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Abstract

The flow past a circular cylinder at high Reynolds number is studied by means of PIV, 3C-PIV and Time
Resolved PIV techniques. One of the gods of this study was to allow comparisons with numerical
smulations on a domain identica to that of the experiment. For this reason, the cylinder was placed in a
confined environment, with a high blockage coefficient and a low aspect ratio, thereby alowing
computations on a mesh of reasonable size, and avoiding ‘infinite conditions’. This paper deals with the
decomposition of the flow into coherent and random parts, as well as lriefly presenting a comparison with
Detached-Eddy Simulations (DES) of the flow. To this aim, phase averaged quantities were first obtained
using the wall pressure signal on the cylinder as atrigger signal. This was achieved using both conditional
sampling and LSE with similar results. This decomposition is then analysed using the Time Resolved PIV
(TRPIV) messurements, as well as by comparison of the contributions of the organised and turbulent
fluctuations to the time-independent Reynolds stress tensor with those obtained from velocity spectra. In
agreement with other studies, it is found that the contribution of the turbulent motions is overestimated as a
result of the occurrence of phase lag between the trigger and velocity signas.

A POD anaysis then was performed to extract the coherent motion and to compare this decomposition
with that obtained by phase averaging. Similarly to the phase averaging, the POD alows the decomposition
of the time-independent stress tensor as the sum of two contributions corresponding to the first N modes, and
the rest of the modes. This decomposition is then analysed by comparing these contributions to those
obtained from the velocity spectra, according to the value of N chosen. It isfound that these contributions are
strongly dependent on N, and the contribution of the first modes grestly overestimate the coherent motion if
N is too large. In order to obtain a good decomposition of the flow in coherent and random parts, the
difficulty in this case lies in the choice of the number of modes.

Finaly, the POD coefficients of the first two modes are used instead of the pressure signa to determine
the phase of the vortex shedding, and the phase averaging is reconsidered. It is found that the phase averaged
vortices are less smeared by the averaging process, the turbulent stresses better follow the evolution of the
vortices, and the contributions of both coherent and turbulent fluctuations are found to agree well with those
evaluated from the velocity spectra. This enhancemert is obtained because the phase angle is determined
directly from the velocity fields to be averaged, thereby reducing the phase-lag effect.

The comparison with DES demongtrates the high level of agreement obtainable between smulation and
experiment, as well as giving an example of the kind of concrete evaluation which can be made.

1. Introduction

The flow past a circular cylinder has been the object of a considerable number of studies, as a
generic bluff body flow case. These studies have shed light on the different regimes of the flow
according to the Reynolds number and boundary conditions (aspect ratio, blockage, free-stream
turbulence intensity, etc.). The dominant feature of this class of flow is the birth of coherent
structures in the low Reynolds number range, and their persistence at high Reynolds numbers in the
turbulent regime. The main structures are the von Karmén vortices, which result from a global
instability, the longitudinal vortices that connect these, and which originate from a secondary
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instability (e.g. Williamson (1992), Persillon & Braza (1998)), and the smaller-scaled Kelvin
Helmholtz vortices, which result from a convective instability in the shear layer (e.g. Bloor (1964),
Braza (1986), Kourta (1987)). At high Reynolds number, the flow therefore presents a dua
character, with organised and chaotic fluctuating motions interacting nonlinearly. Accordingly,
many studies have been devoted to the decomposition of the flow into its coherent and turbulent
parts. As the organised motion is quasi-periodic due to the von Karmén vortices, the phase-
averaging technique has been widely employed for this class of flow. Successful applications
include that of Cantwell & Coles (1983) in the wake of a circular cylinder using flying hot wires,
and Leder (1991) in the very near wake of a vertical flat plate using LDV. Many other techniques
have been developed to extract coherent motion in a more general way. Among them, the Linear
Stochastic Estimation (Adrian (1975)) alows the estimation of corditional averages from a non
conditionally acquired set of data. Furthermore, the Proper Orthogonal Decomposition (POD)
technique, first introduced by Lumley (1967) in the context of coherent structures, has been
increasingly applied in conjunction with domain measurement techniques such asPIV.

Numerical simulations of such bluff body flows remain a challenge, especially near the critical
regime characterised by the ‘drag crisis, where the boundary layer becomes turbulent. In the
context of turbulence modelling, the dual organised and chaotic character and the nonlinear
interactions between these must be taken into account. Therefore, a detailed data base of such a
flow, adlowing analysis of the dynamics of the organised and random components, direct
comparisons with numerical simulations and validation and improvement of models, is of
significant relevance. Providing such a data base was the main goal of this study.

To thisaim, the flow considered is that past a circular cylinder at a Reynolds number of 140000,
and in a confined environment with a high blockage coefficient and a low aspect ratio. This
confined environment was chosen to allow direct comparisons with numerical simulations carried
out on a domain of moderate size and corresponding exactly to the geometry of the experiment, by
avoiding ‘infinite boundary conditions. PIV techniques were chosen because of the access to
gpatial information and therefore suitability to the cartography of the flow that they offer. Particular
attention is devoted to the decomposition of the flow into coherent and random parts, and the
analysis of the dynamics of the organised motion subjected to the turbulence. The very near wake,
which is characterised by the formation of the coherent vortices, was investigated. In previous
studies, the decomposition of the flow was achieved using phase averaging, using a conditional
sampling procedure (Perrin & a (2005)) and also using the Linear Stochastic Estimation (Perrin &
a (2006)), both giving comparable results. In both cases, the vortex shedding phase according to
which the acquisitions were triggered, was obtained from the pressure signal on the cylinder. The
flow was also analysed using POD in Perrin & a (2005), and comparison between the phase
averaging and POD was made.

These previous studies were conducted using 2C and 3C stereoscopic PIV measurements at a
low sampling rate. In this paper, the phase averaging decomposition and Proper Orthogona
Decomposition are analysed using Time Resolved PIV (TRPIV) measurements in the very near
wake of the cylinder. Moreover, the phase averaging process is enhanced using the POD
coefficients to determine the vortex shedding phase instead of the pressure signal used previoudly.

The paper is organised as follows: Section 2 presents the flow configuration, the experimental
set-up of the PIV measurements, and the processing which has been performed. Section 3 briefly
summarises the results of the phase averaging and POD obtained in previous studies and also deals
with the analysis of both decompositions with the help of TRPIV measurements. Section 4 presents
the enhancement of the phase averaging using the POD coefficients as a trigger signal. To
demonstrate the value of the experiment in relationship to the goal of providing a reliable database
for comparison with numerical methods, an example of such a comparison is presented in Section 5.
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2. Experimental set-up and data analysis

2.1. Flow configuration

The experiment was carried out in the S1 wind tunnel
at IMFT. The cylinder was mounted without endplates in
a square channel of width L=D=670mm. The cylinder
diameter is D=140mm, giving an aspect ratio of L/D=4.8,
and a blockage coefficient of D/H=0.208 (Figure 1). As
explained previoudly, this high confinement was chosen
to allow direct comparison with numerical simulations
corresponding to the exact experimental geometry. The
uniform velocity Uo at the inlet was 15ms ™, which gives
a Reynolds number, based on Uo and the cylinder Figure 1. Configuration and
diameter, of 140000. The free stream turbulence intensity
measured by hot wire at the inlet, is 1.5%. In the
following, X, y and z denote the longitudinal, transverse and spanwise directions respectively, and
the origin is located at the centre of the cylinder. U, V and W are the velocity component along these
directions, and all presented quantities have been non-dimensionalised using Uo and D.

measurement planes

2.2. M easurements

Details of previous low sampling rate measurements can be found in Perrin & a (2005) and
Perrin & a (2006), and are briefly summarised lere. Two and three component PIV acquisitions
were carried out using a Nd-YAG laser Quantel (2x200mJ), PCO-Sensicam cameras of resolution
1280x1024 pixels and DEHS as seeding particles (typical size 1um). The system, both cameras and
laser, was operated at a frequency of 4Hz. The measurements were carried out in the very near
wake of the cylinder and near the separation in planes located at the central span position z/D=0
(see Figure 1). The size of the principle measurement area (plane 1 in the near wake) was 238x188
mm (1.7Dx1.34D). The particle images were analysed using an in-house development of IMFT
(“Services Signaux Images’), which uses an agorithm based on a 2D FFT cross-correlation
function implemented in an iterative scheme with a sub-pixel image deformation. The flow was
analysed by cross-correlating 50% overlapping windows of 32x32pixels, yielding fields of 77x61
vectors with a spatial resolution of 3.13 mm (0.00224D). For the 3C stereoscopic measurements,
the Scheimpflug angular configuration, with the cameras placed on each side of the light sheet, was
employed. Details of the procedure employed for the reconstruction of the three components can be
found in Perrin & a (2006) and Cid & al (2002).

Time Resolved PIV measurements were carried out using a camera CMOS APX (PHOTRON)
with a resolution of 1024x1024 pixels, and a laser Pegasus (New Wave) which delivers an energy
of 2x10mJ. The system allows the acquisition of images pairs a a sampling rate of 1kHz. The
camera was equipped with an 80mm objective lens at a diaphragm aperture of 1.8. Asthe laser is of
lower energy than that used for the low data rate measurements, the size of the measuring domain
was reduced to 67 x 92mm, located at (0.76<x/D<1.24, -0.03<y/D<1.24) as shown in Figure 6. The
particle images were analysed using the above algorithm by cross correlating 50% overlapping
windows of 64x64 pixels, giving a similar resolution to the low data rate PIV measurements.
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2.3. Post-Processing

The time-independent mean motion issued from global averaging of the velocity fields are
documented in the previous studies mentioned, and are not presented here with the exception of the
time- independent stress tensor. These statistics were performed using about 3000 velocity fields.

In accordance with Reynolds & Hussain (1972), in the case of a periodic flow, phase averaging
consists of a decomposition of the velocity which can be written as:

U, :U_i"'ai +u, :<Ui>+ui‘

where LT, is the time-independent mean flow, G, isthe quasi periodic fluctuating component, u,

is the random fluctuating component, and (Ui> =U_i+ U, is the phase averaged velocity.

As quasi periodic and random fluctuations are uncorrelated, the time-independent Reynolds stress
tensor can then be written as the sum of a coherent contribution and a random one:

uu; =uu; +uu,

In the previous studies, phase averaging was performed using the pressure signal at an angular
position of 70° to the forward stagnation point. This signal was chosen near the separation and
upstream of the transition point, therefore containing a strong component at the Strouhal frequency
(which is 22.5Hz, corresponding to a Strouha number of 0.21) and is not too affected by turbulent
fluctuations. From this signal, the phase angle of the vortex shedding was determined using the
Hilbert transform. The velocity fields were then classified according to phase intervals of width
2p/128, and statistics were performed in these intervals. About 170 velocity fields were used at each
phase angle to generate statistics.

As this procedure requires large data storage volumes and a long time of acquisition to obtain
sufficient velocity fields at each phase angle, the phase averaged quantities were also obtained using
the Linear Stochastic Estimation (Adrian (1975)), which allows the estimation of a conditional
average from a non conditionally acquired data set. Generaly, given one or severa reference

variables f;, the conditional mean (g| f> of avariable g can be estimated as a linear function of f;,

using the correlation tensor. It is found by searching for the best estimation of g given f; in the form:
g=A,
where A, is given by of, = A f, f, . Here, the reference variables vector is constructed from the
trigger signal as the trigonometric functions of the phase angle:
f=(", . el el e

In Perrin & a (2006), this method was successfully applied to the non conditional data set of 2C
PIV measurements, providing good agreement with the conditional sampling results, and then was
applied to the 3-component data set to estimate the three-dimensional quantities in a phase averaged
sense.

The POD analysis consists in searching for the function that is most similar to the members of a
data set (Berkooz & a, (1991)). Thisis done by solving an eigenvalue problem where the kernel is
the two point correlation tensor. The eigenvectors of this problem are the modes and the
corresponding agenvalues represents the energy contained by each modes. Given this basis of
modes, the velocity fields can be reconstructed by projecting the instantaneous fields on a restricted
number of modes. The reconstructed field can then be written as:

u=3aF® whee a,=cyf"dv
n D
This decomposition is optimal in the sense that any reconstruction using another basis with the
same number of modes contains less energy. Furthermore the diagonal decomposition of the two
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point correlation tensor alow the Reynolds stresses to be written as
uu, (R =alF " ®F"

Here, the POD was applied to the velocity fluctuations away from the mean fields. The snapshot
method (Sirovich (1987)) was used with the 3000 instantaneous velocity fields of the low data rate
PIV.

As a classical result for bluff body flows and as it will be seen in the next section, the first two
modes of this decomposition present similar levels of energy, and are associated with the
convection of the von Karman vortices. Therefore, as carried out by Ben Chiekh & al (2004) and
van Oudheusden & a (2005), the coefficients associated with these first two modes can be used to
determine the phase angle of the vortex shedding. In the current paper, this definition of the phase
angle has been used instead of that obtained from the pressure signal, and the phase averaged
quantities have then been re-evaluated using L SE with the low sampling rate data set. The results of
this processing are presented in Section 4.

3. Phase averaging and POD

The main results obtained from the phase averaging and POD are summarised. These
decompositions are then analysed with the help of the TRPIV measurements.

I~}
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Figure 2. Phase averaged quantities at phase f =p/4 (with the pressure signal as reference signal)

Figure 2 shows the component (W) of the rotation rate tensor, (uv)and (w’) at the phase

angle f =p/4. The topology of the stresses in respect to the phase averaged motion is found to agree
well with many other studies. In the region where the vortices begin to be convected, the highest

values of the normal stresses <u2>, <v2>and <w2> are located near the centre of the vortices,

while the highest values of the shear stress <uv> are located between the vortices in the saddle
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regions. In the very near region characterised by the formation of the vortices, high values of (u®)

and (uv)are located in the separated shear layer, as expected. These high values then follow the
motion of the vortices and are transported towards the centre of the wake. It is also noticeable that
significant values of (v*)and (w?) are found in the regions connecting the vortices. This is

presumably due to the presence of longitudinal vortices, connecting the primary ones. The genera
topology of these stresses is found in good agreement with the result of Cantwell & Coles (1983)
and Hussain (1987), in the convection region of the von K&rman vortices, and those of Leder (1991),
in the very near region, in the case of a vertical flat plate. The contributions of the quasi-periodic

and random fluctuations to the time-independent shear stress uv are shown in Figure 3. In
agreement with Cantwell & Coles, athough the maxima of the random contribution are located
dightly nearer the cylinder than the organised ones, these contributions are found to have similar
topology and levels, despite the very different nature of the motions.

L
/D 1 15 2

Figure 3. Organised (left) and random (right) contribution to the mean shear stress
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POD was then performed to compare the coherent motion returned by both techniques. Figure
4a represents the percentage of the total energy of the fluctuating motion contained by each mode. It
is seen that the two first modes have similar levels of energy, in accordance with other studiesin the
wake of a ¢ylinder a lower Reynolds number (Deane & a (1991),...). The topology of these two
modes is similar, with a shift in the x direction. Figure 4b shows the reconstruction of an
instantaneous velocity field with different numbers of modes, N. As expected, the pattern of the von
Kérman vortices is well reproduced. If we consider the task of extracting the coherent motion, the
main difficulty lies in the choice of N to reconstruct it. Looking at the distribution of the energy,
where a strong decrease is observed after N=10, and looking at the reconstruction of the
instantaneous field, it seems that taking into account the 10 first modes would represent a good
picture of the coherent motion. However, the choice of the modes should be determined in a more
rigorous way than simple observation of the reconstructed fields.

To analyse these decompositions, TRPIV measurements were carried out in the very near wake,
in asmaller domain, as shown in Figure 6. Validation was first carried out by comparing velocity
spectra with those obtained by LDV in a companion study for the same flow conditions (Djeridi &
a (2003)). An example spectrum is shown in Figure 5a, and it is seen that a very good agreement is
achieved. In line with expectation, these spectra present a strong peak at the Strouhal frequency,
corresponding to the von Karman vortices, and a continuous part corresponding to the turbulent
motion. From these measurements, streak-lines have aso been calculated, by shedding particles on
the upstream and lower sides of the measurement domain. Although, the calculation of these streak-
lines is strongly biased because of the three-dimensionality of the flow, and are furthermore
somewhat smoothed due to the resolution, it allows visualisation of the vortex shedding and the
regions of high turbulence intensity with respect to the vortices.
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Figure 4. POD (a) energy of the modes (in % of the total energy of the fluctuating motion on the
domain) ; (b) Example of reconstruction of an instantaneous field with N modes.

From these measurements, phase averaged quantities have been evaluated with the same
procedure described above, using the pressure signal for determining the phase angle. Figure Ga
shows the <V> component of the phase averaged velocity obtained from low data rate PIV and
Time Resolved PIV, demonstrating the good agreement achieved between these. Spectra of the
fluctuating phase averaged component and the fluctuation away from the phase average are then
evaluated. It is shown on Figure 6b that a residua peak remains in the spectrum of the so-called
turbulent fluctuation, and the level of this peak is about 10% of the level of the Strouhal peak. In
fact, this residual peak originates from phase lag occurring at certain instants between the pressure
and velocity signals, which in turn gives rise to a small periodic component subsisting a some
instants in the fluctuation away from the phase average. As a consequence, considering the
contributions of the organised and random fluctuations to the time-independent Reynolds stress
tensor, the contribution of the random fluctuation ought to be overestimated by the above phase
averaged decomposition. To determine the extent of this overestimation, this contribution has been
estimated by interpolating and integrating the continuous part of the velocity spectra. Figure 6¢
shows the contributions of organised and random motion evaluated from the spectra, and those
evaluated from the phase average decomposition. As expected, the contribution of the random
motion is overestimated, and the contribution of the organised fluctuation is underestimated.

Concerning the POD, it would have been interesting to plot spectra of the reconstructed vel ocity
with the first N modes, and of the part corresponding to the rest of the modes. Unfortunately, the
size of the TRPIV measurement domain is too small to perform a comparable POD to that of the
low data rate acquisitions. Therefore, to anayse this decomposition, the contributions of the first N
modes and the rest of the modes to the Reynolds stress tensor have been evaluated. Figure 7aand b

show the contributions to  uv. In contrast to those obtained by phase averaging (Figure 3), the
contributions have a different topology and magnitude, the contribution of the rest of the modes

being mainly located, as expected, in the shear region. Figure 7c shows the contributionsto v for
different N and compared with those evaluated from the spectra. These contributions appear to be
strongly dependent on the choice of N. Furthermore, it is found than, taking N>2 leads to an
overestimation of the contribution of the coherent fluctuation.
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Figure 5. TRPIV measurements. (a) spectrum of v fluctuation and comparison with LDV
measurements); (b) Streak- lines
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Figure 6. (a) Phase averaged velocity <V> at f =p (the larger and smaller domains correspond to
the low frequency and TRPIV measurements, respectively); (b) spectra of the quasi periodic and
random fluctuations of v issued from the phase averaging with pressure signal at x’D=1, y/D=0.5;

(c) contributions of these fluctuationsto v? at x/D=1(thick lines are the contributions evaluated

from the spectra; solid lines (red) denote v?, dashed lines (green) denote the contributions of quasi-
periodic fluctuations, solid dotted lines (blue) denote the random contributions).
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Figure 7. Decomposition of the Reynolds stresses by POD. (&) contribution of the 10 first mode to
w (b) contribution of the rest of the modes;

(c) decomposition of v? at x/D=1 for different N compared with the organised and random

contributions estimated from the spectra.

(thick lines are the contribution evaluated from the spectra; solid lines (red) denote V2 , dashed
lines (green) denote the contributions of the N first modes, solid dotted lines (blue) denote the
contributions of the rest of the modes; A,B,C,D correspond to N=2, 6, 10 and 14 respectively)
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4. Phase aver aging using POD coefficients

It has been shown that the two first modes are linked to the convection of the vortices. Therefore,
the coefficients obtained by projection of the instantaneous fields on the modes can be used to
determine the phase of the vortex shedding, as demonstrated by Ben Chiekh & al (2004) and van
Oudheusden & a (2005). The phase angle can then be given by:

a, /42, )

a, /2,

In the current work, LSE has been used to re-evaluate the phase averaged quantities, using this
definition of the phase angle instead of that of the pressure signal. As this phase angle is determined
directly from the velocity fields to be averaged, it is expected that the effects of phase lag between

the reference and velocity signals will be reduced. Figure 8 shows the <W21> component of the

rotation rate tensor at phase angle f =p/4. By comparing Figures 8 and 2, it can be seen that the
vortices are less smeared by the averaging process, indicating a reduction of the dispersion of the
position of the vortices at a given phase angle. Furthermore, the topology of the coherent stresses
seems to better follow the evolution of the vortices, as shown in Figure 10, especially in the regions
of low turbulence intensity, at the border of the wake where external low-turbulence fluid is
entrained towards the centre of the wake by the vortices. Finally, the contributions of the coherent
and random fluctuations to the mean Reynolds stresses have also been re-evaluated. Figure 10a and
b shows these contributions for the shear stress, which are more distinct than those evaluated from

the previous phase averaging. Furthermore, the profiles of the contributions to v, shown on
Figure 10c, are in better agreement with those evaluated from the velocity spectra. These
enhancements are a consequence of the determination of the phase angle directly from the velocity
fields, thereby reducing the phase lag effects. Even if the general topology of the phase averaged
quantities is the same as that of the phase averaged fields using the pressure signd, it is believed
that a better decomposition of the flow into coherent and random parts is achieved.

j = arctan(

05

y/D

-0.5

Figure8. <W21> component of the rotation rate Figure 9. normal stress <u2> a f =p/4,
tensor at f =p/4 obtained by phase averaging comparison between the phase averaging with
using the POD coefficients pressure signal (above) and phase averaging with

POD coefficient (below)
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Figure 10. (a) and (b) Decomposition of the shear stress from phase averaging using POD

coefficients. (c) Contributions of the organised and random fluctuations from phase averaging with
POD coefficients compared with that evaluated from the spectra at x’D=1 (legend as in Figure 6c)

5. Comparison with a DEScomputation

As mentioned, this experimental study was conceived to provide atest case database for various
computational methods under development, and is used as such in the EU FLOMANIA and
DESider projects. A comparison with Detached Eddy Simulation (DES) results is briefly presented
in this section, to illustrate the levels of comparability obtainable. The  simulation has  been
conducted on a domain corresponding precisely to the experimental domain. The full grid used
consists of some 5 million points. DES based on a compact explicit algebraic Reynolds stress
(CEASM) RANS mode has been used as implemented in the TU-Berlin in-house flow solver. The
CEASM-DES formulation (Bunge & a (2005)) incorporates a mechanism to ensure that the entire
turbulent boundary layer is handled by the RANS mode of the DES. The unsteady flow and
turbulence field was saved every time step at the median plane corresponding to the experimental
PIV measurements, and these snapshots are used to obtain global and phase-averaged fields using
the same techniques described above. So far, an investigation of the time-step sensitivity of DES
has been conducted, with two time-step sizes (0.03 & 0.05 D/Uo) computed. Figure 11a shows a
typical instantaneous field (isosurfaces of | » coloured with the velocity U) obtained using the coarse
time step, and alow visualisation of the longitudinal structures which the experimental topology of

<v2>and <W2> suggests. Figure 11b shows a comparison of the phase-averaged <W21> a a phase

angle of f =p/4, from which it can be seen that the position of the vortices agree well for the finer
time-step, but are displaced further downstream with the coarse time step.

Figure 11. (a) Instantareous visualisation of flow-field from DES with coarse time-step, (b)
Comparison of phase-averaged isolines of <W21> =+1 at f =p/4 between DES with fine time-step
(colours and feint blue line), DES with coarse time-step (red dashed line) ad PIV (solid black line).
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6. Conclusion

In this study, the near wake of a circular cylinder a high Reynolds number and in a confined
environment was investigated by means of PIV, stereoscopic PIV and Time Resolved PIV.
Particular attention was paid to the decomposition of the flow in to organised and random motions.
To this aim, phase averaging was used, alowing the evaluation of the mean fluctuating motion and
the turbulent stresses. This was first achieved using the pressure signal on the cylinder to determine
the phase of the vortex shedding. By analysing this decomposition with the help of TRPIV, it was
found that phase lag occurring between the reference and velocity signals results in an
overestimation of the random part of the motion. After comparing this decomposition of the flow
with a POD analysis, the first POD coefficients were used to determine the phase of the vortex
shedding, and the phase averaged quantities were re-evaluated. It was shown that the effect of the
phase lag was alleviated because the phase angle is determined directly from the velocity fields to
be averaged. A numerical simulation of the same flow has aso been presented, for which an
impressive level of agreement with the experiment has been demonstrated, which is attributed to the
possibility of directly smulating the entire flow domain. An example of how the experimental data
base can be used to quantify best practice guidelines for simulation has been presented.
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