5™ EUROPEAN CONFERENCE FOR AERONAUTICS AND SPACE SCIENCES (EASS)

Combined experimental and numerical investigation
of a transonic space launcher wake

Sven ScharnowskiVladimir Statnikov*, Matthias Meink&*, Wolfgang Schrédér and Christian J. K&hler
*Institute of Fluidmechanics and Aerodynamics, Bundesweliversity Munich
**Chair of Fluid Mechanics and Institute of Aerodynamics, R\ANachen University

Abstract

Combined experimental und numerical investigations ottineulent wake of a generic space launcher at
transonic free stream conditionMé,, = 0.7 andRe, = 1.0 - 1(°) are performed to gain a better under-
standing of intricate phenomena of the wake flow physics andlidate new methods for its analysis. The
experiments are conducted at Bundeswehr University Mumgthg a high-repetition-rate PIV, while the
numerical investigation is performed by the Institute ofédynamics of RWTH Aachen University using
a zonal RANZLES approach. After a characterization of the wake flow toggl two applied methodolo-
gies are compared to each other with respect to the spatiaéarporal resolution stressing their strengths
and shortcomings. It is shown that both methods are welhBlgtfor the prediction of the mean and in-
stantaneous values of the turbulent velocity field, whefeaa reliable statistical analysis of the velocity
fluctuations the PIV is more appropriate due to the computatitime limitations of the LES. On the
other hand, the high spatial and temporal resolution of &8 kllows an accurate detection of relevant
coherent structures as well as tracking their motion in tiviteout any significant artificial vortex agglom-
eration that can be critical for the PIV. Furthermore, tHfeugnce of diterent model assumptions, e.g., the
level of incoming turbulence and model vibrations, is d&sad in order to emphasize the importance of a
side-by-side combination of both investigation techngjue

1. Introduction

The presented results are obtained within the frameworkefierman Transregional Collaborative Research Center
TRR 40 founded by the German research foundation which &scos the analysis and modeling of coupled liquid
rocket propulsion systems and their integration into trecefiransportation system. The overall objective is toldeve
technological foundations for the design of thermally arethanically highly loaded components of future space trans
portation systems, one of which is the wake flow. Although shtases the rocket base geometry is quite simple, the
wake flow field is determined by filerent phenomena, such as flow separation at the base shoeédchment of the
shear layer at the outer nozzle wall, interaction with thgjeme, to name a few. Particularly, the reattachment of the
shed shear layer causes strong wall pressure fluctuatiank Velad to increased dynamic loads on the nozzle structure
[10]. The loads are strongest in the transonic regime andthracteristic frequencies of the pressure fluctuations ma
interfere with the structural modes of the nozzle leadingatcalled b&feting. Hannemann et al. [7] as well as Schrijer
et al. [15] showed that shedding of large wake vortices igitineng force for the aerodynamic unsteady phenomena.
Therefore, an accurate prediction of interaction betwershear layer and the nozzle in the wake of the launcher is
particularly important. For the design of next generatipace launchers it is essential, on the one hand, to develop
efficient and reliable numerical tools and, on the other handchieve accurate experimental results witHisiently

high spatial and temporal resolution for the validation.efidiore, a combined numerical and experimental investi-
gation of a generic space launcher model’'s wake flow is pexodr Since each method possesses its own strengths
and shortcomings, a particular focus of the presented sisdigs on a comparison between the chosen investigation
techniques as well as on the importance of their combination
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2. Experimental approach

2.1 Geometry and flow conditions

The simulations and measurements are performed on a gem&yenmetric space launcher model with a sting support
attached to the base which mimics an endless nozzle exteastbis used to mount the model in the wind tunnel as
shown in Figure 1. The space launcher model consists of a@& with a spherical nose Bf= 5 mm and a cylindrical
main body with a length of 168 mm and a diameter @ = 54 mm. The total length, from nose to base, is.23am.
The diameter of the attached stingdig,ze = 21.5 mm leading to the same nozzle-main body raticx00.4 as for
Ariane 5. The analyzed data sets were achieved at a Mach mahbta = 0.7 and a Reynolds number, based on the
forebody’s diameteD = 54 mm, of Rg = 10°. The corresponding set of the used freestream conditigme&ented

in Table 1.
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Figure 1. Axisymmetric space launcher model with rear stifige laser light sheet and the field of view (FOV) for
high-repetition rate PIV measurements are illustratednbitical values are given in mm.

Ma Re[1/m] Ulm/s]  po[Pa] p[Pa] To [K] T[K]
Freestreamcp) 0.7 19-10° 228 15.10° 1.08-1C° 290 264

Table 1: Freestream conditions.

2.2 High-repetition-rate PIV

High-repetition-rate PIV measurements were performedéTrisonic Wind tunnel at the Bundeswehr University
in Munich (TWM). The flow was seeded with DEHS tracer particldth a mean diameter of dm. The particles

in the field of view were illuminated by a 1 mm thick light shesing a Quantronix Darwin Duo Nd:YLF double-
pulse laser with an output energy of 11 mJ per cavity at 2 kHt %27 nm wavelangth. The particle images were
recorded by using hantom \12 high repetition rate CMOS camera (by Vision Research Wwidth was attached
to a Makro.Planar T/200 objective lens (by Carl Zeiss AG) with a focal length oDI@m and a f-number of 2.8.
The image size was reduced to280x 400 px, which corresponds to 1536 mn? in physical space (see FOV in
Figure 1). The recording rate and the time between the laslses was adjusted to@0 image pairs per second and
3us, respectively. In total 2500 PIV image pairs were acquired in four wind tunnel runs.rédetails about the
measurement setup as well as on the TWM facility can be foufig]in

2.3 PIV data evaluation

In a first evaluation step, the PIV image pairs were shifteddmpensate for the space launcher model’s in—plane
motion. This is important to keep the in plane resolutiontenlevel determined by the optical system because else the
resolution would be artificially lowered by the vibration thie model or measurement equippment. In the next step,
the correlation function was computed for each pixel with $lo called single—pixel ensemble—correlation evaluation
as discused in [14]. Finally, the mean velocity was estich&tem the correlation peak’s maximum position for each
pixel with sub—pixel accuracy.
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The shape of each correlation function also contains thernmdition about the velocity’s probability density
function of the in—plane velocity components, from whicle fReynolds stresses are computed. However, in order
to achieve reliable results for the higher order statistibe correlation functions were computed with a sum—of—
correlation approach with reduced resolution of 8 px to obtain smooth correlation functions even for the tadi
number of independent measurements, which was taken irxgiegiment. That allows for an accurate estimation of
the PDF. The strong advantage of this new approach is, beside tteneatl spatial resolution, the fact that turbulent
structures of all scales are considered. Even those thatr@aber than the interrogation—window size are included in
the Reynolds stresses and the results are no longer lowfHpagsl, in contrast to state—of—the—art window correlati
methods. The evaluation procedure is discussed in detdiflin

3. Computational approach

The time-resolved numerical computations of the flow fielduad the generic space launcher configuration are per-
formed by the Institute of Aerodynamics at the RWTH Aachenvigrsity using a zonal RANSES approach. The
computation domain around the rocket configuration is @it a main body zone with an attached flow where the
turbulent flow field is predicted by solving the Reynolds aged Navier-Stokes (RANS) equations and a wake zone
where the unsteady separated flow is time-resolving cordpatdarge-eddy simulation (LES).

3.1 Flow solver

The computations are done on a structured vertex-centenéiditock grid using an in-house zonal RANES finite
volume flow solver. The Navier-Stokes equations of thremedisional unsteady compressible flow are discretized in
conservative form by a mixed centered upwind AUSM (advectipstream splitting method) scheme [9] at second-
order accuracy for the Euler terms and by a second-orderatecaoentered approximation for the viscid terms ac-
counting for low numerical dissipation. The temporal imtggpn is performed by an explicit 5-stage Runge-Kutta
method with second order accuracy as well. The LES formanat based on the monotone integrated LES (MILES)
approach [4] modelling the impact of the sub-grid scales loyerical dissipation. A detailed description of the fun-
damental LES solver is given by Meinke et al. [11] and its @ocing solution quality for fully turbulent sub- and
supersonic flows is discussed by Alkishriwi et al. [2] andASkary et al. [6]. The RANS part is based on the same
overall diskretization schemes and a one-equation tunoelenodel of Spalart and Almaras [16] to close the time-
averaged equations.

3.2 Synthetic turbulent generation

The required transition from the RANS to LES zone is obtaibg@pplying a synthetic turbulence generation (STG)
method according to Roidl et al. [12]. In this approach, tleht structures are generated in the inflow plane of the
overlapping RAN@A_ES region as a superposition of coherent vortices via fametions which meet specific spatial
and temporal characteristics derived from the turbulestagityu; of the upstream RANS solution. As a result, the
final velocity signal is composed of an averaged velocity ponentt; which is provided from the upstream RANS
solution and the normalized stochastic fluctuatiaghe/hich are subjected to a Cholesky decompositignto assign
the values of the Reynolds-stress tensor.

overlapping zone

RANS domain

LES domain

control planes

Hr—> |(' ?! (\')Eg('\)g%@ @Q)@(")@

Figure 2: RANSLES overlapping zone with control planes.
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To minimize the transition zone between the RANS and LES diosndody forcesf; are added to the wall-
normal momentum equation at a number of control planedi@rdnt streamwise positions to match the turbulent flow
properties of the LES with the given RANS values as shownguke 2. The amplitude of the force term is controlled
by a proportional plus integral controller, which contrtiie deviation between the target and the current profileeof th
reconstructed Reynolds shear stresses.

3.3 Computational grid

According to the applied zonal approach, the RANS domairerthe main body and the LES region encompasses
the base and the sting support as shown in Figure 3. The RABt®s@xtends to approximately DDupstream of

the conical top and in the radial direction, and its dowrastrdboundary is located at the base shoulder. The LES
domain extends from0.5D to 25D in the streamwise direction with the base shoulder beingdat of origin. This
creates an overlapping zone o5® upstream from the base shoulder corresponding to 5 boutegythicknesses,
which is suficient for the RAN@LES transition. Additional mesh refinements are realizetheregions with high
gradients, e.g., along the boundary and shear layers agsvetar the base shoulder. The resulting mesh parameters
are summarized in Table 2. Due to the very large number offgpidts required for the LES zone, a sector of @th
periodical boundary conditions on its sides was used to coeng longer time period.
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Figure 3: Computational grids for the RAN& éndb) and LES ¢ andd) zones.

Table 2: Cell sizes at model walls in inner and outer coor@méor RANS and LES zones

AX/I* Ar/I* A/t Ar/s @ grid points
RANS 500 1 150 310° 360 16- 1P
LES 50 1 40 310* 60° 60- 10°

4. Results

The presented results are divided into four sections. ,Rlisttemporal and spatial resolution of the applied investi
gation techniques is analyzed in detail. Then, the timeemed experimentally detected and numerically computed
flow fields are presented and compared to each other in ordetrémluce the flow field topology, demonstrate the
resolution of the chosen methods and discuss ffeeteof diferent boundary conditions and model assumptions. In
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the third section, an analogous approach is applied witheego the Reynolds shear stress, representing the values
of velocity fluctuations. Finally, the LES results are usedider to assess the accuracy and limitations of the PIV for
detection of coherent turbulent structures in the wake.

4.1 Comparison of temporal and spatial resolution

Due to the strong turbulent character of the wake, the PIVL&E @ results should be analyzed and compared to each
other with respect to the mean and fluctuating levels of thecity as well as to the detection of relevant coherent
structures. A statistically reliable analysis of the highhsteady flow field requires a data set offigient time length
captured at a satisfactorily high sampling frequency witihtspatial resolution. However, the PIV and LES results
differ significantly in this respect and therefore, their terapand spatial resolutions must be discussed in detail.
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Figure 4: Flow statistics from the LES data set: Absolutereof the estimated horizontal mean velocity (a) and the
Reynolds shear stress (b) at characteristic locations @sctidn of physical simulation time.

The measurement duration of the PIV experiments in a windglwas about 10 seconds and providesspD
statistically independent image pairs. On the other hamtlemn PIV methods capture two image pairs at frequencies
of a few kHz and therefore, at high freestream velocitiesiallg capture completely fierent fluid particles and
coherent structures, which makes the tracking of them ie impossible. The spatial resolution of PIV is limited by
the digital particle image diameter, in the direction nortoahe flow direction and by the particle image displacement
in streamwise direction. Both depend on the optical setdttaemcamera sensor. Here, the particle image diameter was
~ 180um and the displacement was650um. The LES possesses a higher spatial resolution which isicully
refined in the regions with high gradients, e.g., boundad/sirear layers. It also allows a time-resolved capturing of
the fluid motion at any desired sampling rate, limited pdly only by the necessity to store the written output data
of a large size on physical media. On the other hand, everativedy dficient zonal RAN@AES still needs a large
computing time to simulate only a few milliseconds of thedlmotion, which makes a statistically reliable analysis of
the computed data ficult.

To compare the time scales resolved bffatent techniques, a characteristical time unjtl= D/U,, is intro-
duced that denotes the time interval in which a particle mguit the freestream velocity covers a path of the length of
the main body diameter. Using the freestream values of themtinvestigations given in Table 11.d; corresponds
to 0.24 msec and thus can be captured at a frequency of at I€akH4. Using this nomenclature, the PIV and LES
results are compared to each other with respect to theirriswution.

In the case of the PIV experiments, the results are compubed 21, 500 image pairs acquired at 2 kHz corre-
sponding to a non-dimensional reference time&/gf; = 44,000 and a sampling period oflZ,.s. The whole ensemble
of PIV image pairs is used to compute a map of correlationtfans. Although no tracking of particles or coherent
structures in time is possible due to the large samplingpethe PIV data provides highly accurate and reliable mean
velocity field and integrative values for the velocity fluations as will be presented further below.
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The LES results are computed from 495 flow field samples writtet at 42 kHz (=0.1t,¢) corresponding
to a total time interval ot/t,ef = 50. Although the sampling period easily allows for trackofgrelevant coherent
structures, the total time is significantly shorter compaocethe experiment. However, the time interval is satisfigct
for a reliable statistical analysis, as shown in Figure 4e figure illustrates how the length of the computed signal in
tret effects the estimated mean velocity (a) and Reynolds sheasétfev’) (b) for four characteristic points: incoming
boundary layer, first part of the separated shear layer)a@@e shear layer, and inside the primary recirculatioforeg
For reliable predictions of the mean velocity, a time ingref approximately 2@¢s can be considered asfBuaient
since the deviation o, within 20 < t; < 50 is aboutt1.5%. The estimation of the Reynolds shear stress in the
incoming boundary layer (red) and inside the primary redation region (black) as well as in the first part of the
separated shear layer (blue) is satisfactorily accurate avtime interval of 3@.¢. For regions within the developed
shear layer (green), the interval length oftRis though acceptable, a sequence of a longer length woultblesver,
more appropriate for a more reliable statistical resultstie Reynolds stress tensor.

4.2 Mean velocity distribution

The mean velocity distribution (normalized bly, = 228 m's) in the plane of symmetry of the space launcher model’s
wake is shown in Fig. 5a and 5b for the PIV and LES, respegtividie axisymmetric backward facing stepxati = 0
causes a strong separation of the incoming highly turbddenhdary layer leading to a formation of a low pressure
region downstream of the base. As a result, the shear lageisshom the shoulder of the cylindrical forebody and
broadens further downstream because of turbulent mixiiegts. Due to the low-pressure region at the base, the shear
layer is deflected towards the sting and reattaches on itifigrenclosed recirculation zone.

Inside the recirculation zone, the streamlines of the meakevilow in Fig. 5a and 5b clearly show an out-of-
plane motion within the recirculation region; the lines duat form closed loops but they bend outwards (for LES)
or inwards (for PIV) indicating a source or a drain in the glasf symmetry ax/d ~ 0.60 andy/d ~ 0.37 and at
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Figure 5: Comparison of the mean velocity distribution ie #pace launcher model’'s wake estimated using experi-
mental PIV images (a) and LES (b).
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Figure 6: Incoming boundary layer.

x/d ~ 0.51 andy/d ~ 0.37 for LES and PIV, respectively. This indicates a threeatisional motion of fluid with a
non-zero component in azimuthal direction. In the cornghefprimary recirculation region a secondary recircufatio
region appears in the mean flow field.

One notices the fierences between the experimental measurements and nalgerigputations, particularly in
respect of the reattachment length, ix¢/D = 1.06 andx,/D = 1.30 for the experiment and simulation respectively.
After cross-checking the experimental and numerical datigp@rameters, it was found that one of the possible reasons
for the deviations are fferences in turbulence intensity of the flow incoming at theked shoulder. This fact is
illustrated in Figure 6 showing a comparison of the velopityfiles of the incoming boundary layers for PIV and LES
atx/D = -0.1. First, the non-uniform grid of LES allows for the resotutiof all relevant scales down to the viscous
sub-layer, whereas the PIV resolution cannot be refinedgions with strong gradients and the resolution in the near-
wall region is limited by the particle image size [8]. ThusyPesolves the profile only down to the logarithmic layer.
However, it can be already seen from the figure that the vglaeithe logarithmic layer is larger in the experiment
compared to the simulations indicating a larger turbuldacel in the experiment. The resulting values for boundary
layer thicknes®gg, displacement thicknegs, momentum thicknes, and shape factor 4 are summarized in Tab.

3 for the numerical and experimental approach. The hightutence level in the experimental results might be a
result of tiny model vibration with an amplitude and freqogf +1 mm and~ 37 Hz during the wind tunnel run [3].
These vibrations may cause a tiny unsteady flow separatithe ahoulder of the main body. However, also a higher
turbulence level of the wind tunnel than assumed in the caatip;m may explain the éierence between experiment
and simulation. Another possibility is the resolution of tinesh which will be proved by a grid convergence study.

Table 3: Parameter of boundary layer profiles

LES PIV
S99/d 0.100+ 0.005 Q120+ 0.005
61/d  ~0.0086 > 0.0106

5»/d  ~0.0056 > 0.0091

H,  ~153 ~ 117

4.3 Reynolds shear stress

Figures 7a and 7b show the spatial distribution of the Ralgshear stress’'v') (normalized by the mass density and
the free stream velocity squared) as a commonly used imdtic&the turbulence production in the/—plane for the
computational and the experimental approach, respegtiféle topology is quite similar, but there ardfdrences in
intensity of Reynolds shear stress between the measursm@etiicomputations which might be caused biedénces
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Figure 7: Comparison of the mean velocity distribution ie #pace launcher model’'s wake estimated using experi-
mental PIV images (a) and LES (b).

between the incoming boundary layer, as already discusséukiprevious section. As a result, the overall stress
distribution difers significantly in the following points:

o for LES the shear stress rises very fast in the first part cd¢iparated shear layer to a value-affv') ~ 0.015U2,
but is fairly constant for A < x/d < 0.6

o for PIV the stress values in the shear layer increase cagipwntilx/d ~ 0.5
e the upper part of the.005 iso-line is bent outwards for LES and inwards for PIV @5 x/d < 1.25
¢ downstream of reattachment the shear layer is thicker icdke of LES compared to PIV

e the PIV results are characterized by secondary local maximvithin the primary recirculation region at<
x/d < 0.6 andy/d ~ 0.35, which is not (clearly) visible in the case of the LES apmio

The first four points can be traced back to the previouslyutised dierent level of turbulence in the incoming
flow or the tiny vibrations of the wind tunnel model due to thighhload of the model at Ma 0.7. The latter are
believed to trigger and amplify the flapping motion of the dlshear layer leading to a stronger turbulent mixing
between the slow recirculation zone and fast outer flow. @epoint is likely to be caused by the total signal length
of the LES of 50t,¢s as was shown in Figure 4 in section 4.1.

4.4 Shear layer vortices

The interaction between the shedding shear layer vortitg$ree main engine’s nozzle reaches its maxima at transonic
speeds and leads to strongly increased mechanical loadie otzle structure, which is broadly known agféting.
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Therefore, the accuracy of the detection of the shear lagetices as well as of tracking their formation and motion
in the separated region is vital for the understanding,iptieth and control of the kieting phenomena. To illustrate
the capabilities of the LES and PIV to satisfactorily regollie coherent structures of relevant scales, the vortices i
the wake of the investigated configuration are identified amalyzed from instantaneous snap shots of the flow field
provided by both techniques using the same post-proceakiogthm and dierent spatial resolutions.
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Figure 8: Characteristic vortex distribution in the spamenicher model’s wake for LES (a), for an experimental PIV
velocity field (b) and for artificially coarse LES matchingtRIV resolution (c).

For the large-eddy simulation, 495 velocity fields in thenglaf symmetry, each consisting of, 800 data points,

are considered. Figure 8a shows a characteristic snapithet\wortex distribution in the space launcher model’s wake
The non-real eigenvalues of the velocity gradient matrix

au au
% Vi Wy > o
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are used to detect the vortices [1, 5, 17]. The discriminant

ov\? o 2
D, = (tracea—z) -4 det& = (uX + vy) - 4(uXvy - uyvx) 2)

of the velocity gradient matrix is negative for vortices qusitive for other patterns. In order to detect the shearlay
vortices, the swirling strength swirl (color-coded in thgufie) of the vector fields is computed as follows:

swirl = max(0; —D>) sign(w,) 3

Where swirl is the negative part of the discriminant of theveély gradient matrix multiplied by the sign of the vortigit
wz, Which allows for the determination of the rotation directi negative swirling strength corresponds to clockwise
rotation and positive swirling strength corresponds tonter:clockwise rotation. To account for non-axisymmetric
shape that appears if the vortex tube axis is not alignedepeéipular to the measurement plane, the swirling distioinut

is analyzed locally by a Gaussian with elliptical cross isect

More than 200 vortices are detected in each LES velocity.fidddy small ones with very high swirling strength
are generated at the point of separation. These vorticesigigsize while traveling downstream resulting in a decrdase
swirling strength. A large majority of the vortices have gaidve swirling strength, which corresponds to a clockwise
rotation direction, which is expected from the model’'s getipmand the flow direction. On the other hand, a significant
fraction of the vortices has a counter-clockwise rotatioaation, indicated by the red ellipsis in Fig. 8. These io@$
are not generated from the separation at the end of the cgalanain body but from the clockwise rotating vortices.
The counter-clockwise rotating vortices are significarstfiyaller than the clockwise rotating ones and they appear
mainly in the developed shear layer and close to the modatssteng. This findings are consistent with experimetal
results in the case of a two—dimensional backward facingfie presented by Scarano et al. [13].

The PIV measurements yield B00 vector fields with 16&@ 50 = 8,000 data points on a regular grid. Standard
window cross correlation, including window shifting andege deformation, was applied to compute the instantaneous
vector fields resulting in reduced resolution and accuremy)pared to ensemble-averaged PIV evaluation techniques.
The spatial resolution (distance between independendrgds~ 0.05D, which is not stficient to resolve the small
shear layer vortices. Therefore only the largest and s&®singortices are detected. The vortex distribution for a
characteristic velocity field is shown in Fig. 8b andfélis significantly from the LES vortex field discussed above,
which is however basically caused by the coarser spatialutsn and is proved as follows. The LES resolution can
be artificially reduced to the PIV value by averaging over adeiw of Q05D x 0.05D. The vortices detected in this
artificially coarser LES field are shown in Fig. 8c for the sametor field as in Fig. 8a. Like for the PIV case, only
a small fraction of the vortices, the largest and strongasspare detected in the case of reduced resolution. Since
the counter-clockwise rotating vortices are smaller ire simost of them disappeared. Moreover, due to the coarser
resolution an artificial vortex agglomeration occurrectsisome originally smaller vortices are wrongly detected as
larger ones.

Taking into account the vortex agglomeration aspect duedoaaser resolution mentioned above, both inves-
tigation techniques are compared to each other with respebe vortex size detection. A corresponding histogram
of the major axis length.; of the cross section of the detected vortices is shown in BigFor the LES data the
vortex size with highest probability is around@ times the main body diameter, whereas for the PIV data/tilise
is about 008D due to the limited resolution of the PIV approach. After afifiaral reduction of the LES resolution
the LES histogram is strongly shifted to the left and theretbe approach wrongly identifies several vortices of much
higher size than present originally. The artificially caarkES, however, still detects smaller vortices than the PIV
which should be traced back to the larger turbulence levelsironger turbulent mixing in the experiment indicated
previously as well to the measurement noise which comggctite detection of small vortices. Thus an analysis of the
vortices should be based on the LES results as the classi¢aeBolution is not sfficient to detect the vortices and
their geometry without bias errors.

5. Conclusions

The performed experimental and numerical investigatiotheftransonic wake of the generic axisymmetric space
launcher model revealed versatile findings. It was shown tthes LES is characterized by a very large temporal
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Figure 9: Histogram of the vortex size distribution for daésl vortices from LES data, from averaged LES data and
from PIV data.

and spatial resolution which is ideally suited for the cotation of the highly turbulent wake with regions of flow
separation and can reliably be used for the detection okldlvant coherent structures as well as for tracking their
motion in time. On the other hand, although the zonal RANES approach is moreflicient than a pure LES, the
computations still need to be done on high-performance coenp using hundreds of cores and usually take several
months. Furthermore, the finally computed physical timensgepture only several large-wave periods of the flow
motion, which can be critical for statistical analysis adults, grid convergence and parameter studies.

The high-repetition-rate PIV approach on the other handlt®& a much larger ensemble of statistically in-
dependent measurements with a spatial resolution adefpradereliable estimation of flow statistics. However, the
PIV resolution for instantaneous velocity fields is ratheairse as conventional correlation techniques must beegppli
As a result, only large coherent structures can be detentdtkiinstantaneous velocity fields and some of them are
just an agglomeration of originally smaller vortices thahrot be distinguished apart. This conclusion could only be
drawn by comparing the original and artificially coarser LEeSults. It was shown that the reason why the PIV and
LES results slightly dier from each other in terms of the length of the recirculatiegion and the level of velocity
fluctuations was a €fierence in turbulent intensity of the incoming boundary taykhis was most likely caused by
model vibrations during the experiment and &etient turbulence level of the free stream flow. Putting togethe
strength of the numerical and experimental technique ib&sible to get a quite complete picture of the flow physics.
Furthermore, it becomes possible to detect regions of theilere special care must be taken with the validity of
each technique. Finally the investigation shows that tleeracy of the sophisticated experimental and numericaltec
nique is stiiciently developed for such investigations. However, thfiniton and preparation of conserved boundary
conditions requires more attention in the future.
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