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Three-dimensional separation in shock/boundary layer
Interaction

L. AGOSTINI, L. LARCHEVEQUE, P. DUPONT AND J.-P. DUSSAUGE

IUSTI, UMR CNRS 6595, Aix-Marseille | University, 5 rue ExariFermi, 13453 Marseille cedex 13, France

Résune :
Des simulations des grandeshelles de I'impact d’'un choc sur une couche limite turbtdesont alisces et seélent en
bon accord avec les ekpences correspondantes. L'analyse desultats obtenus porte plus particeiément sur les mod-

ulations tridimensionnelles dedtoulement dans le but degmiser I'origine des tourbillons obsekg ex@rimentalement
en moyenne dans la zonéabliée.

Abstract :

Large-eddy simulations of a shock impinging on a turbuleniriglary layer is carried out and demonstrates good agree-
ment with the experiments. A special emphasis is put on thlysis of the three-dimensional modulations of the flow in
order to clarify the origin of the mean vortices located ie teparation region highlighted by the experiment

Mots clefs : Large-Eddy Simulation, Supersonic flow, Separated boundarlayer

1 Introduction

Shock waves impinging on a turbulent boundary layer, ifrefrenough, result in a separated region located
between the feet of the incident and reflected shocks. Suafs #ahibit low frequency unsteadiness of both
the reflected shock and the separated region. Moreoventregperiments carried out at IUSTI[1] have high-
lighted strong three-dimensional modulations of the mesgpagated flow due to two large counter-rotating
vortices. It is unclear if these modulations are fully indddy the separated boundary layer developing on the
lateral walls of the wind tunnel or if a transverse three-gigional instability is amplified due to the lateral
confinement by the walls. The present work aims at clarifgira point by means of large-eddy simulations,
taking advantage of the easiness in modifying lateral bagndonditions in numerical simulations.
Large-eddy simulation is well-suited to predict the meawnfield of an impinging shock—turbulent boundary
layer interaction, as demonstrated by [2]. Computatiohgnmg on such a turbulent modeling are also able
to capture the low frequency unsteadiness of the flow[3§ therefore expected that LES computations will
also be able to reproduce the 3D structures located witlgrséiparation, as found in the experiments. Four
computations have been designed in an attempt to elucidaterigin of the three-dimensionality. They aim
at reproducing the experimental case demonstrating tbegsst three-dimensionality inside the recircula-
tion, which corresponds to @5° angle for the shock generator. The incoming flow has a Machbeurof

2.3 whereas the Reynolds number of the boundary layer, st compressible momentum thickness, is
roughly equal to 5000.

The first and second computation rely on periodicity in tla@sverse direction, with a width of the computa-
tional domain corresponding respectively to one tenth awverstenths of the total width of the wind tunnel.
The third and fourth computations include lateral solidlsjadither with slip or no-slip conditions. At the time
this paper is written, only data from computation 1 (smatithiwith periodicity) and 3 (full width with slip
walls) are available and will therefore be analyzed heeeafthe second computation (large width with period-
icity) has been completed but has not yet been processed.oftesponding data will therefore be described
in the oral presentation only. The fourth computation thatill under way and the results will presumably not
be available for the oral presentation.

2 Numerical method and computational setup

The computation is carried out using ONERA's finite volumeJ3M code (see for instance [3] for details).
The code is second-order accurate both in time and space.ifitagration relies on an implicit Gear scheme.
The space discretization switches continuously from aaredtscheme to a Roe one in the vicinity of the shock
according to the Ducros sensor. Turbulent inlet conditioprovided by a variant version of the synthetic eddy
method [4], fed with velocity profiles coming from the exprénts. The inlet is located about 10 boundary
layer thicknesses upstream of the shock, ensuring redlistoulent profiles in the vicinity of the separation.



19€MeCongs Francais de Mcanique Marseille, 24-28 aat 2009

Either one tenth (1.7 cm) or the full (17 cm) width of the windhel are taken into account in the computational
domain. The grid resolution is conforming to the LES stadddor wall bounded flows witl\z* ~ 45,
Ayt ~ 15andAz* < 1, resulting in 5.5 and 55 million cells meshes. The timesseget t02.5 x 1077 s.,
yielding maximal CFL values of 12. Once the initial trangilow was removed, the computation has been
run for either500 x 1072 s. or 37.5 x 1073 s., corresponding respectively to about 130 and 8 periodseof th
low-frequency unsteadiness of the flow. Unsteady data caeows vertical and horizontal planes have been
stored with a 200 kHz sampling rate. For the full-width conation, three-dimensional short-time averaged
data have been saved roughly every one tenth of a period.

3 Validation

The two computations yield roughly the same dimension fergbparated region, with on average an inter-
action length of 57 mm and a separation height of 5.2 mm. Thakees are respectively underestimated by
20% and 40% with respect to the experimental measuremantis€®.5° shock generator angle. It is worth
noting that similar underpredictions have been found feBthcase by people involved in the European project
UFAST ([3, 5]), as well as for &.5° computation carried out at [IUSTI. The origin of such an uedémation

is not yet fully understood but could be due to the curvatditb® shock in the spanwise direction induced by
the lateral boundary layer found in the experiments (E. ®arprivate communication). The ongoing fourth
computation, taking into account these lateral boundamrs should help clarifying that point.

The computations can nonetheless be validated by puttidg #ee shock angle and by focusing on the inter-
action length. According to this scaling, th&° computations match very well t188° experiments. A similar
concordance is found when looking at the low frequency @ateess of the shock. Unfortunately, longitudinal
PIV velocity measurements are not yet available for thidgrmt the flow topology that can be inferred from
the8° and9.5° experimental velocity data are in good concordance withoties found in the computations.
Consequently is is assumed that the present computatierabbe to fully reproduce the physics of the shock-
boundary layer interaction highlighted by the experimel@spite a lower sensitivity of the separation to the
shock angle.

4 Results

When considering the full-width computation, persistguarsvise modulations of the velocity flowfield are
clearly found in the separated region, as seen in the leffigb&iig. 1 where the isosurface of null longitudinal
mass flux is plotted to visualize the extension of the retating flow. Apart of the unphysical increase in the
separation size induced by the shock in the vicinity of tiygwshlls, two regions exhibiting a higher extension
of the separated zone are found on both parts of the longaidymmetry plane. The distance between these
two regions is equal to about 30% of the total width and is Isirb the one extracted from horizontal PIV
planes for a shock generator anglesaf®. It is worth noting that the span average of the flowfield, edtig

the regions close to the wall, results in a height of the sepdrregion almost identical to the one extracted
from the small-width computation with periodical boundaonditions.
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FiG. 1 — Elevation of the null longitudinal mass flux surfacesll-fime average (left) and two samples of
short-time averaged (10" of a period).

Stronger structures are found when looking at short-timeraged flows. The average time here considered
correspond to about 50 characteristic time of the cohetanttares located inside the boundary layer and to
0.1 characteristic time of the low frequency modulationef&fore the structures highlighted by the right plots
of Fig. 1 are related to intermediate frequencies similanagnitude to the typical frequencies of the mixing
layer developing over the separated region. It is seen frigmilRhat such structures exhibit a maximum height
twice larger than the one found on average and are separsatdthbnels of fully attached flows. The spanwise
separation distance between structures is two to threesimadler than the distance between the two central
structures extracted from the mean flowfield.

Spanwise Fourier transforms are used to better charaettré typical lengthscale of the structure. When
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looking at the unormalized power spectra of velocity pldtie the left part of Fig. 2, spanwise modulations
with largest amplitude are found near the foot of the refibaieock X ~ 0.28), with wavelength higher
than half the width of the cavity. Milder modulations of lom&avelength are found in the beginning of the
separated regio)28 < X < 0.3). However it is worth noting that these two regions roughlgtch regions
with the highest turbulent kinetic energy content.

Consequently a less biased measure of the thee-dimensianak of the flow can be obtained by locally
normalizing the power spectrum using the spanwise rms yadsalting in the right plot of Fig. 2. It is seen
from this plots that the strongest relative three-dimemslionodulations are located at the core of the separated
region (X ~ 0.32) with typical wavelengths of 0.03 m, 0.06 m and 0.085 m. Th&t fialue correspond to
the structures seen in the right part of Fig. 1 whereas thddstmne are more likely related to the structures
found in the left part of the same figure. Interestingly, e~ 0.03 m structures have been found in other
shock-boundary layer computations [5] with almost no megrmsise modulation and bear resemblance with
transverse modulations found in other separated flows datkdeto centrifugal instabilities.
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FiG. 2 — Longitudinal evolution of the spanwise power spectrasbdcity for y=1 mm : unormalized spectrum
(left) and spectrum normalized by the local rms value (Jight

5 Conclusion and future works

Various unsteady spanwise modulations have been ideniifi@ghock—boundary layer interaction. The ones
exhibiting the smallest wavelength seem to be intrinsidh®geparated region, may be related to centrifugal
instabilities but appear not to affect the mean flow.

On the contrary, traces of the modulations with larger wawvgths are found in the averaged flowfield, al-
though they do not affect the global physics of the intecacthat remains identical to the one highlighted by
the computation of small span, where such modulations ctlpensustained. It is however unclear if the lateral
walls are responsible for these modulations. Although madtppst-processed, data from the second compu-
tation with periodic boundary condition and of span largewagh to include two sets of these modulations,
should help clarifying that point. They will be thoroughlyayzed during the oral presentation.

Acknowledgment

This work was partly supported by the CNES through a grar@pble ATAC. Computational resources were
provided by the IDRIS supercomputer center of the CNRS updsgect 91877

References

[1] Dupont P., Haddad C., Ardissone J. P., and Debieve JSpace and time organisation of a shock
wave/turbulent boundary layer interaction. Aerospacet8m and Technology, 9(7), 561-572, 2005.

[2] Garnier E., Sagaut P., and Deville M. Large eddy simalatf shock/boundary layer interaction. AIAA
J., 40(10), 1935-1944, 2002.

[3] de Martel E., Garnier E., and Sagaut P. Large eddy sinamatf impinging shock wave / turbulent bound-
ary layer interaction at M=2.3. In IUTAM Symposium on UnglgeéSeparated Flows and their Control,
Corfu, Greece, 18-22 June 2007.

[4] Jarrin N., Benhamadouche S., Laurence D., and Prossedynihetic-eddy-method for generating inflow
conditions for large-eddy simulations. Int. J. of Heat ahdd-Flow, 27(4), 585-593, 2006.

[5] Touber E. and Sandham N. D. Oblique shock impinging onrbulent boundary layer : low-frequency
mechanisms. In 38th AIAA Fluid Dynamics Conference, Seatfinited State, 23-26 June 2008.

3



