

2. Flow regions influencing the leading shock above the ssetion with the expansion fan

Performing the same analyzes as in the previous sectioa fedlde conclusion that Mach waves radiated
from the mixing layer region are not able to cross the leadihgck above its intersectiod, with the
expansion fan. Other possible sources for Mach waves cavoked for, for example sources located further
downstream in the vortex shedding regi&rt > 0.7. A difficulty arises: the convection velocity of the
vortical structures is far from being constant in that regifor instance there is a 20% increase between
X* =1landX* = 3 forthefd = 6.3° incipient case. This results in a noticeable level of utaiety in the
definition of the paths followed by the Mach waves possibtliated from the shed vortices.

Theses paths nonetheless agree well with the correlatiterps of the shedding region at intermediate
frequencies seen in Fig. 8(b)-8(f), demonstrating theveaiey of the computation. However none of such
radiated Mach wave appear to be able to induce disturbamctgdeading shock. Moreover, the resulting
propagation velocity along the leading shock abékewould be estimated atp,,,, ~ 290 + 15 m/s for
thed = 6.3° case and/p,,,, ~ 260 + 10 m/s for thed = 8.0° case. Both values are far from the value of
the sole valué/p ~ 400 found in Sec. Il C 2 for both cases. Consequently Mach wad@&ti@n associated
with shed vortices is probably not responsible for distadzapropagation.

One has therefore to consider disturbance propagating §teady sources despite the fact that the
intermediate frequency range is rather convective in eatdihe propagation velocity induced by steady
sources is estimated by Eq. 5Wp, = 425 m/s andVp, = 415 m/s for thef = 6.3° andf = 8.0° cases,

respectively. Theses values agree reasonably with the vl measured abov#, but an admissible

24



process based on steady sources taking origin from a mastlyective physics remains to be described.

All characteristic lines that could induce disturbancedtanupper part of the leading shock originate
from the foot of the expansion fan, as seen in Figs. 8(a),n{d)(a). It has been observed in movies com-
puted from LES data pass-banded arowitd= 0.5 that this narrow region is very strongly modulated by
the shedding of the vortical structures at the end of thenmgiXayer. It is then inferred that these almost
periodic modulations may act as a stationary source of pregkictuations which then propagate along the
characteristics of the expansion fan.

This scenario implies that the frequency/Strouhal numlb¢n® shedding and the frequency/Strouhal
number of the disturbances found along the leading shodkqural. The value of the Strouhal numisgy, .

associated with the shock disturbances can be computed by:

(9)

where)p is the wavelength of the disturbances. The valua @faboveH, can be accurately inferred only
for the incipient case because of the restricted size ofdahgsing domain. It readsp = 47 mm, yielding
Str, = 0.41 through Eq. 9. This is in acceptable agreement with&hge ~ 0.5 value associated with the
shedding process [3] when taking into account the rathgelancertainty on th&t;, measurement in the
shedding region because of the turbulent nature of thedatien. The postulated scenario appears therefore

to be plausible.

V. Conclusions

The unsteady behavior of a shock reflection on a turbulenhdary layer at Mach number 2.3 has
been investigated using results of Large Eddy SimulatiSeseral cases have been computed, ranging from
incipient to full separations. The computations have beeefally compared with experiments with a special
emphasis put on the unsteadiness of the interaction re@ioelong-time computation led to wall pressure
spectra with good statistical convergence from which a lod @n intermediate frequency bands have been
put in evidence whatever the state of separation. The gmneing Strouhal numbers of ab@ub3 and0.50
are similar to the experimental values [3].

These two frequency bands are also found when the spectn@ shock location are considered. The
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respective proportion of the energy content associatddttvitse two bands varies with the state of separation.
It is however demonstrated that a normalization based ointkeaction lengthl. results in a collapse of

all the spectra in the low frequency range for all separagtates from incipient to fully separated. For the
intermediate frequency range, perturbation of the shozition propagates along the shock with propagation
velocities depending on the region under consideration.

Joint analysis of the shock location-pressure cross-tagiva maps and of the fields of characteristics
and Mach waves leads to an identification of the sources indube motion of the leading shock. The
displacement of the shock at low frequency is associated thi¢ fluctuations of the interaction bubble
whereas the motions at intermediate frequency are produgéide large vortical structures of the mixing
layer. The analysis of the propagation of the perturbatidoisg the characteristics and Mach waves has lead
to an analytical determination of velocities in agreemeitih whe different propagation velocities obtained
along the leading shock at intermediate frequency.

The kinematics of the leading shock is split into two parfgeteding on the location with respect to the

crossing point between the shock wave and the expansion fan:

 The first part is affected at low frequency by the motion @& bieginning of the interaction region and
at intermediate frequency by Mach wave radiation from théieal structures produced by the mixing

layer.

» The second part of the shock is affected by disturbancesdstom the foot of expansion fan for both
the low and intermediate frequency bands. These distudsaaie associated with the breathing of
the interaction region for the low frequency range. At intediate frequencies, the disturbances are

created by the crossing of vortical structures shed fronmtixéng layer.

In conclusion, the shock kinematics seems to be only theomifrthe physical phenomena localized in the

separated zone, whatever the frequency range.

Appendix
Itis possible to underline particular properties of longuencies and to relate them to the mean field. Let
us consider the continuity equation written for density aatbcity fluctuation using Favre’s averaging (the

analysis could also be made on momentum equations and weaddd the same conclusions).
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We want to compare the first two terms of Eqg. 10, using a decsitipp of the form p’

P exp {z (E.ff wt)] The first term becomesiwp’, while the second reads/;k;p’. The time deriva-

tive term can therefore be neglected if:

wl < [kjusl, (11)

or, by recasting Eq. 11 with frequengyand usingU; and L as typical velocity and length scales in the

interaction region:

L
Lol & st <1 (12)

Uy

The conclusion is that foft; < 1, the equations of motion reduce to the steady Euler equatiamd

therefore pressure perturbations follow the charactesisiefined by the mean field.
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