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Abstract

Open cavity flows are a class of wall-bounded flows marked by a recirculation vortex, large
velocity gradients and internal three-dimensional (3D) features. That complex structure results in
the combination of an upper shear-layer, which can develop a Kelvin-Helmholtz-like instability
interacting with walls, the flow injection inside the cavity, the recirculation vortex development,
and, for some geometries and Reynolds numbers, a centrifugal Taylor-Gortler-like instability. In
order to explore this flow, experimental measurements of the three components of velocity are
addressed with stereoscopic two-dimensional particle image velocimetry (3C-2D PIV) using an
optical flow algorithm. This technique is a valuable diagnostic tool for quantitative instantaneous
description of 3D flows, as those dominated by vortex motion. PIV camera calibration is based
on a pinhole model using a single target and camera focal length. The challenging issue is that the
studied flow is wall-bounded, and subject to laser reflections which can alter the quality of
particle images. A treatment of recorded frames is addressed to get the correct velocity field. PIV
measurements are carried out in two orthogonal planes to catch the flow structure and vortex
dynamics. Time development of Taylor-Gortler-like vortices is also confronted to the results
obtained in previous studies.

List of symbols

A integration domain

D cavity depth

L cavity length

Re Reynolds number

S cavity span

t time

Ue external flow velocity

Ui horizontal velocity component of camera i, i = {1,2}
Uy velocity component along x
Uy velocity component along y
U, velocity component along z



U velocity component fluctuation along x

Uy velocity component fluctuation along y

u; velocity component fluctuation along z

Vi vertical velocity component of camera i, i = {1,2}
W spanwise drift velocity

X vector position

(x,y,2) Cartesian coordinates

o, camera position angles inside the (x,z) plane
P camera position angles inside the (y,z) plane
I vortex identification criterion

0 difference

& velocity accuracy for camerai, i = {1,2}
Exy) velocity error in the (x,z) plane

Ex.2) velocity error in the (x,z) plane

&Ux accuracy for the x velocity component

&uy accuracy for the y velocity component

&u; accuracy for the z velocity component

1 Introduction

PIV is a measurement technique which is valuable for quantitative flow description (Adrian,
1991, Raffel et al., 1998). Thanks to the development of high-speed cameras and high repetition
rate lasers, it is now possible to explore turbulent flows. Observation of laser plane (2D) with two
cameras provides the field of three components of velocity (3C). Stereoscopic PIV algorithm
implemented for this study is an optical flow using dynamical programming. It is an advanced
PI1V algorithm (Lecordier and Trinité, 2003) which has been evaluated and is particularly adapted
for flows with large velocity gradients. The first aim of the study is to carry out 3C-2D PIV
measurements on a cavity flow to test the PIV algorithm in a real wall-bounded flow
configuration. The second objective is to get the flow structure within the cavity to get the
averaged velocity with components of Reynolds tensor and better understand the spanwise
development of instabilities.

Cavity flows are a wide class of wall-bounded flows dominated by recirculation vortices. It is
possible to discriminate between lid-driven cavity flows (Migeon, 2000, Guermond et al., 2002,
Migeon, 2002, Migeon et al., 2003), and shear-layer cavity flows (Fang et al., 1999, Lin and
Rockwell, 2001, Forestier et al. 2003, Larchevéque et al., 2004, Kegerise et al., 2004,
Haigermoser et al., 2009). Among these latter, it is worth distinguishing, after Charwar et al.
(1961), between open cavities, where the shear-layer interacts with the downstream edge of the
cavity, and closed cavities with flow reattachment on the cavity bottom. The boundary between
these two classes is found for a cavity length to depth ratio varying from 8 (Sarohia, 1977) to 11
(Charwar et al. 1961). Hereafter, the configuration considered is a shear-layer open cavity flow.
Most of the previous studies focused on the shear layer mode and the cavity resonance frequency
(Knisely and Rockwell, 1982, Neary and Stephanoff, 1987, Chatellier et al. 2004). However, the
shear layer instability is not the only instability observed in cavity flows. Direct numerical
simulation (Bres 2007, Brés and Colonius, 2008) of compressible flows over open cavities shows
a three-dimensional internal flow motion. This 3D flow motion was also observed on flow
visualizations (Faure et al. 2007, Faure et al. 2009-a). The present measurements are conducted in
order to provide quantitative experimental information on the velocity field inside the cavity and
to catch the structure in a configuration where the centrifugal instability is developed.

After a description of the experimental set-up and apparatus, the PIV system calibration
procedure is exposed, permitting the localization of the two cameras relatively with the laser
plane. A comparison between 2C-2D PIV and 3C-2D PIV is given to validate the use of a



stereoscopic algorithm on this type of flow. Measurements in two orthogonal planes are explored
to understand the global 3D flow dynamics. The main flow features and development of a Taylor-
Gortler-like instability are also discussed.

2 Experimental set-up and apparatus

The airflow is generated by a centrifugal fan placed upstream of a settling chamber (Figure 1 a).
The seeding particle injection is achieved at the fan inlet. An axial duct terminated with
honeycomb and a contraction drives the flow towards the experimental facility, which consists of
a test section containing a flat plate, beginning with an elliptical leading edge, in order to fix the
boundary layer origin. The cavity span S =300 mm is constant because the cavity ends in this
direction are the wind tunnel vertical walls (Figure 1 b). These ends will be referred to “cavity
lateral sides” hereafter. The two cavity heights considered in this study are D = 25 mm (providing
a span ratio S/D =12) and D =50 mm (S/D =6). Lengths are changed between 25 mm and
75 mm. The cavity length L and depth D define aspect ratio L/D, cavity aspect ratios L/D =1,
1.25 and 1.5 are studied hereafter. The x-axis is the external flow direction, the y-axis is the
cavity depth direction and the z-axis is the cavity span direction. The flow is considered for
Reynolds numbers, based on external flow velocity Ue and cavity depth D, around 2300 to 3800.
Hereafter, the expressions “upstream” and “downstream” will refer to the external velocity
direction. The origin of the Cartesian coordinate system is placed at the upstream edge of the
cavity at mid-span. PIV measurements are conducted with two pulsed YAG lasers emitting at
532 nm. The first laser, used for visualizing a (x,z) plane, is flashing 250 mJ per pulse during
8 ns, while the second one, used for visualizing a (x,y) plane, is flashing 30 mJ during 6 ns.
Measurements are recorded simultaneously in the two orthogonal planes, but the present analysis
focuses on the average and standard deviation of velocity fields. The frame recording system
consists of 10-bit cameras with 1032x778 pixels and a frequency of 20 Hz. The maximum angle
of the field of view observed by the cameras is less than 13 deg, which leads to a maximum
parallax aberration of 2.5% on the component orthogonal to the measurement plane. The (x,y)
plane situated at z/S=0.25 is explored with one camera aligned with the cavity span axis,
allowing a comparison with the 2C-2D PIV optical flow algorithm (Figure 2 a). The laser plane
location is not chosen at the cavity midspan in order to avoid a symmetry plane. In that
configuration, cameras are placed on Scheimpflug mounts, which allows an angle of 45 deg
between them. A (x,z) plane situated at y/D = -0.3 is also studied for a complete description of
the three-dimensional flow motion (Figure 2 b). For that measurement, the angle between the two
cameras is limited to 20 deg in order to perform a stereoscopic PIV measurement without
Scheimpflug mounts. This is justified because a complete view of the cavity span requires a
reduction of the angle between the two cameras. The final setting is the result of a compromise
between the frame focusing, which decreases with the angle, and the accuracy of the velocity
component orthogonal to the laser plane, which increases with the angle. This point will be
discussed in part 5. As the largest velocity component is perpendicular to the (x,z) plane, the laser
sheet thickness is enlarged to 2 mm to reduce the loss of particle image pairing between the two
flashes.
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Figure 1: Experimental set-up: a) wind tunnel, b) test section dimensions and coordinates system.
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Figure 2: Stereoscopic system: a) measurements in a (x,y) section, b) measurements in a (x,z)
section.

3 PIV algorithm

Optical flow is an alternative computation method to cross-correlation algorithms, for velocity
field calculation, providing a dense velocity field from two consecutive frames (Corpetti et al.,
2006). It is based on the assumption of brightness constancy of particle images between these two
frames. Many methods have been proposed in the last two decades to estimate such an optical



flow, most of them based on the work of Horn and Schunck (1981). In the present work,
computations of PIV frames are not based on Horn and Schunck (1981) but analyzed with an
optical flow algorithm using orthogonal dynamic programming (Quénot et al., 1998). It has been
successfully evaluated in the Second and Third International PIVV Challenges (Stanislas et al.,
2005, Stanislas et al., 2008) and exhibits very small bias and also has been identified as the most
accurate in the boundary layer (Stanislas et al., 2005) and more broadly one of the best algorithm
in strong gradient area. The optical flow used in this work is then particularly suitable for
measurement inside a cavity flow mainly organized around strong gradient velocity features. This
advanced PIV method is based on an iterative search of a global alignment of particle images,
with regularity and continuity constraints (minimization of a Minkowski norm). The particle
image displacement problem inside a plane is reduced to a one-dimension problem, considering
the displacement in one direction within a given analysis strip. The two-dimensional solution is
obtained by successive iterative resolution within smaller and smaller orthogonal strips. The main
advantages of this iterative algorithm are:
— to Dbe particularly stable, especially in noisy images processing with a low spatial
definition, making available cheap cameras sets;
— to present an accuracy comparable to the best advanced algorithms based on cross-
correlation using adaptive meshes;
— to be used for sequences of more than two frames in the case of regularly time sampled
sequences (high speed PIV);
— to provides highly resolved displacement fields up to one vector per pixel keeping the
computation time per vector reasonable;
— velocity field is by construction continuous and differentiable, which is particularly
adapted for strong velocity gradient flows;
— it can be generalized to stereoscopic PIV to provide three velocity components, this
version of the algorithm being the object of this study.
Its principal drawbacks are:
— large computation time without exceeding advanced algorithms using cross-correlation
and frame deformation (Scarano, 2001);
— asensitivity to local out of plane velocity component in the two-component version of the
algorithm (Stanislas et al., 2005);
— adjustment of many parameters and their sensitivity to flow configuration.
The stereoscopic version of the PIV optical flow algorithm is implemented in this work. The
optical flow resolution with the image analysis setting used is 1 / 32" pixel. For the present case
and actual magnification, that resolution corresponds, for measurements in a (x,y) plane, to a
velocity accuracy of 3-10° m-s™ and a relative accuracy gxy) = 0.32%. For measurements in a
(x,2) plane, that accuracy is 2.2.10™ m-s™ and a relative accuracy &xz) = 0.11%. To improve the
frame quality before PIV algorithm treatment, a filtering method was implemented in the course
of this work. During the experiment setting, particular attention is devoted to laser light
positioning and to the suppression of all the undesirable light reflections. However, some wall
reflections remain in the recorded frames, and can alter the PIV processing (Figure 3 a). In order
to get rid of these optical noise sources, it seems easy to subtract from a frame with flow, a frame
recorded without flow, where only undesirable reflections are present, referred to as background
frame (Figure 3 b). In addition, the recording frames include not only the cavity, but also some
part of the external upper flow, and as a consequence the cavity walls are inside the viewed field.
In order to suppress any light reflection which would affect the PIV algorithm, a mask is applied
to the zone which is not the flow itself, where no image tracer should be found (Figure 3 c). The
subtraction of a raw frame to the background frame and the mask provide a filtered frame (Figure
3 d). The energy distribution of the laser sheet generates a non-uniformity of illumination, and the
tracers are not scattering the same amount of light. Then, a high-pass filter is finally applied on



PIV frames to equalize particles illumination in agreement with the assumption of the optical
flow approach (Figure 3 e, Quénot et al, 1998). That filtering is performed before the velocity
field calculation.

d) €)

Figure 3: PIV frame filtering from camera 1 in the (x,y) setting: a) raw frame, b) background
frame, ¢) masked zone, d) frame resulting of background frame and masked zone subtraction, €)
high-pass filtering of the previous frame.

4 Stereoscopic P1V calibration

The calibration of the two cameras is included in the procedure based on a pinhole model
(Quénot et al., 2001). In order to accurately combine the 2C apparent velocity fields from the
different viewpoints into a single 3C velocity field, an accurate camera model giving the
correspondence between the actual target coordinate system and the camera sensor location is
required from each viewpoint. This relationship is usually modeled by functions whose
parameters are evaluated from the analysis of several images of the target, placed at different
locations parallel to the laser sheet (Scarano et al., 2005). The main drawback of this method is
the need to take several images while placing the target very accurately at the desired positions.
Moreover, the result may be unstable relative to non parallel and not evenly spaced target
locations. In the present procedure, each camera calibration is computed from a single view of a
target placed in the laser plane and the camera focal length. In order to correct the possible
deviation between the target and the lightening sheet, we perform an iterative search of the
distance between the target optical center, and the actual position of the lightening plane.

5 Velocity accuracy

Let’s suppose that the exact position for each camera has been calculated from the previous
calibration method. Then it is possible to consider the actual particle displacement inside the laser



sheet ox, dy, oz along the X, y, z axes. Each camera measures two velocity components inside a

plane parallel to its sensor and obtained from the particle image displacement inside the laser

sheet (Prasad, 2000, Westerweel et al 1996, Lawson and Wu, 1999, Calluaud and David, 2004):
_X+oartana, V. = oy +oztan B,

t & ' &
_ X+atana, v _dy+oztan g,
2 & 2 &

where & is the time interval between two laser flashes and the angles aa, a2, £, £ the position
angles of the two cameras in the (x,y,z) coordinate system (Figure 4). The expression for velocity
components are provided by (Raffel et al., 1998) and rewritten for the present configuration
(Faure et al., 2010):
U tang, -U, tana,
C tan a, —tana,
_V,tan g, -V, tan 3,
Y tanB,-tan g,
U -U, VY,
~ tan a, —tana, ~ tan P, —tan g,
If the cameras are positioned alongside y-axis, then angles o1 and o, are small and a better
estimate of the velocity components is given by (Figure 4):
u,+U, V,-V, tang, +tane,
2 2 tan g, —tan g,
_Vtan B, -V, tan j;
Y tan B, —tan 3,
VY,
" tan B, —tan 4,
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Figure 4: Stereoscopic PIV projection principle: a) viewed from the z direction, b) observed from
the x direction.

Then, for measurements inside the (x,y) plane, if the measurement error is & for the first camera
and &, for the second camera and with angles 1 ~ o ~ 1 = 0 deg and /5 ~ 45 deg:
_ate
gU,x = T
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& té&,
tan g,

gU,z

Assuming & = & = gYields to:
Eux ®Exy =032% 6, 2, =032%; &, ~2¢,,, =0.64%
With that setting, the relative accuracy on the velocity component orthogonal to the measurement
plane is twice the accuracy of the other two components.
For measurements inside the (x,z) plane, with angles o1 ~ a» =~ 0deg, /1~-10deg and
[~ 10 deg:
& té
g tan g, +¢&, tan B,
Su’y =
tan g, —tan g,

&y

& *é&,

Ey, R———————

© tan g, —tan g,
Assuming again & = & = ¢ Wwe get:

Eux By =011% 6, &,y =0.11%; ¢, , = 6¢(,,) =0.66%

For present measurements in the (x,z) plane, the frame sharpness criterion is not strictly checked
because we do not use Scheimpflug mounts between each camera sensor and lens. However,
sharp enough frame recording is possible because of the choice of a small angle between the two
cameras (20 deg). This limited angle is of course altering the resolution on the velocity
component orthogonal to the (x,z) measurement plane.

6 Results

Comparison between standard 2C-2D PIV and stereoscopic 3C-2D PIV optical flow algorithms
are given for measurements in the (x,y) plane and for configuration Re = 3750, S/D =12 and
L/D = 1. The first camera is set perpendicularly to the laser plane in order to calculate 2C-2D PIV
fields and the second camera used for stereoscopic measurements forms an angle 6~ 45 deg with
the first camera axis (Figure 2 a). Both of them are placed on Scheimpflug mounts. The flow
streamlines clearly identifies the vortex of spanwise axis inscribed inside the cavity (Figure 5 a-
b). The instantaneous velocity profiles along the y-direction are given for three positions inside
the cavity, respectively x/L = 0.25, x/L = 0.54 (line passing by the center of the recirculation
vortex) and x/L = 0.84 (Figure 5 c, d, e). For each profile, the axial velocity Uy shows the large
gradient between the external flow and the cavity around y =0 mm and the negative velocity in
the cavity bottom, corresponding to the clockwise flow rotation of the recirculation vortex. Note
that the axial velocity presents larger negative values near the cavity bottom, for x/L = 0.54 which
correspond to vertical line passing by the vortex center, where the velocity is purely axial. Similar
comments are valid for the vertical velocity Uy which is positive inside the cavity for x/L = 0.25
(rise of the cavity flow), zero for x/L = 0.54 along the vertical line passing by the vortex center,
and negative for x/L = 0.84 (dive inside the cavity). This velocity component is close to zero at
the cavity top and bottom where the flow direction is the x-axis. There is a good agreement
between the two algorithms with a little stronger noise on 3C-2D PIV due to the geometrical
projection on velocity estimates resulting from two observation directions. A statistical
convergence with an error lower than 1% has been found from the average of 200 PIV fields, but
the results given below are obtained by averaging at least 500 instantaneous fields. The averaged
velocity is given in Figure 6 for the same configuration. The axial and vertical velocities are
matching very well between the two algorithms. The global trends observed in instantaneous field
are also present in the averaged velocity field. The profiles obtained from averaged velocity fields



do not show effects of perspective error. Note that the flow structure is completely different from
Ozsoy et al (2005) where the cavity aspect ratio is L/D = 4.
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Figure 5: Comparison of instantaneous velocity fields obtained with 2C-2D PIV and 3C-2D PIV
for Re = 3750 (U, = 2.25 m-s™%), S/D = 12, L/D = 1, y/D = —0.3: a) streamlines 2C-2D PIV, b)
streamlines 3C-2D PIV; and velocity profiles for three positions inside the cavity: ¢) x/L = 0.25,
d) x/L = 0.54 (center of the recirculation vortex) and e) x/L = 0.84.
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Figure 6: Comparison of the average of 500 velocity fields obtained with 2C-2D PIV and 3C-2D
PIV for Re = 3750 (U, = 2.25 m-s™%), S/D = 12, L/D = 1, y/D = —0.3: a) streamlines 2C-2D PIV,
b) streamlines 3C-2D P1V; and mean velocity profiles for three positions inside the cavity: c)
x/L = 0.25, d) x/L = 0.54 (center of the recirculation vortex) and e) x/L = 0.84.

The discussion of the flow morphology in two different orthogonal planes inside the cavity is
present hereafter for Re = 2967, S/D=6 and L/D=1.25. Results for z/ S = 0.25 are given in Figure
7. A laser reflection on one of the camera leads to spurious velocities around (x =0.01 m, y =—
0.015 m), which are not presented in the figure. The evidence of the recirculation motion inside
the cavity is shown with positive Uy above the cavity (the axial velocity saturates the color map in
the external flow), and negative Uy at the cavity bottom (Figure 7 a). Similarly, negative Uy are
found near the downstream cavity edge and positive Uy near the upstream cavity edge (Figure
7 b). Despite the frame filtering procedure, measurements are affected by remaining reflections in
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the wall vicinity. Light reflections are also observed in the downstream wall which affects
particularly the transverse velocity. This U, component exhibits positive levels near the upstream
cavity edge while negative levels are found near the downstream edge (Figure 7 c). That negative
U, region is associated with the flow motion towards the opposite lateral cavity side. The noise
observed in the U, component results in the larger measurement error caused by the projection
setting.
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0 001 00z 002 004 005 006 007

Figure 7: Averaged velocity components obtained with 500 PIV fields inside a (x,y) plane for
Re = 2967 (U, = 0.89 m-s™), /D=6, L/D=1.25: &) U,, b) Uy, ¢) U,, the dashed line corresponds to
the (x,z) plane of measurements.

Measurements are also made inside a (x,z) plane situated at y/D = -0.3 (Figure 2 b) to understand
the global 3D flow features and the development of a row of Taylor-Gortler-like counter-rotating
vortices. As the cavity flow is three-dimensional, and dominated by the primary vortex motion,
the PIV fields inside the (x,z) plane are carried out with a large velocity component perpendicular
to the measurement plane, whose velocity is 5 times larger than the velocity of Taylor-Gortler-
like centrifugal vortices. Then, a two-component measurement is subject to projection effect
away from the optical axis, which justifies the use of stereoscopic PIV. The instantaneous field of
the Uy component shows maximum values in the central part of the cavity with span modulations
correlated with the position of the quasi-annular Taylor-Gortler-like centrifugal vortices (Figure
8 a). The flow near the upstream edge of the cavity rather shows positive values of U, while the
downstream edge of the cavity rather shows negative values of Uy, both corresponding to the
recirculation motion of the vortex of spanwise axis (Figure 8 b). Note that Uy is represented with
a different color scale because its maximum values are larger than the other two components.
Furthermore, this component is orthogonal to the laser plane and its estimate is six times larger
than the error on Uy and U,. The U, component presents larger positive levels in the left part of
the cavity, and larger negative levels in the right (Figure 8-c). The velocity scattering in
instantaneous velocity fields is smoothed by time-averaging on 1000 fields (Figure 9). The
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averaged Uy component shows maximum values in the central part of the cavity without span
modulations previously observed, evidence of a time migration of Taylor-Gortler-like centrifugal
vortices (Figure 9 a). However, the right part of the cavity measurement plane shows larger
values than the left part, suggesting a flow dissymmetry. The averaged field of Uy (Figure 9 b)
presents positive values near the upstream edge of the cavity and negative values near the
downstream edge, but the large variations along the z axis observed on the instantaneous field are
smoothed. This is confirming the primary vortex motion developing inside the cavity where the
flow rises near the upstream cavity edge and dives near the downstream cavity edge. The
averaged U, component (Figure 9 c) is positive on the left and negative on the right, with
maximum levels near the lateral cavity wall, suggesting a flow motion from these walls towards
the cavity centerline (z = 0). This is the confirmation of a Bodewadt pumping (Bédewadt, 1940),
previously observed on flow visualizations (Faure et al., 2009-a). This Bodewadt pumping is the
result of two spiral vortices, located near the lateral sides of the cavity (z = +0.15 m), which
create a flow along the recirculation vortex axis, towards the cavity centerline (z=0 m). The
present work is the evidence, on velocity fields obtained with PIV, of the transverse flow motion,
organized in the (x,z) plane in four recirculation cells.
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Figure 8: Instantaneous velocity components inside a (x,z) plane for Re = 2967 (U = 0.89 m-s™),
S/D=6, L/D=1.25: a) Uy, b) Uy, ) U,.

12



0.06F ' ' ' ‘ :
0.02
= 0.041 _
£ o (ms™
" 002 0.02
0 ' b
0.1 -0.05 0 0.05 0.1
a) z (m)
0.06F :
‘i : 0.1
= 0.04 | o
£ ! g (ms™)
< 0.02 :
! 01
0
0.1 -0.05 0 0.05 0.1 0.15
b) z (m)
0.06F ?— - ‘ ‘ ; 0.02
1
= 0.04} :
E i -1
sl : o s
0.02} :
1
0 ' -0.02
0.1 0.05 0 0.05 0.1 0.15
c) z (m)

Figure 9: Averaged velocity components obtained with 1000 PIV fields inside a (x,z) plane for
Re = 2967 (U, = 0.89 m-s™), /D=6, L/D=1.25: &) U,, b) Uy, ¢) U,, the dashed line corresponds to
the (x,y) plane of measurements.

The standard deviation and covariance of velocity fluctuations inside a (x,z) plane situated at
y/D =-0.3 are presented in Figure 10. The maxima are observed near the upstream and
downstream cavity edges, while the value is close to zero in the central part of the cavity,
observed inside the measurement plane. We can deduce that the zones of maximum energy are
associated with the strong velocity gradient created by the mean flow interacting with upstream
and downstream cavity walls. Higher levels of standard deviations are found near the downstream
cavity edge, where the shear-layer injects momentum and interacts with the downstream cavity
wall. Note that the covariance of velocity fluctuations along y, z and x, z is positive on the left and
negative on the right, representing the shear flow along the z axis and the flow dissymmetry
resulting of different flow establishment conditions. Nevertheless, as one could expect, the
change of sign of these two quantities does not occur for the cavity centerline (z=0 m) but is
shifted on the right (around z = 0.08 m). This observation is confirming the flow dissymmetry
observed on the averaged axial velocity, and is discussed below in relation with the Taylor-
Gortler vortices spanwise drift.
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Figure 10: Standard deviations and covariances of the velocity fluctuations obtained with 1000
PIV fields inside a (x,z) plane for Re = 2967 (U, = 0.89 m-s™), S/D=6, L/D=1.25: a) \/u:2 b)
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7 Vortex identification

These stereoscopic measurements also validate previous analyses conducted with two-component
PIV, about the size and wavelength of centrifugal vortices identified for some parameters (Faure
et al., 2008). Above a threshold, a row of pairs of counter-rotating vortices appears inside the
cavity. In order to locate the vortices, the 75 criterion is applied (Graftieaux et al., 2001, Michard
& Favelier, 2004). It is an Eulerian criterion which is a normalized kinetic moment, considering
the relative motion around a given position defined as

(¥ =)0 > U(x)]

X —XHHU L]()”()H

In this equation, A is a domain containing the positionx. The main advantage of this criterion
over other identification tools is that it is Galilean invariant, thus it is able to track a moving
vortex and it is particularly adapted to point out vortices from experimental data with
measurement noise in comparison with vorticity. It is applied on instantaneous fields and
underlines the location of the pairs of counter-rotating vortices associated with zones where it is
close to -1 or 1 according to the clockwise or anticlockwise rotation direction (Figure 11). The
Taylor-Gortler row observed in flow visualizations (Figure 12) near the upstream and
downstream cavity edge (Faure et al., 2009-a) and 2D-2C PIV measurements (Faure et al., 2009-
b) are also observed in the central part of the cavity as blue spots alternately with red spots of 75.
Note that streak lines observed in flow visualizations are different from the streamlines of the
velocity field and the 773 criterion, but both of these fields clearly identify the row of Taylor-
Gortler-like vortices. In addition, in flow visualization, no pattern associated with Taylor-Gortler
vortices is identified in the central part of the cavity. The same behavior is observed for the
considered configuration, Re =2967, S/D=6, L/D=1.5. The instantaneous field of velocity
fluctuations, obtained with mean velocity field subtracted, shows larger vectors near the cavity
upstream and downstream edges, where vortices are observed (Figure 13). The field of 73
presents red and blue patterns associated with clockwise and anticlockwise vortices, with vortices
getting tangled up in the left part of the cavity (Figure 14).

—-—T@ﬂ——————ﬁ-—-‘
0.06 - ""' t\ } E “" ‘. '*"'““
Eo0.04 b1y P n
2o 2 #ﬂ*‘ g g
002 \3’: Y r.“"k‘#?’,lf _‘_ > S
__-_g—.;_g.!‘!_‘ . “‘ =

-0.1 -0.05 0 0.05 0.1 0.15
z (m)

Figure 11: Instantaneous field of the /7 criterion inside a (x,z) plane for Re = 2967 (U, = 0.89
m-s), /D=6, L/D=1.5.
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Figure 12: Flow visualization inside a (x,z) plane for Re = 2967 (Ue =0.89 m-s™), S/D=6,
L/D=1.5.
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Figure 13: Instantaneous field of the velocity fluctuations inside a (x,z) plane for Re = 2967
(U, = 0.89 m-s™), S/D=6, L/D=1.25.
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Figure 14: Instantaneous field of the /7 criterion, for the very same time as Figure 13, inside a
(x,z) plane for Re = 2967 (U, = 0.89 m-s™), S/D=6, L/D=1.25.

We have seen in Figure 9 that recirculation cells observed in the (x,z) plane allow Taylor-Gortler-
like vortices to drift towards the cavity sides. Note that the spanwise drift velocity W can be
considered as a phase velocity of the Taylor-Gortler-like vortices which is different from U,
which is the flow velocity (Figure 9 c). That spanwise drift velocity is measured considering a
quantity representing the vortices from space-time diagrams. They are built stacking over each
other a horizontal line of the 7 field chosen in a region where a row of vortices is present, at
different successive times. On such diagrams, vertical lines are associated to stationary events,
while oblique lines are associated to traveling patterns (Figure 15). Thus, the time development of
I3 allows tracking the motion of these vortices. If oblique stripes are moreover straight lines, it
means that the pattern is traveling at a constant velocity. This is the case in the left part of the
cavity, while some pairs of vortical structures are developing in the right towards the cavity side.
As the 75 diagram oblique lines are associated with vortices migrating with a constant velocity,
they can be characterized, for each geometrical and flow configuration, with their higher slope
corresponding to a spanwise drifting velocity Ws. The measurement of Wy /U, brings to
0.0092+0.002 for Re = 2967, S/D=6 and L/D=1.25. The vertical stripes identified near z = +0.15
are associated with the corner spiral vortices which are the consequence of a fluid transport from
the sides into the primary vortex core, due to the Bodewadt pumping and previously observed in
lid-driven or open cavity flows (Chiang et al. 1997, Migeon et al. 2003, Faure et al. 2009). These
corner spiral vortices were not observed for S/D=6 in the latter reference initiating flow
visualizations on the very same experimental setting, because the seeding of lateral cavity sides
was difficult. The strong flow dissymmetry observed inside the cavity present a flow symmetry
axis located at z = 0.08 m, which corresponds to the symmetry line of the covariance of velocity
fluctuations along y, z and along x, z. Pairs of counter-rotating vortices of stronger intensity seems
to force the symmetry axis around z = 0.08 m. A similar space-time diagram of 73 development
inside the cavity is presented in Figure 16 for close parameters (Re = 2300, S/D=6, L/D=1.5). The
spanwise drifty velocity is Ws/U, = 0.013+£0.002 which is the same order in magnitude of the
velocity previously obtained from flow visualizations, respectively W¢/U. = 0.010+0.002 (Faure
et al., 2009-a). Note in that figure the shift in the symmetry axis of migration of vortices on the
right or left, situated near z = —0.02 m. However, the previously observed pairs of vortices of
stronger intensity located near z = 0.08 m are still present, but they are not ordering the whole
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spanwise drift motion anymore. Thus the cavity flow symmetry axis is very sensitive of geometry
and flow parameters.

Figure 15: Space-time diagram for Re = 2967 (U, = 0.89 m-s™), S/D=6, L/D=1.25 from a line
extracted at x/L = 0.4 inside the 75 field.
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Figure 16: Space-time diagram for Re = 2300 (U, = 0.69 m-s™), S/D=6, L/D=1.5 from a line
extracted at x/L = 0.066 inside the 77 field.

8 Conclusion

The three components of velocity have been investigated with a stereoscopic PIV optical flow
technique in a wall-bounded cavity recirculation flow, for a configuration showing development
of a Taylor-Gortler-like instability. The calibration of the two cameras is obtained using a single
view of a plane target as well as the camera focal length and the sensor horizontal and vertical
pixel sizes. The advantage of the method is that it is not necessary to take several views while
placing the target very accurately at the desired positions and the result is not sensitive to non
parallel and not evenly spaced target locations. Its main limitation is that it is based on a pinhole
camera model which is not appropriate if the camera has significant non linear optical distortions
and if there are changes of refraction index along the optical axis between the sensor plane and
the target plane. Stereoscopic measurements provide three components of velocity field with an
estimated error, for the (x,z) plane, six times greater for the component perpendicular to the plane,
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and for the (x,y) plane, twice for the component perpendicular to the plane. For the first time, the
spanwise drift of the Taylor-Gortler-like vortices has been observed experimentally from the
velocity field and by the use of a vortex identification criterion, allowing forthcoming
characterizations of the topology with cavity geometry and Reynolds number. The use of
stereoscopic PIV has brought valuable information on the velocity component orthogonal to the
measurement plane and the recirculation vortex dynamics. In addition, the flow symmetry
sensitivity to geometry and Reynolds number has been demonstrated. The perspective of this
work is a stability analysis of the recirculation centrifugal effects. The simultaneous stereoscopic
PIV measurements in two orthogonal planes, in order to understand the coupling between the
recirculating flow in the (x,y) plane, and the development of the Taylor-Gortler-like instability in
the (x,z) plane would be also considered.
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