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The unsteady organization and temporal dynamics of the interaction between a planar
shock wave impinging on a turbulent boundary layer at a free stream Mach number of
M,=1.69 is investigated experimentally by means of dual-plane Particle Image Velocimetry
(dual-PIV). Two independent PIV systems were combined in two component mode to obtain
instantaneous velocity fields separated by a prescribed small time delay. This enables to
obtain, in addition to mean and statistical flow properties, also instantaneously time resolved
data to characterize the temporal dynamics of the flow phenomenon in terms of time scales,
temporal correlations and convective velocities. The characteristic time scales for the
incoming boundary layer, the separation region and the reflected shock are evaluated by
means of measuring the temporal auto-correlation coefficient in the complete flow field for a
range of time delays from 5 ps to 2000 ps. These auto-correlation fields are used to quantify
the time scales in selected regions of the flow. This permits resolving the dominant time
scaleswithin the boundary layer and the interaction region.

. Introduction

he effect of a planar shock impinging on a turbtileoundary layer establishes one of the class&raction

phenomena in compressible viscous flow analysisis Tgarticular form of interaction has also direct
technological relevance to the performance of tighed vehicles, affecting notably the efficiencysapersonic
intakes. Furthermore, maximum mean and fluctugtimgsure and thermal loads on a structure are oftest found
in regions of shock wave boundary layer interacti@WBLI) and are thus important factors in vehicle
development. Flow control is seen as an impor&sue in future vehicle design (see Ref. 2). Thewed attention
for the feasibility of sustainable supersonic t@ors has revived the interest in SWBLI in the madersupersonic
regime. In this context the European sixth framdéwmmogram UFAST “Unsteady effects in shock waveuret
separation” was recently initiated, in which thedhreflection interaction is one of the flow caséinterest.

Conventional two-component PIV measurements hawen hgerformed to investigate the statistical and
instantaneous behavior of shock wave boundary layeractions (see for example Ref. 10). Althoubkse
measurements give a good idea of the overall flymmization, information is lacking on its tempodalvelopment,
as characterized by instantaneous quantities iike scales, characteristic frequencies and thd kazeleration.
Knowledge of these quantities would profoundly @ase the understanding of the flow, especially idensg the
correlation between events in different regionshef flow. One can think of the relation between itination of the
reflected shock and upstream and downstream eym#gectively the passage of turbulent structunesugh the

! Research Assistant, Groupe Supersonique, 12 Av8énéral Leclerc, F-13003 Marseille, AIAA Member.

2 Associate Professor, Faculty of Aerospace EngingeKluyverweg 1, NL-2629 HS Delt.

3 Associate Professor, Faculty of Aerospace EngingeKluyverweg 1, NL-2629 HS Delft.

* Chargé de Recherche, Groupe Supersonique, 12 Av@énéral Leclerc, F-13003 Marseille, AIAA Member.
1

American Institute of Aeronautics and Astronautics
092407

Copyright © 2008 by the American Institute of Aeronautics and Astronautics, Inc. All rights reserved.



interaction and the expansion and contraction efsiparation bubble), see Refs. 2, 5 and 9. Funtire; the local
acceleration field would permit compressible loddtermination methods as discussed in Refs. 1anil96 to be
extended to include instantaneous loads and pesg¢see Ref. 11). However, due to the technicalicésns on
both the double pulse repetition rate of the lagstem and the acquisition rate of the camerasyraberding
frequency is limited to 10 Hz for conventional Pdystems, and still to typically a 1-10 kHz for @ntly available
high-speed PIV systems (at a strong reduction adgenquality in terms of illumination power and salat
resolution). This is by far insufficient to obtaaitcurate time-resolved data for this high speed ftase under
investigation. The time scales in shock wave twbuboundary layer interaction typically span thoeders of
magnitud& O(10 kHz) for the incoming boundary layer, O(1 ®Hor the mixing layer developing inside the
interaction and O(100 Hz) for the reflected shoakion. For example, for the flow under considenatibe integral
time scales in the incoming boundary layer arenesttd at 24 us, the associated frequency beingH#2(&ee
section V).

To study the interaction with sufficient temporalsolution, two independent PIV systems were theeefo
combined to obtain instantaneously time resolvedlatiield measurements, where the time delay batvibe
acquisitions from both PIV systems could be settbitrarily small values, not limited by the repiemm-rate
restrictions of a single system. This way time elated data could be obtained as well as accelerafhta. The
advantage of this approach with respect to thecotiistate of the art time-resolved PIV systems iheé first place
the higher laser power and image resolution. Sdgpitallows setting the delay time between the tdlV systems
independent of the pulse separation of the indalidiystems, as well as to realize very small délaes. The
smallest time separation employed in the currevgstigation was 5 s, corresponding to an effedtieguency of
200 kHz (as opposed to acquisition rates in thewad 1 kHz for available high-speed PIV systenTd)is allows
temporally resolving the time scales within the hdary layer and within the interaction region.

Presented here are the results obtained with th&d-BIV system. In the first place the system ftsetliscussed.
Secondly, the quality and consistency of the Dual-Peasurements is discussed, and the data isatatidby
means of a comparison to available boundary lagita, demi-empirical relations and earlier SWBLI swgaments.
Thirdly, an overview is given of the obtained mean fluctuation statistics. Finally, the temporatcacorrelation
coefficients are obtained for the complete flow é@mand different delay times, yielding characterisme scales
for different regions in the flow, specifically fone reflected shock, the incoming boundary layet the separation
zone.

1. Experimental Arrangement

The experiments were performed in the TST-27 tmaiessupersonic wind tunnel of the High-Speed
Aerodynamics Laboratory at Delft University of Tacthogy, with test section dimensions of 280 mm ¢hjck 270
mm (height). It is a blow-down facility that canerpte at Mach numbers ranging from 0.5 to 0.85feord 1.15 to
4.2 and a unit Reynolds number of 30%1® 130x16 m™, with a run time of up to 300 s. The Mach numtsesét
by means of a continuously variable throat andilflexupper and lower nozzle walls. The stagnatisgure can
be set independently with typical values in thegeanf 2.0 to 3.0 bar, the stagnation temperatudeisrmined by
the outside temperature. The velocity transientieht to blow down operation has been determineteto
approximately 5 x 18 m/s corresponding to a total temperature transierg ®f10° K/s. The effect on the mean
velocity is less than 1% of the free-stream velooiter a complete run duration of 60 seconds.

During the current measurement campaign, test werformed at a nominal free stream Mach number of
M,=1.69 (..=448 m/s), a total temperature =273 K and a total pressuremt2.3 bar resulting in a free stream
unit Reynolds number of 36xi0m™. The thickness of the
boundary layer is approximateljpe=17.2 mm The boundary
layer was assessed to be in fully developed turitwendition
with a Reynolds number based on momentum thickrass
approximately 50,000. The incident shock wave fer SWBLI
was generated by a full-span wedge imposing a @leflection of
6.0° (see figure 1). The shock generator was mausieh as to
position the interaction region in the centre & field of view, as
well as to postpone the interaction of the expanf&m emanating
from the shoulder of the wedge with the recovermgindary
layer (the estimated point of impact i$ ®ehind the shock
intersection point). A stable and reproducible flaxes achieved
over both sides of the wedge even at the relatil@ly Mach Figure 1: Experimental configuration
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Figure 2. Panoramic field PIV measurement of the SWBLI under consideration.

number. The flow topology of the SWBLI under comsation can be seen in figure 2. Shown are theniog
boundary layer, the incident shock and the reftbctbock, and the selected field of view of the BRI
measurements. The gray area indicates the walllenedge of the optical access. The flow is frofintéeright.

A Dual-PIV system was set up to acquire the lgctime resolved PIV data to obtain time correlated
velocity field information. lllumination is providefrom downstream of the test section wile the ol®n is
performed through a large window in the sidewalleprinciple op Dual-PI1V depends on the mutualljeipendent
operation of two two-component (2C) PIV systemsthBgystems are aligned to provide illumination hie same
measurement plane while observing identical figdflsiew, see figure 3. The laser light of the twstems was
optically separated by means of polarization ared ibams of the two lasers were combined and alipeéare
entering into the light sheet optics. The overlphe field of view of both cameras was guaranteganeans of a
polarizing beam splitter cube, which also assunedridependence of the two PIV systems by sepgrtisimages
based on the polarization. Both cameras were eqdipgth an additional polarizing filter to furth@nprove the
independence.

Camera 1 Camera’ 2
Polarisation : // -Polarisatioh; L
|

-

Light sheet B Laser 1
optics - | Polarisation:, //

Beam
gombiner
mirror ‘

Laser 2
Polarisation: , L

Splitter
cube —

Figure 3. Experimental arrangement; left: setup of the laserswith beam combiner; right: setup of the
cameraswith splitter cube.

Care was taken that the total of four laser shgeterated by both laser overlapped in space. Furtre,
special attention was dedicated to the temporghaient of the laser pulses. The triggering wadcatied such that
both lasers flashed simultaneously for a zero timlay between both system#,£0 us), see figure 4 for the timing
diagram. This was done by means of a calibration determining the temporal off-set in the Q-switclyger
between both lasers through a correlation of theges corresponding to the respective laser pulsesnjage 1A
with image 2A).

Particular attention was given to the alignmenthef FOV of both cameras. The alignment of the cameras
accessed by means of the displacement field oltdoreit,=0 us and zero flow velocity (no airflow througteth
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in terms of the dilatation, the rotation
and the translation components. This
analysis shows that the difference in
magnification and rotation between the
two FOVs is negligible: the difference
in magnification is in the order of 0.1 %
and the rotation is in the order of 10

|
L
| |
orLaser 2 L ) .
| e ——— degrees. The horizontal and the vertical
L Al mismatch between the FOVs are in the
oLCamera 2 I | order of 1 pixel, which is small as
P = compared to the interrogation window
| 1\ | 1\ . . .
— size (31 x 31 pix). It is therefore

L2 concluded that the alignment of the
a1s A8 cameras was made to such a degree of
Figure 4. Dual PIV timing diagram. accuracy that an image dewarp is not

required (more details can be found in

Ref. 16).

The potential of the current setup becomes eviftemh the timing-schematic in figure 4, since fogiaen
pulse-delayt,, the time separatiost, can be set arbitrarily (and indeed evérfor each PIV system individually as
well, if desired). This allows obtaining time cdeted data at different time scales. In theory, sneaments can be
made with an unlimited temporal dynamic range, esifigcan be set to any value between zero and infihityhe
current experiment, as sweepdf was performed in the range of 5 us to 2000 psé€sponding to a equivalent
frequencies of 200 kHz to 0.5 kHz) with a referenesasurement at O ps. to check the consistencyebatihe two
PI1V systems. A minimum of 200 acquisitions (400 gmgpairs) were made per time delay.

The illumination was provided by a Spectra-Phy$jsanta Ray laser (400 mJ/pulse energy and a 6 Ilss pu
duration) and a Quantel laser (300 mJ/pulse enamy a 9 ns pulse duration), installed as lasersxd &
respectively. Both are double-pulsed Nd:Yag lasih & wavelength of 532 nm. The light sheet thideevas
approximately 2 mm. The flow was seeded with DEH&bets with an estimated effective particle sitatmout 1
micron dispersed in the settling chamber of thedwiimnel. The particle images were recorded atitl2dh a
resolution of 1376 x 1040 pixel using a PCO SemsiQE (camera 1) and a LaVision Imager Intense QEnéra
2), both equipped with a Nikon f=60mm lens, diffrag with f,=8. Of the CDDs only 992 pixels were used in the
vertical direction given the aspect ratio of thirmction region of interest. The flow was imagedraa FOV of 76
mm X 55 mm (approx.#x 3) in streamwise and wall-normal direction respeatiyvat a digital resolution of 55.1
um/pixel. The timing and data acquisition was perfed by Davis 7.2 in combination with a PTU 9 timingjt.

Recordings were made at an acquisition rate of 5THe pulse separatiait; was kept constant to 1.5 us for
both laser systems, producing particle displacesnefhtapproximately 0.7mm (corresponding to 12 ixéh the
free-stream flow. The image pairs were interrogatsitig the WIDIM algorithri?, employing correlation window
deformation with an iterative multi-grid scheme,341x31 pixels window size (1.7 mm x 1.7 mm) andoaarlap
factor of 75%. This resulted measurement grid tegmi is 0.43 mm and 0.43 mmrandy direction, respectively.

I1l1. Datavalidation

Since the field of view is identical, the velocgtatistics obtained from each PIV system shoulitibatical to
within the statistical convergence error. As hasrbeerified previousl{ the results obtained from each individual
system is identical to within the statistical corgence and no significant effect of the inheremhes alignment
uncertainty on the mean and fluctuation statistias observed.

To further evaluate the measurement quality, adatitin of the flow data is performed based on tie®ining
boundary layer profile and the statistical profilgishin the interaction region. The data has aleserbcompared to
additional two-component PIV measurements of thmesflow under identical measurement conditions, dtut
different spatial resolutions, see figure 5. Theperties of the reference PIV measurements are suized in table
1 (Dual-PIV characteristics repeated for complessheThis validation is performed for the complBteal-P1V data
ensemble, encompassing all acquisitions for botmecas combined in the statistical analysis (in|t@@00
realisations) as an assessment of the qualityeoDtlal-P1V measurements.
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Table 1: Reference PIV measur ement properties

Dataset Short name Ensemble size Field of view [{igital resolution fum/pix]
Dual-PIV Dual 4000 4%x3Y 55.1
Panoramic FOV Pano 700 0% 2 70.1
Boundary layer zoom BL Zoom 250 0.¥ 0.9 11.7
Interaction zoom Zoom 870 DX 1.6 29.0

Boundary layer properties:
6 =1.39 mm Re, = 50,000

Experimental friction coefficient:

Case Gl u; [m/s]
Dual-PIV 1.49 x 16 15.07

BL Zoom 1.48 x 18 14.99 ‘g
Pano 1.49 x 18 15.06 =
Semi-empirical friction coefficient:
Reference a1 u, [m/s]
Cousteix 1.58 x 18 15.50
Fernholz 1.46 x 18 14.89
fluctuation statistics in Morkovin scaling
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Figure5: Boundary layer statistics (top-right: log-law of the wall; bottom-left: ¢, and &, in morkovin
representation compar ed to Klebanoff reference data; bottom-right: -<u’v’> in Morkovin representation
compar ed to Klebanoff reference data.

For the boundary layer profiles, the ensemble se&mebeen augmented by taking statistics in floeddion (over
0.75 for the boundary layer zoom experiments, /0f6r the Dual-PIV data, and Xi5for the panoramic
measurements) to increase the convergence antetmate measurement noise. It has been verifigdhtsaadoes
not bias the results. A consistency check has pegormed of the friction coefficient and frictimelocity obtained
from a log-law fit with respect to results from deempirical relations (Cousteix, see Ref. 1, anthRelz, see Ref.
8). As can be observed from figure 5, none of tasets resolves the log-law down to the viscobdayer. This a
consequence of the limited PIV-resolution in corattion with the high Reynolds numbef=30 corresponds to 53
um, which equals one pixel at the Dual-PIV magntfma The first reliable velocity measurement i tturrent
experiment is ay/5=0.1, ory"=1000 (corresponding to one interrogation windoxe)i The velocity fluctuations are
in good agreement with the Klebanoff reference datste that the horizontal line in figure 5 indesita 1%
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turbulence intensity in the free-stream). The u4gonent fluctuations is resolved with good confidemlown to
y/5=0.1. The Reynolds stresses show a reasonablenagméevith the Klebanoff profile down tJd=0.3. Below this
height the stresses are underestimated, which mply ithat the Reynold stress measurements neavalesuffer
from a systematic measurement error. However, thal-BPIV measurements are consistent with the earlie
experiments. The friction coefficient and frictioelocity, see the text box with figure 5, are foundbe in good
agreement with both the earlier measurements aadsémi-empirical correlations. The log-law fit wamde
without a priori fixing the second constant C. Teest fit was obtained fa2=7 andu,=15 m/s.

Finally, the obtained mean and fluctuating velogitgfiles, as well as the Reynolds stress profées,compared
to the panoramic FOV and interaction zoom PIV measents at larger (Zoom) and smaller magnificafamtors
(Pano), see table 1. This validation is again peréal for the complete Dual-PIV data ensemble. Eidushows the
statistical profiles at different stations withimet interaction region. The corresponding coordmatiethe stations
are given in figure 6 (profiles 1 to 5, numberedfrleft to right, coordinates with respect to eptiated incident
shock foot, section names indicative of approximatation). It can be observed that a very goocagent is

Table 2: Interaction profile stations

Section Incoming BL  Reflected Shock crossing  Separation Incident
shock foot bubble shock foot

Profile no. 1 2 3 4 5

Coordinate [mm] -50 -30 -20 -10 0

velocity profile U/Ue
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[ [ [ [ |
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[ [ [ | [
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[ [ A [ L
[ = | | A
| /A AP ol L1 T L1 a
00250507 1 0250507 1 02505075 1 0.25050.75 1 0.25050.75 1 0.05 0.10.15

Ulle [-]

velocity fluctuations o(v')/Ue [-]

velocity fluctuations o(u')/Ue [-]

o(u’)/Ue [-]

velocity fluctuations mean(u'v')/Ue2 [-]

0.002 0.004
mean(u'\/)/Ue2 [-]

0.002 0.004

Figure 6: Comparison of statistical profileswithin theinteraction region (top-left: mean velocity, top-right:
6./U,, bottom-left: 6,/U,, bottom-right: -<u’v’>/UZ.
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obtained for the mean velocity profiles. Some disipa is observed for the v-component fluctuatitatistics and
the Reynolds stresses. This can however be attditotstatistical convergence uncertainties.

In summary, the Dual-PIV boundary layer measuremarg found consistent with the earlier measuresremd
the obtained friction coefficient and friction velty are in good agreement with the results obthiwéh the semi-
empirical relations. Furthermore, apart from theasuwement points close to the wall, no dependehdtieecflow
guantities on the spatial resolution was obseritaday thus be concluded that the datasets areristent quality
and further that the incoming boundary layer urmtgrsideration is a canonical turbulent boundargiay

U/Ue [] V/Ue [-]
25 : 1 : 0.1
0.9 0.08
0.8 0.06
2 0.7 0.04
0.6 0.02
15 0.5 0
= 0.4 -0.02
o 0.3 -0.04
=1 0.2 -0.06
0.1 -0.08
0 0.1
Lo | IR Lo Lo 1 L b b b
-3 -2 -1 0 1 -3 -2 -1 0 1
Xid [ Xid[-]

Figure 7. M ean velocity fields; left: u-component, right: and v-component. Statistics based on 4000 acquisitions.
Spatial coordinates normalised by the boundary layer thickness (d). Origin taken at the extrapolated incident
shock foot.

uu/Ue [-]
0.2 0.064
0.18 0.056
0.16 0.048
0.14 0.04
0.12 0.032
0.1 0.024
0.08 0.016
0.06 0.008
0.04 0
0.02
0

4.2E-03
3.6E-03
3.0E-03
2.4E-03
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1.2E-03
6.0E-04
0.0E+00
-6.0E-04
-1.2E-03
-1.8E-03
-2.4E-03

-1
X/d [-]
Figure 8. Fluctuation statistics and Reynolds stress; top left: /U, top right: 6,/U..; bottom: -<u’v’> /U2

Statistics over 4000 acquisitions. Spatial coordinates normalized by the boundary layer thickness (d). Origin
taken at the extrapolated incident shock foot.
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IV. Mean and fluctuation statistics

Figure 7 and figure 8 show the mean velocity fexhdl the fluctuating velocity statistics respecty@roviding a
global understanding of the flow topology under sidaration. The thickness of the undisturbed bountiyer is
approximatelyygse=17 mm. The interaction length based on the digtdmstween the extrapolated point of impact of
the incident shock and the reflected shock fo@pproximately2d. The figures show that the incoming boundary
layer remains undisturbed within at least the fil@nm (0.6) of the FOV. The incident shock wave was observed
to be stationary and the local velocity fluctuatabserved are mainly attributed to PIV measuremeoértainties
in the direct vicinity of the shock. The reflectestlock shows strong velocity fluctuations as a cqgusace of
pronounced variations in the shock positions. Thierd of the reflected shock excursions is estichatased on the
vertical velocity component fluctuations, as appmately £5mm. Both shocks are smoothed in the medocity
fields due to a combination of particle inertiatiopl refraction effectsand the limited PIV spatial and temporal
resolution (due to central differencing over thediseparatiodt; between the image pairs). The line of increased v-
component fluctuations observed upstream of thielémt shock is also due to an optical refractidectf probably
due to the interaction of the shock with the boupdayer on the tunnel window. The particle imageshis region
are blurred with no physical change in the flowoaitly.

Considering the external flow outside the boundaygr, it can be seen that the flow is initiallyrgi&el to the
wall and consecutively decelerated by the shoctesysThe first (impinging) shock causes a downwgdetlection
resulting in a negative vertical velocity of appiroately -50m/s or about 11% of the free-stream cigjo The
second (reflected) shock causes an upward defteatibich is directly followed by an acceleratiorusad by the
expansion fan (which is the actual physical reftecbf the incident shock wave). The expansionigapractically
attached to the reflected shock and deflects tbe fto a small negative vertical velocity componerit
approximately -10m/s or 2% of the free-stream vigfo€onsidering the boundary layer, the strongesde pressure
gradient imposed by the shocks causes it to thickamatically and driving it towards separationwdoer, even
though a large region of slow moving fluid existese to the wall and flow reversal occurs instaetarsly, the
flow was not observed to be separated on the mgarincrease in the velocity fluctuations and theyfidds
stresses throughout the interaction region can bmereed. The large increase in the u-componentufitions
directly behind the reflected shock foot is a copsace of the pulsation of the instantaneous séparfaubble. The
large u-component fluctuations and the increasedamponent fluctuations and Reynolds stresseasseciated to
vortical structures developing within the shearelayAnisotropy can be observed between the stre@a and
lateral fluctuation component since the maximunugaattained by, is about four times higher than the value
attained by,. On the contrary, the u-fluctuation recovers mfasdter than the v-fluctuation, which is seen tosyser
until the end of the observation domain.

Based on the above observations, the flow undesideration likely presents the case of an incipgagaration
on the mean. Nevertheless, instantaneous occug@icggnificant flow reversal (separation) havertebserved,
giving evidence of the important temporal dynamigs/erning the interaction even for this mild intran
strength. Although the range of dynamic excursiamsthe instantaneous flow organization may alredsy
appreciated from an ensemble of uncorrelated flealizations, obtained with a low repetition rateasuwement
system (see e.g Ref. 10) this does not permit tntify the dynamics in temporal terms. The aimta turrent
investigation is therefore to deduce and quantify time scales of the different aspects in the flawoming
boundary layer, reflected shock motion, separatgion pulsation, shedding of vortical structures).

V. Determination of timescale

Since measurement were performed for a range ef s@parations fromit,=0 psto 2000 us, this allows time
correlation data for the complete flow field to digtained as a function of the time delay. This ttem be exploited
to determine the characteristic time scale at gadition in the flow. Specific regions of interest the incoming
boundary layer, the recirculation region where ewnproduction and shedding occurs, the reflectetishand the
recovering boundary layer. Figure 9 and figure hovs the time correlation coefficient for the u-cament of
velocity, for small and large time delays respestiivgiven by Eq.(1), where'; is the fluctuation component aad
represents the standard deviation. Furthermoreinttiees 1 and 2 stand for the first and secondsoresnent at a
single point in the flow field, separated ty.

1)
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This correlation coefficient may be interpreted asmeasure for the duration of coherence of a flow
phenomenon at fixed spatial coordinates. One cank thf observing the passage of a vortical struectir the
incoming boundary layer from a stationary pointspace. For small very smait, (i.e., much smaller that the
passing time of the vortex) the passing flow sticetwill hardly have moved and a very high corielatoefficient
is obtained. For increasingly large the vortex will displace over a larger distance #ime correlation coefficient
will decrease accordingly, until the vortex has mawut of sight and hence the correlation vanishbs. same
reasoning can be applied to other flow featuresvak. Low frequency phenomena or long wave lendtwf
structures will lead to higher values of the catiein coefficient at largét,.

An effect that has to be taken into account isdlloev time drift in the free-stream velocity inhetéa blow
down facilities as a consequence of the trans@at temperature condition in the supply vessed &ation Il). The
effect on the mean velocity is inferior to the fisteeam turbulence and the measurement uncertiotyetheless, a
velocity trend does constitute a coherent very fimguency flow motion. A similar, additional lowefquent motion
due to this velocity trend is introduced as a cqusace of the discontinuities when combining midtipuns to
compute the correlation statistics. This would lesua residual non-zero value of the correlatmefficient at

9

Figure 9. Thetemporal auto-correlation coefficient for small time delays.
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Figure 10. Thetime correlation coefficient for largetime delays.

largedt,. To remedy this, the velocity data have been cterefor any linear trends. The time correlaticatistics
have consecutively been computed for the correetty mean centred velocity fluctuations.

In the first place it is observed that #i5=0 ps, where both measurements should be identicalhaus have a
correlation coefficient of unity, not all of theofl is fully correlated. Especially in the exterrilmiw, where the
fluctuations are small, the correlation is mediwmldw. This may be attributed to measurement naisg may
indeed be interpreted as a measure of the accofabg PIV technique. As a second remark, it mayndticed that
the incident shock wave appears in the correlatsults for smalbt,. Since the incident shock was verified to be
steady and since it appears for the zero-time-dedsg as well, also this feature may be attribtdelimitations
inherent to the PIV measurements technique clogbetshock, as in the case of the fluctuationsttesi and the
Reynolds stress.

A qualitative evaluation of the correlation coeiffiat in figure 9 and figure 10 shows that for snatdlbelow
10 ps all regions of interest (the incoming bougdkyer, the interaction zone and the reflectedckhm
combination with the expansion fan) remain hightyrelated with values close to unity. Evidently, the scale of
the measurement resolution, no flow regions dispiliane scales that are substantially below 5 udjfyiursg the
choice of this time delay as the smallest valudhéinvestigation. The incoming boundary layetis first region to
decorrelate, starting fro@t,=10 ps. The boundary layer is largely decorrelaiiait,=50 ps. At this time delay the
interaction zone with the mixing layer and the suhegent vortex shedding and recovering boundary laye still
correlated. Somewhere betwedtp=100 ps and 500 us, the mixing layer and vortexidimg regions also become
decorrelated. The reflected shock shows high vatfieke correlation coefficient throughout mosttieé range of
time delays considered so far. Only for the vemgdatime delays does it start to decorrelate. Ttweetation
coefficient of the reflected shock has practicaiynished avt,=2000 ps. This confirms the existence of different
time scales within the flow domain, and in partasult evidences the low frequency behaviour of thiected
shock.

This qualitative evaluation of the time scales banquantified further by plotting the local timeri@ation
coefficient against the time delay for differentdtions in the flow, see figure 11. The selectagiores of interest
are shown in the top of this figure (superimposadh® auto-correlation coefficient ét,=200 pus and contours of
the Reynolds stresses for reference; the dashedohtal line indicates the approximate edge of uhedisturbed
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Figure 11. L ocal temporal auto-correlation coefficient for selected regions of the flow field. Top: regions
under consideration (1: incoming boundary layer, 2: reflected shock, 3: reflected shock foot, 4: vortex
shedding, 5: recovering boundary layer, 6: free stream). Bottom-left: auto-correlation coefficient for each
respectiveregion. Bottom-right: auto-correlation coefficient in semi-log representation.

boundary layer). Statistics have been computed awdtiple points within each region of the flow #d the
statistical convergence (note that only 200 retiina are available per time delay). The fluctuagian each point
are centred locally around a zero mean value bynmed the aforementioned detrend routine. The tatiom

statistics are computed consecutively, treatingctimabination of points as a single data ensembitewdking into

account the proper weighting for rejected vecttirbas been verified that no significant dependesfcthe results
exists on the selection of each region within theal flow domain under consideration. For referenbe auto-
correlation coefficient in the free-stream is afdmwn. The results have been plotted in both lireat semi-log
representation, the latter to better visualisedifferent orders of magnitude of the time scales.

The different orders of magnitude are clearly appafrom figure 11. The auto-correlation coeffidenf the
reflected shock have not yet vanished for the ldirge delays, while the values of the other regibage already
converged asymptotically to zero at approximat#hr1000 ps. Taking the crossing of the 1/e-levelhaf auto-
correlation coefficient as representative for ih@etscales, it is evident that the smallest tinsdescare found in the
incoming boundary layer, followed by the recoverbmundary layer, the vortex shedding, the reflestedck foot
and the reflected shock. Looking at the incomingrutary layer, a characteristic time is obtainedt®fus and
hence a frequency of 25 kHz. Considering an intelgregth scale of1/d = 0.5 (see Ref. 6) and a convective

11

American Institute of Aeronautics and Astronautics
092407



velocity of 0.8 yields an integral time scale of 24 us and henfrequency of 42 kHz. The boundary layer time
scales hence appear to be over-estimated. It isawk if this over-estimated value is physical oretter it is a
measurement artefact. As for the vortex sheddirgnaaacteristic time scale of 80 us is obtainediesponding to
12.5 kHz. For the reflected shock, a time scal8Qif ps, or 1250 Hz, is obtained. Both the measfiszpliency of
the vortex shedding and the one of the reflectaxtistare of approximately the same order of mageitasl the
values observed in literature (see Ref. 3).

Considering figure 11 further, two interesting atvsgions can be made. In the first place, the c&dlg shock
foot, the vortex shedding and the recovering boondayer regions all show the same behaviour foalstime
delays, and further follow more loosely the trerfdtlte incoming boundary layer. For larger time gslathe
downstream boundary layer seems to tend towardsithening boundary layer, diverging from the vorthedding
trend. This is indeed indicative of the recovergqass of the boundary layer. For larger time deltheincoming
boundary layer, the vortex shedding and the redogdrsoundary layer curves are more difficult toehpret since
they become of the same order of magnitude agdleestream value, i.e. essentially loosing cori@latlt is noted
however that the auto-correlation value itself lve free-stream is very small (one to two ordersmafgnitude
smaller in comparison to the other regions).

A second important observation is that the refiécthock foot auto-correlation coefficient displags
behaviour intermediate to the incoming boundaryetagnd the reflected shock in the outer flow. Atainime
delays, the reflected shock foot responds ratheiiagi to the incoming boundary layer while at largjene delays
the reflected shock foot seems to behave likeelieated shock in the external flow. Hence, eveugih the signal
is influenced by the passage of turbulent strustpresent in the incoming boundary layer, theedse a strong low
frequency component. This indicates that the reftshock foot moves in harmony with the low frageemotion
of shock in the outer flow. A similar behaviour himsleed been observed in LES simulations of thigl kof
interactions’.

Conclusion

A Dual-PIV approach was used to study time-cori@aphenomena in a shock-wave boundary layer ictiem
over a large range of time scales, including swallles of the time delay that are not achievabla lsingle PIV-
system (max. equivalent repetition rate 200 kHz¢ Thual-PIV measurements have been validated wipewt to
classical two component PIV measurement and wibeaet to semi-empirical relations for the frictiooefficient
and the friction velocity. In a statistical send& measurements of the incoming boundary layertlaméhteraction
were found to be in agreement with the previous PBAsurements. No dependence on the measuremelotiozs
was observed of the mean velocity, the fluctuasiaistics and the Reynolds stress (except folatstepoints close
to the wall, which are not accessible with PIV).eTimean velocity and the u-component fluctuatiores vaell
resolved down toy/5=0.1. It is concluded that the flow under consitierais in accordance with previous
measurements and that the results are of constgtetity.

Dual-PIV has been used to classify the time scaédeshe shock wave boundary layer interaction. This
classification has shown that the time scales sipa@® orders of magnitude. The smallest time scaepresent in
the incoming boundary layer. The obtained frequeoicy2 kHz seems to be over-estimated with respecthe
expected integral times scales. It is not knowntiwiethis is physical or a measurement artiface frequencies
for the vortex shedding and the reflected shoclks kPiz and 1250 Hz respectively, seem to be in@zwe with
literature. The low frequency motion of the refltshock has been confirmed.

The auto-correlation coefficient of the downstrelboundary layer region follows the vortex sheddirend for
small time delays and converges towards the incginoundary layer values for medium time delayssToiuld be
indicative of the recovery of the boundary laydeathe interaction. Finally, the results indictitat the shock foot
moves in harmony with the low frequency motion lodsk in the outer flow.
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