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ARTICLE INFO ABSTRACT

This paper reports an experimental investigation of the high-Reynolds number turbulent
flow past a thin flat plate with sharp untapered edges, by means of tomographic PIV.

Keywords: . . . . .
W?:ke The experiments, carried out in the S4 wind tunnel of IMFT, have quantified the three-
Flat plate dimensional coherent vortex structures, by means of 3-D Proper Orthogonal Decom-

Tomo-PIV position and reconstruction. The interaction of the most energetic coherent structures
with the random turbulence is discussed. Furthermore, Proper Orthogonal Decomposi-
tion (POD), analysis allowed evaluation of three-dimensional phase-averaged dynamics
that quantified the vortex shedding mechanism as well as the influence of higher modes
associated with the finer-scale turbulence.

1. Introduction

The present flow is a generic configuration concerning trailing edge unsteady dynamics and flows arising past flaps of
micro and nano-drones among other applications. With the rise of developments in aeroacoustics and in micro- and nano-air
vehicles design, flat plate aerodynamics gained interest in the last decade (Beckwith and Babinsky, 2009; Hsu and Huang,
2008; Pelletier and Mueller, 2000). In this context, the French foundation Sciences et Technologies pour I'Aéronautique et
I'Espace launched the EMMAV research program (Electroactive Morphing for Micro Air Vehicles) for the period 2009-2011, as
well as the platform SMARTWING in the period 2012-2015. This programme aims at optimising micro-air-vehicles
performances in realistic environment by means of electroactive morphing concepts. The present paper concerns a first set of
experiments dealing with the static configuration of a flat plate at incidence. Although it is a quite elementary configuration,
a rather reduced literature exists on the flow around a thin flat plate with sharp edges. The results of the freefall tests done
by Gustave Eiffel from his famous tower in 1911 are available in Rebuffet (1950). Measuring the falling time, the French
engineer deduced the normal force coefficient for various aspect ratios. The ninety degrees range of angles of attack is
covered with only nine points.
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Some years later Fage and Johansen (1927) provided more detailed observation of a large span plate with tapered edges
for a Reynolds number of 150 000. By means of static pressure measurements over the chord of the plate, the authors
evaluated the normal force coefficient at thirteen different angles of attack spanning the range from 0° to 90°. In addition,
they performed hot wire anemometry measurements in the wake. The data on the normal force coefficient have been used
later by Wick (1954) to investigate the validity of thin airfoil theory. Thirty-five years later, Abernathy (1962) performed
some additional Strouhal and pressure measurements on the inclined flat plate: various angles of attack where explored
for Reynolds numbers up to 100 000 discussing the influence of span to chord ratio.

Velocity measurements have been performed on the wake behind plates at high incidence including phase averaged
fields. Hot Wire Anemometry experiments have been carried out by Perry and Steiner (1987) and Steiner and Perry (1987)
for Reynolds numbers up to 37 000 and an angle of attack of 90°. Leder (1991) and Lam (1996) used Laser Doppler
Anemometry both for a Reynolds number of about 30 000 for incidences of 30° and 90°. Lam and Leung (2005) performed
Particle Image Velocimetry (PIV) at a Reynolds number of 5300 for incidences between 20° and 30°. Finally, Shi et al.
(2010) proposed a parametric PIV investigation on bluff plates with chord-to-thickness ratios of 3-9.

A number of numerical studies appeared in the open literature in the last decade for low and high Reynolds number
cases (Breuer et al., 2003; Lam and Wei, 2010; Lee and Lee, 2012; Ouvrard et al., 2010).

Even though several studies on flat plates wakes exist in the open literature, none of them proposes three-dimensional
velocity data that can be used further on for high Reynolds number Computational Fluid Dynamic (CFD) improvement and
validation. Therefore, the present study and its data-base aims at providing a detailed 3-D data-base by means of
tomographic PIV and a physical analysis of a strongly detached unsteady flow useful for the CFD community, beyond the
experimental goals of the EMMAV research program.

This paper aims at discussing the behaviour of three dimensional averaged and coherent velocity and vorticity fields
in the near wake of a rigid plate at a high Reynolds number (Re=200 000) at incidence of 10°. In Section 2, this paper
presents the experimental set-up of the Tomo-PIV carried out in wind tunnel environment. In Section 3.1, Reynolds
averaged quantities are discussed including the turbulent stresses fields. In Section 3.2, a Proper Orthogonal Decomposition
and reconstruction of the 3-D flow fields is presented. In Section 3.3, phase-averaged dynamics are discussed. Section 4
presents the conclusions.

2. Experimental set-up

The experiments have been carried out in the closed loop wind tunnel S4 of the Institut de Mécanique des Fluides de Toulouse
(IMFT) having a turbulence rate of less than 1% (Chassaing et al., 1974). The test section is 2 m long, 0.7 m tall and 0.6 m large.

The plate is mounted on the walls, spanning the width of the test section, without end plates. The ratio between the
chord and the thickness is 20. The ratio between the span and the chord (aspect ratio) is 2. The angle of attack is 10°,
resulting in an effective blockage ratio of 0.074 (ratio of the vertical projected surface over the wind tunnel’s cross-
section). The Reynolds number based on the undisturbed incident velocity, the plate chord and the air viscosity is 200 000
for all the tests. A schematic presentation of the experiment is presented in Fig. 1 together with a view of a larger part of
the flow field, by means of CFD simulations carried out within the same research group (Ouvrard et al., 2010).

Tomographic PIV measurements have been performed using a Flowmaster system from LaVision. The illumination was
provided by a double pulsed Nd:YAG laser Quantel, introduced by a mirror from the bottom of the wind tunnel and shaped
into a laser sheet of 10 mm thick using LaVision Volume Optics. The laser delivers an energy of 2 x 200 mJ at 532 nm. A
mask slit was added in the path of the laser light to create a sharply defined illuminated domain. A second mirror was fixed
at the top side of the closed-loop wind tunnel, reflecting the laser light back toward the measurement volume. This optical
double-pass configuration slightly increased the illumination energy (Gahemi and Scarano, 2010). Three LaVision Imager
PRO X cameras (2048 x 2048 pixels) and a PCO 2000 camera (2048 x 2048 pixels) are placed along one side of the wind
tunnel. The cameras, equipped with Scheimpflug adaptors and 55 mm objective lenses at a diaphragm aperture of 11,
observe the illuminated volume of 40 cm® with a solid angle of 19° x 19°. The system, both cameras and laser, was
operated at a frequency of 4 Hz. Fig. 2 shows a picture of the wind tunnel’s test-section with the obstacle and the four
cameras disposal, as well as an example of instantaneous velocity field by means of Tomo-PIV.
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Fig. 1. (a) Schematic representation of the experimental arrangement: the frame origin is on the trailing edge at the middle of the plate’s span. (b) Sketch
of the flow structure: the side of the measuring volume is about 0.4 chordes. (c) View of phase-averaged iso-vorticity field, CFD simulations by Ouvrard
et al. (2010).



Fig. 2. View of the experimental set-up and of an instantaneous 3-D velocity field.

Six iterations of the Multiplicative Algebraic Reconstruction Technique (MART) are used to reconstruct the tomogrames.
For each pixel p in each camera and then for each voxel v, the MART algorithm corrects the previous guess E" by means of
the ratio of the measured intensity I to the current intensity

M

where p is a relaxation parameter and the coefficient wp, weights the contribution E, of each voxel to the pixel intensity I,
(Elsinga et al., 2006).

Once the volume reconstructed, 40 voxels side cubic interrogation windows are used for three dimensional correlation.
The final velocity fields have a size of 0.4 x 0.4 x 0.06 chords and contain 1.3 M vectors each, with a grid spacing of 0.002
chords. A very light removal of “outliers” has been performed by using the method proposed by Westerweel and Scarano
(2005) with a threshold of 4 in a 3 x 3 x 3 neighbourhood. A number of 225 three-dimensional flow fields have been
reconstructed and correlated. This corresponds to a total data size of 1.3 Th. Due to post-processing limitations, it was
difficult to compare the data with statistics provided by a higher number of snapshots.

3. Results and discussion

In the present section, the instantaneous 3-D flow structure is analysed by means of Reynolds averaging, POD
decomposition and phase-averaging, driven by the first two POD modes.

All quantities are made non-dimensional by means of the upstream undisturbed velocity U, and the plate chord c. In
the context of statistical (Reynolds)averaging the nomenclature for a generic physical quantity is: ¢(t) = &+ ¢'(t) where @
is the steady statistical average and ¢’(t) is the fluctuating part. Concerning the phase-averaging, we follow the definition
of Cantwell and Coles (1983) and we use the notation: ¢(t) = (@) + ¢*(t) where (@) is the phase average and ¢*(t)
corresponds to the turbulent fluctuation with respect to the phase-average.

3.1. Reynolds averaged quantities

Fig. 3 shows the Reynolds averaged velocity field within the 3-D measuring volume. The separation and reattachment
due to the incidence are clearly illustrated. The wake structure displays two asymmetric recirculation regions.

Fig. 4 shows the statistical averaged streamlines and velocity component fields in the median plane. These fields show
formation of two recirculation regions downstream of the trailing edge. The passage to zero of the streamwise velocity in
the lower lobe occurs at (x/c, y/c)=(—0.45, —0.1).

Fig. 4(b) shows the recirculation length obtained by the averaged streamwise velocity. The alternating vortices effect is
shown in Fig. 4(c), by means of the averaged vertical velocity component.

Fig. 5 shows the rms values of the three velocity components. The streamwise rms velocity indicates a two-lobe structure
with maximum values of order 0.32 (Fig. 5(a)). The v;ms component indicates an one-lobe structure with maximum values of
order 0.42, near the position (X/c; Y/c) = (0.44;—0.02). A strongly anisotropic behaviour of these rms components is therefore
pointed out. This fact deserves to be taken into account whenever eddy-viscosity based turbulence behaviour laws are used
for modelling this kind of highly inhomogeneous, anisotropic flows, governed by non-equilibrium turbulence effects. The
Boussinesq approximation would lead for example to an isotropic behaviour of the turbulence stresses. Fig. 5(c) shows the
averaged spanwise rms component, indicating a two-lobe structure with significant value areas located downstream of the
separated shear layers.

Fig. 6 shows the three components of the Reynolds averaged shear stress tensor. The uw'v” component is shown in
Fig. 6(a). It displays a two-lobe structures with maximum values in the upper recirculation region. Fig. 6(b) underlines that
maximum/minimum values of ww’ concentrate downstream, along the shear layers.
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Fig. 3. Reynolds averaged quantities measured by Tomo-PIV: streamwise U velocity and vertical V velocity.
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Fig. 4. Reynolds averaged quantities measured by Tomo-PIV: (a) streamlines in the whole volume (average streamlines), (b) streamwise (U) and
(c) vertical velocities on the middle plane (Z/c=0) (V).
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Fig. 5. rms values of the three velocity components in the middle plane. (a) s, (b) Vrms and (¢) Wyps.

3.2. Proper orthogonal decomposition and reconstruction

A 3-D Proper Orthogonal Decomposition (POD) analysis has been performed on the whole number of 3-D fields available
from the Tomo-PIV measurements (Berkooz et al., 1993). The autocorrelation matrix is approximated by using the snapshots
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Fig. 6. Reynolds averaged shear stresses on the middle plane. (a) u’v" and (b) vw'.
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Fig. 7. POD decomposition: energy per mode and cumulative percentage of energy. (a) Energy per mode and (b) sum of energies.

method (Sirovich, 1987). The POD is used in the present study to find the most energetic flow structures by means of low order
reconstruction and to determine the phase angle of each snapshot for phase-averaged quantities evaluation.

For a given flow, the velocity field u(X,Y,Z,t) is decomposed into a set of orthogonal basis functions ¥/(X,Y,Z), the modes,
and a set of time-dependent coefficients {(t) as

N
U(X,Y,Z,t) = Z Ch(t)l//h(X,Y,Z), (2)
h=1

where N is the total number of available snapshots (here N=225). Low order reconstructions using a reduced order of
modes are also possible. Prior to the POD decomposition, the statistical average has been removed from the snapshots
fields, in order to provide a first POD mode directly linked to the vortex shedding.

Fig. 7(a) shows the evolution of the energy of each mode as a function of the mode’s order. It is shown that the first six
modes are characterised by a quite high energetic level. A slope change is shown between the sixth and seventh modes,
indicating a change in the coherent structures’ behaviour, that is more and more “contaminated” by the chaotic turbulence
background in the higher order mode range. A similar change in the slope was shown in the POD analysis of snapshots
issued from Three-Component Rapid PIV (3CTRPIV) by Perrin et al. (2007), in the wake of a circular cylinder at Reynolds
number 140 000. This change may be associated to the non-linear interaction between the coherent vortices and the
random turbulence due to smaller scale structures in the present high-Re strongly detached turbulent wake.

Fig. 7(b) shows the cumulative percentage of the energy as a function of modes. It is shown that an order of 60% of
energy is contained in the first twenty modes. It is also obtained that the higher-order modes do not drastically lose their
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Fig. 8. First three POD modes. On bottom views, the streamlines are coloured according to the Z coordinate from blue to red in order to outline the 3-D
effects. (a) First mode, (b) second mode and (c) third mode. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

energy as in lower Reynolds number flows, due to the significant effect of fine-scale turbulence intensity in the present
flow. These aspects are to take into account in Reduced Order Modelling (ROM) development for high-Re detached flows,
where a significant number of modes would be needed to capture turbulence effects, but a reduced number of modes
(order of 20) would be needed to capture the most energetic vortex structures.

Fig. 8 shows the first three POD modes. The two first modes can be compared to the work by Perrin et al. (2009)
concerning 3CTRPIV around a circular cylinder at high Reynolds number. Their shapes illustrate the alternating vortices
effect that is obtained by reconstruction, as shown in the next paragraph. Although the first and second modes display a
nearly symmetric shape in reference of the middle x-axis as in the case of the cylinder’'s wake, the third mode is strongly
affected by the asymmetry in the wake pattern, due to the incidence. This mode is also the most affected by 3-D effects,
along (X, Z) plans as shown in Fig. 8(c). Concerning the first and second modes, these 3-D effects are predominant in the
central regions of the recirculations, Fig. 8(a) and (b).

Fig. 9 shows the POD reconstruction of an instantaneous flow field by a successively increasing number of modes. The 2-mode
reconstruction clearly shows the alternating vortices effect and the formation of the saddle point (S) near the right-low part.

The six-mode reconstruction shows three-dimensionality formation near the saddle point (streamlines crossing in Fig. 9(b)
is due to 3-D prospective effects). The 3-D effect in the center of the recirculation region becomes more predominant with
the 9-mode reconstruction. The center of the upper recirculation and the saddle point three-dimensionality appear more
clearly with the 25-mode reconstruction, compared to the instantaneous field. The overall reconstruction shows that the most
energetic coherent vortex pattern can be achieved by using a moderate number of POD modes. Three-dimensional effects of the
coherent vortices can appear with the use of a moderate number of modes for the POD reconstruction, despite the high-
Reynolds flow. This is an important fact concerning further developments using Reduced Order Modelling, as for example by
Bourguet et al. (2009), or by Noack et al. (2003). However, the present study indicates that smaller-scale turbulence effects,
mostly affected by three-dimensionality, need a higher number of POD modes.

Fig. 10 shows the 2-mode POD reconstruction of the modulus (norme) of the vorticity vector field, superimposed with the
streamlines reconstruction and compared with the instantaneous vorticity field, that displays a high turbulence level leading
to maximum fluctuating vorticity values of order 100. The two-mode POD reconstruction makes appearance of the coherent
vorticity pattern due to the alternating von Karman eddies. Their maximum dimensionless vorticity amount is found to be of
order 20 and located in the center of the main recirculation area. The difference in the vorticity values is due to the small scale
turbulence filtering operated by the 2-mode POD reconstruction. The lower vortex region is less clearly illustrated because of the
dimensions of the domain.

3.3. Phase averaging
Phase identification using POD for a wake past a plate was first proposed by Ben Chiekh et al. (2004) for an angle of attack of

90°. Following this study van Oudheusden et al. (2005) applied the method to the square cylinder, and Perrin et al. (2008) to the
circular cylinder at high Reynolds number. The present study uses the same method to perform phase identification. The phase
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Fig. 9. Low order POD reconstruction of an instantaneous streamlines filed. (a) 2-mode reconstruction, (b) 6-mode reconstruction, (c¢) 9-mode
reconstruction, (d) 25-mode reconstruction and (e) instantaneous field.
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Fig. 10. Instantaneous € vorticity vector norm on the middle plane (a) and 2-mode POD reconstruction of the vorticity norm (b) referring to the flow
snapshot of Fig. 9.

angle f(t) is defined for each vector field of a physical quantity u(x,y,z,t) as

(D) 21
B(t) = arctan | 222V 22 |, 3
( ) (Cl(t)v /12> ( )

where 4; and 4, are the two first eigenvalues obtained from POD. Fig. 11 shows the number of snapshots obtained per phase
angle, according to the above algorithm.

Eight phases are shown, as in Lam (1996), corresponding to equidistant phase intervals in a whole vortex shedding’s
cycle. The number of averaged snapshots per phase is shown in Fig. 11.
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Fig. 12. Phase averaged streamlines. (a) f=0, (b) B=% (c) B=% (d) B=37, (e) =5 () =37 (g) B=37m and (h) f= .

Fig. 12 shows the vortex shedding motion according to the eight phase instants, where the first and last illustrate
practically a quasi-periodic phenomenon. The formation of the saddle point S between the vortices and the convective region
are illustrated within this cycle, as well as the 3-D shape of the main recirculation region. Furthermore, the formation of the
lower, weaker detached vortex is also shown within this period. Both, the thin shear layers above and below the alternating
vortices are also clearly formed. The detection of these thin shear layer interfaces between rotational and irrotational regions
is of importance for aeroacoustics studies, as well as for assessment of the predictive abilities of CFD methodologies, that
usually have the tendency of producing excessively diffusive interfaces and therefore, drag overprediction. These aspects,
together with adequate treatment of turbulent interfaces by upscale turbulence modelling approaches are discussed in Deri
et al. (2011), Ouvrard et al. (2010) and in Eames et al. (2011).

Fig. 13 shows the phase-averaged iso-U velocity component in the same period. The dynamics of the main recirculation
region are clearly shown. The maximum absolute value of the U velocity appears in the upper shear layer and is of order
1.20. The formation and convection of the central area of the recirculation region (white area) within the cycle of the main
vortex shedding are provided. These variations are in accordance with the streamlines dynamics presented in Fig. 12.

4. Conclusions

The present study is a first application of the Tomo-PIV technique at high Reynolds number (Re=200 000) in the
turbulent flow past a thin flat plate. The experiments have been carried out in the S4 wind tunnel of IMFT. The high
Reynolds number and the gas flow represented difficult aspects to overcome in order to achieve the present Tomo-PIV.
These measurements are to our knowledge original results in the state of the art. The present study provides the separated
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flow structure and the coherent vortex pattern, the recirculation region topology and the turbulent stresses fields, by
means of statistical averaging. The study of the turbulent stresses has quantified a strongly anisotropic character of the
turbulence structure in the near wake.

Furthermore, the present study provides the dynamics of the coherent vortex structures in the near wake by means
of POD decomposition and reconstruction. A strong three-dimensional effect is detected even for the first POD modes.
The influence of turbulence on the number of modes needed to represent the coherent vortex patterns is analysed. The
alternating eddies pattern can be captured by means of 6 modes reconstruction. Higher-order modes contribute to three-
dimensional spanwise modulation of the coherent pattern and to the appearance of smaller-scale fluctuations. Phase-
averaged analysis performed by classification of the tomo-PIV snapshots according to the two first POD modes allowed
extraction of the vortex shedding dynamics among the overall turbulent background.

The present study allows for a direct comparison of the three-dimensional POD modes with the modes obtained by 3-D
numerical simulation of the present flow thanks to the Tomographic-PIV. These aspects can be useful for further developments
and validation of turbulence modeling studies for unsteady, strongly detached turbulent flows at high Reynolds number.
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