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ABSTRACT
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The phenomenon of flow separation and reattachment over a backward facing step geometry is investigated in the
turbulent regime (Reh = 5000) by means of particle image velocimetry (PIV). The arrangement of the water flow facility
with controlled fluid temperature allows achieving a field sampling frequency twice the convective reference frequency,
which is satisfactory for the large-scale fluctuations analysis. High spatial resolution (∆r/h = 1/30) is obtained with the
application of an iterative image processing algorithm that applies window deformation and a multigrid analysis
method. The behavior of the unstable shear layer is investigated along several planes such to describe both primary
instabilities (spanwise vortices) as well as the vorticity transfer from the spanwise to the streamwise direction.
The time sequences of the velocity distribution are analyzed with a pattern recognition technique. Span-wise aligned
vortices shedding in the separated shear layer are observed through their footprints in the streamwise wall-normal plane.
A vortex detection algorithm based on pattern recognition analysis is applied, which allows determining the position
and relative size of the recognized events. The eduction procedure is completed by means of conditional statistics
yielding the coherent flow properties (vorticity, strain-rate, turbulence production, etc.).
Measurements (time sequences) in the x-y plane yield evidence of an effective vortex shedding mechanism occurring at
about the step edge. The complex flow interaction ascribed to a pairing process causes intense vorticity fluctuations
downstream the step where multiple structures roll-up as a whole. The tracking of spanwise vortices shows that the
shedding structures are likely to be convected in the shear layer rather than follow the mean streamline to the
reattachment location.
Instantaneous measurements in the y-z plane reveal secondary flows of considerable strength taking place in the form of
a system of counter rotating streamwise vortices.
Conditional data averaging is applied to the results and structural properties (coherent velocity, vorticity and turbulence
production) are obtained for individual vortices.
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Figure 1 Vortices tracked over the BFS (time step t = h/2U0). The vortex center velocity is indicated with its vector and
the individual trajectories are color-coded.
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1.

INTRODUCTION

Recent developments of experimental and numerical techniques in fluid mechanics allow the investigation in depth of
the unsteady behaviour of shear flows focusing on the importance of coherent structures.
From the experimental side, flow visualization techniques bring evidence of large scale organized motions and the
quantitative measurement of this kind of flows relies mainly on single or multi-point measurement methods like x-wires
arrays (Hussain and Hayakawa, 1987; Ferré and Giralt, 1989) or lately multi-point LDV (Furuichi et al., 1998).
Following these methods, the reconstruction of the two-dimensional velocity distribution is based on the conversion of
the time coordinate into the equivalent spatial streamwise coordinate relying on Taylor's hypothesis.
This approach may lead to significant distortion in the data reconstruction if the analysis concerns transitional flows or
developing turbulent flows such as the near wake of bluff bodies. In these cases the instantaneous flow field
measurement is needed to faithfully describe the flow organization.
The fast evolution of whole field techniques such as PIV in the last decade (Adrian 1991; Westerweel et al. 1997)
allows the simultaneous measurement of the instantaneous velocity distribution over an entire plane, with enough
spatial resolution to describe large part of the scales spectrum. This aspect constitutes a unique feature when related to
the application of the technique to educe the unsteady spatially coherent structures in the flow.
The turbulent separated flow over a BFS configuration exhibits a high degree of organization due to the formation and
growth of primary spanwise vortices linked to the Kelvin Helmoltz instability of the plane shear layer. Early
visualizations are given, which describe the flow in terms of Kármán vortices shedding even though the process is not
periodic at high Reynolds numbers. A direct numerical simulation of this flow performed by Le et al. (1997) reports a
significant dispersion in the spectrum of some flow quantities even though characteristic values of the Strouhal number
can be distinguished.
Extensive and accurate works with experimental (Eaton and Johnston, 1980) and numerical approaches are given in
literature, which provide data sets describing the turbulent flow past a sudden expansion even though most of the results
are related to a statistical description of the flow.
The work of Delcayre and Lesieur (1997) proposes in addition to the statistical analysis, some topological features of
the turbulent flow in the separated and reattachment region. According to the coherent structures topology, the above
authors identify three different regions: close to the step the fluctuations are dominated by quasi two-dimensional
Kelvin-Helmoltz rollers; downstream of x/h = 3 the rollers undergo strong three-dimensional contortions and appear as
Λ-vortices, further downstream (at about the reattachment location) the fluctuations develop as hairpins (oriented with
the head towards the high momentum region). Figure 2 yields a visualisation of the above mechanism through a plot of
instantaneous Q iso-surfaces.

Figure 2 Delcayre and Lesieur (1997). Visualisation of coherent structures in a backward facing step flow.
In the domain of free shear flows and wake flows several methods can be applied for the analysis of the large-scale
coherent structures.
It is shown that the use of pattern recognition analysis based on cross-correlation of velocity or vorticity patterns is a
suitable approach for the detection of coherent structures (Giralt and Ferré 1993; Hussain 1991).
However a challenging task still relies on the choice of an appropriate definition of the pattern to be extracted from the
flow, since the matching procedure needs at least a first guess prototype.
Furthermore the application of velocity patterns cross-correlation schemes in the near wake region raises other
problems concerning ambiguity of detection. In fact high correlation values are expected in the vortex cores as well as
in the thin shear layer. Thus a simple vorticity-based correlation method would be misleading when the analyzed
domain includes the near wake region.
The pattern recognition technique proposed in the present study performs the cross correlation of the instantaneous
velocity distribution with a pre-defined vortex pattern. In order to improve the performances with respect to the
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mentioned ambiguity between vortex cores and shearing regions, an isotropy condition is applied to the velocity
correlation function.
The basic principle of the implementation relies on a vortex definition as given by Robinson (1989): A vortex exists
when instantaneous streamlines mapped onto a plane normal to the vortex core exhibit a roughly circular or spiral
pattern, when viewed from a reference frame moving with the centre of the vortex core.
On this basis a method to distinguish a vorticity peak belonging to a vortex core is suggested. The contribution to the
vorticity or any related integral quantity, as velocity circulation, must be weakly dependent of the considered direction
where the velocity gradient is evaluated.
Other approaches to the problem are reported in a wide review by Jeong and Hussain (1995) including the mapping of
the second velocity gradient tensor invariant Q which seems to fully respect the vortex topology. Even though the
implementation of this method to DNS and LES data is of great interest, the evaluation of derivatives by finite
differences from experimental data leads to undesired noise amplification unless the signal is previously treated with a
low-pass spatial filtering procedure.
Finally the spatial resolution of the measurement, allows to perform a size classification procedure in order to
distinguish characteristic properties at different flow scales.
2.

EXPERIMENTAL

Flow facility
The experiments are performed in a gravity-driven water-tunnel of 240(w) × 120(h) mm2 cross section. The contraction
ratio between the settling chamber and the test section is 6:1. The channel step is placed at 760 mm downstream the
contraction.
A device to control the working fluid temperature is installed in the lower reservoir. The need for a thermal control
system is due to a limitations in the PIV framing rate. Therefore keeping the fluid temperature above the ambient value
of only 30° Celsius it is possible to about halve the flow velocity keeping the same value of the Reynolds number. Since
heat losses inside the channel are negligible, therefore buoyancy effects are not expected to affect the flow. The
expansion ratio is defined as ER = Ly/(Ly - h) where Ly is the channel height downstream the step, in the present case ER
= 1.2.
PIV hardware
The light source is a double cavity pulsed Nd:Yag laser. Two semi-cylindrical lenses and a spherical lens are used to
shape the laser beam into a 0.8 mm thick light sheet. LATEX particles (25 µm diameter) are used to seed the flow.
A commercial imaging system is used to acquire display and store the particle images. The system is composed of a
CCD video sensor PCO-SensiCam with 1280(H) × 1024(V) pixels resolution, 12 bits quantization and full frame
interline transfer architecture. A digital synchronization system masters the laser pulses and the camera exposures.
Measurement domain
The origin of the local system coordinates in the domain is considered on the bottom step corner in the symmetry plane,
the x-axis is aligned along the stream-wise direction and the y-coordinate is normal to the wall, the z-axis is in the spanwise direction.
Measurements are performed in the symmetry plane over a region extending from the x/h = -1 up to x/h = 8. Extensive
measurements along two span-wise stream-wise planes and in a few cross-sectional planes are performed to attempt the
characterization of three dimensional flow features.
The sensor high-resolution allows to cover the whole recirculation region, which is investigated including the
reattachment location.
Experiments are conducted at Reh = 5.0 × 103 , the free stream velocity Uo = 0.125 m s-1 (evaluated at x/h = -1). The
typical time separation between the two laser pulses of 5 ms is selected such to obtain a maximum in plane
displacement of about 5 pixels.
PIV image processing
The digital recordings are analyzed with a cross correlation based interrogation algorithm, especially tailed for highly
sheared and vortical flows. The method performs an iterative interrogation of the measurement domain and applies a
relative deformation between corresponding windows according to a predicted distribution of the velocity and of the
local velocity gradient. Loss-of-pairs due to in-plane translation, rotation and shear are compensated. The approach is
coupled with a progressive window refinement leading to a multigrid concept. As a result, the adopted PIV
measurement procedure allows obtaining data sets of higher spatial resolution and accuracy if compared with a
conventional cross-correlation method. The details of the algorithm are given in literature (Scarano, 2000).
A typical image-processing configuration is composed of three refinement steps for the window size: (I) 80 × 80 pixels,
(II) 40 × 40 pixels, (III) 20 × 20 pixels. A 75% window overlap factor is applied at the last iteration yielding a grid
spacing of 5 × 5 pixels (0.62 × 0.62 mm2 ). The invalid data yield is about 2 %.
3.

EDUCTION ALGORITHM

The method implemented for the eduction of spanwise aligned vortices footprints is based on spatial cross-correlation
applied between a vortex pattern prototype and the instantaneous velocity field.
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Herein a brief description of the procedure is given, whereas for a detailed description the reader is addressed to a
preceding study from the authors (Scarano et al. 1999).
Target correlation pattern
The target pattern defined in terms of velocity spatial distribution Vp(x, y) is described as follows in polar coordinate:

Vpθ =

 −r 2


1 
2 
⋅ 1 − e  σ  
2πr 


(1)

Vpr = 0

(2)

The expression of the prototype pattern includes the gaussian damping factor σ as a scaling parameter that allows
matching targets of different extent. The velocity pattern shows a maximum at a distance from the centre equal to σ,
thus an equivalent diameter is defined as d = 2σ.
The procedure implemented for this flow must take in consideration that the vorticity level associated to the shear has
the same magnitude as the characteristic level associated to the vortices as discussed by Jeong and Hussain (1995).
The correlation of the instantaneous velocity field with the prototype pattern is performed considering the projection
along different directions θ covering a range from 0 to π (Figure 3).
The instantaneous velocity distribution V(x,y) and the vortex pattern prototype are correlated for different values of θ.
The result yields a correlation function that also varies with the considered direction:

(

) (

r
r
Rθ ( x , y ) = Vp ⋅ iˆθ ⊗ V ⋅ iˆθ

)

(3)

where Vp is properly shifted with the mean value and normalized with the variance in order to make the result invariant
to a signal linear transformation. An isotropy condition is applied in order to distinguish between shearing motion and
rotation. The proposed formula is simplified to the one previously given and is based on the cross-product of correlation
values obtained for different projections. Consequently an enhanced correlation function is built, which weights the
correlation intensity according to its isotropy.

R * ( x, y ) = n

∏R

i =0 .. n

(4)

θi

The weighting function yields the correlation signal where it is isotropic, on the contrary it is zero where the flow
exhibits a simple shearing motion.
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Figure 3 Vortex pattern prototype Vp velocity distribution: projection of the tangential velocity component.
The method is interpreted as an integral approach with respect to that proposed by Jeong and Hussain, which evaluates
locally the flow rotation on the basis of the second invariant of the velocity gradient tensor

1 ∂u ∂v
 ∂u 
Q =  −
⋅
2 ∂y ∂x
 ∂x 
2

(5)

In fact the result of considering the product of the correlation over the whole angular positions corresponds to the
second term of eq. 5 at the right hand side, which is dominant in two-dimensional vortical flows.
The pattern correlation procedure has the additional advantage that it is suitable for application with different values of
the scaling parameter d. The normalized diameter d/h is defined as the ratio between the equivalent vortex pattern
diameter and the step height. Each instantaneous velocity field is analyzed seeking for vortices and classifying them
with respect to the size. As a result an additional parameter is added to describe the behavior of the spatial distribution
of the enhanced correlation coefficient R*(x,y,d/h).
Since the convolution with the prototype pattern can be correctly evaluated only within an internal region of the
domain, due to the finite size of the correlation pattern, the values at the border are obtained with extrapolation.
Finally a single threshold correlation level is selected to extract the signal maxima over all the mentioned size
dependent correlation maps.
Spatial resolution and scales range
The attention is focused towards the range of scales expected for the coherent structures. As a reference for lower end
of the range the vorticity thickness at the step edge is considered (δω ~ 0.15 h). The upper end is defined by the step
height h that represents the characteristic length of the flow geometry.
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From previous investigations, most of the coherent fluctuations are observed at a spatial wavelengths that do not exceed
0.5 h, the analysis focuses on the description of vortices with the following values of the normalized diameter
d/h = {0.15, 0.20, 0.28, 0.36, 0.44}.
Given the performances of the present measurement technique, the lower end of the scale parameter range is also
limited by the minimum number of grid points to properly represent the vortex pattern. A 5× 5 grid-point stencil, with
the spatial resolution of ∆r = 0.03 h , allows defining a vortex pattern corresponding to d/h = 0.15.
Vortex tracking
Once single vortices are detected at a determined time instant, their position and properties are followed in order to
obtain trajectories and a Lagrangian statistical description. The tracking of vortices is performed with a method based
on multiple criteria allowing to identify the most suitable association between instantaneous vortices appearing in the
time sequence of based method. Individual vortices are detected and introduced as possible candidates to develop into a
trajectory. A time-backward prediction is used to limit the search vortex area.
4.

RESULTS

Time-dependent flow behaviour in the x-y plane
The direct experiment output is constituted by the time evolution of the velocity distribution (with the associated spanwise vorticity), which constitutes by itself a visualization tool for the description of the unsteady flow behaviour. The
time-dependent flow in the annexed movie file (saved as raster metafile) is constituted by a sequence of 100 velocity
fields acquired at a field rate of 9 Hz. It is made evident from the vorticity time evolution that the separated shear layer
is subjected to an oscillatory motion in its first part (x/h < 1), then vortex roll-up mo stly occurs. Further downstream the
interaction between single vortices increases the flow pattern complexity. Nevertheless it can be distinguished a large
scale pairing occurring intermittently and at different abscissae (2 < x/h < 4), which leads to high amplitude fluctuations
and therefore to an increased shear layer growth rate. The intense vorticity patches participating in the large-scale rollup also induce intense variations in the boundary layer at the bottom wall in the reversal flow region.
Further downstream the interaction between shear layer and vortical structures becomes weaker and the coherent
structures seem to be advected with the surrounding flow velocity. Vortices are seen either to be ejected in the outer
flow where they show a long permanence time, or they impinge onto the bottom wall at about the reattachment location
where presumably breakdown occurs.

y/h

Instantaneous flow pattern and vortices in the x-y plane
Figure 4 shows a sample velocity field and the associated vorticity distribution, while the spatial distribution of the
enhanced correlation R* is given at the top of Figure 5. The latter distribution shows the location and the extent of the
coherent structures with a less ambiguity in comparison with the vorticity distribution usually taken as a reference
visualization tool.
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Figure 4 (Top) Instantaneous velocity distribution (profiles are sampled 1:6 for clarity). (Bottom) Spanwise vorticity
distribution
When a Galilean transformation is applied locally in the area of each detected vortex, the vortex velocity field yields the
expected roughly circular or spiraling pattern (Figure 5, bottom). In particular the transformation plots the local velocity
distribution after subtraction of the velocity evaluated in the vortex center. The present results are related to the
detection of vortices and partial trajectories of vortices with a predetermined spatial scale (d/h = 0.3).
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Figure 5 (Top) Distribution of the enhanced correlation R*. (Bottom) Vortices velocity pattern after local Galilean
transformation.
Trajectories definition
From the detected instantaneous vortices, trajectories can be built that describe their spatial-temporal evolution. Figure
1 shows a set of trajectories indicated with point labels and vortex displacement vectors at their origin. It can be noticed
from the path followed by the vortices that after the shedding phenomenon a number of structures can be attracted in the
bottom region where reversal flow occurs. Furthermore some structures are ejected towards the high momentum stream
where they are essentially advected. The latter observation is consistent with the visualization discussed previously. A
further statistical analysis aiming at the Lagrangian description of the structure properties evolution is currently under
development.
Coherent properties eduction
Structures detected within the same domain subregion are selected for conditional averaging. A procedure for centre
alignment is applied in order to estimate statistical properties related to the vortex characteristics. Without this
arrangement, the sharp instantaneous patterns would be inevitably smeared out by the typical jitter in the structure
appearance location.
The sub-domain extent (in step units) for the conditional averaging Dxy is set depending on the streamwise location as
the flow characteristics vary significantly over the investigated domain. In particular, close to the step edge, an
extension of Dxy = 1 × 0.5 allows to consider almost uniform flow properties. Further downstream this area is increased
up to Dxy = 1 × 1.
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Figure 6 Coherent velocity and vorticity distribution (x/h = 1.4, y/h = 1).

6

Figure 6 shows the velocity and vorticity pattern of a conditional average performed at y/h = 1.0 and x/h = 1.4. The
vortex centre velocity is subtracted in order to visualize the circulatory motion. A significant distortion from the circular
shape is observed. The pattern can be approximated by an ellipse with the larger axis rotated of 30° clockwise with
respect to the x-axis.
The vorticity distribution shows that the vorticity level in the shear layer is comparable to the vortex peak value.
Furthermore, it is observed that the intense vorticity field associated to the vortex core in proximity of the step edge
induces a local lift of the shear layer upstream and a drop in the vortex forefront yielding an inflexion point in the shear
layer axis.
The conditionally averaged properties of a counter clockwise rotating vortex are presented in Figure 7 in terms of
velocity and vorticity distributions. The double roller pattern can not be evaluated from the velocity pattern since the
background transverse gradient embeds the weak peripheral swirling motion. Nevertheless, from the vorticity
distribution local extrema of opposite sign are clearly identified. Peaks of positive coherent vorticity are adjacent to the
central peak of negative vorticity resulting in the organised pattern of multiple rollers. It is remarkable that the
conditional averaging and data alignment procedure based on the counter-clockwise vortex yields as a new features
such multiple roller pattern. The existence of rollers of opposite sign with respect to the background shear suggests that
the initially two-dimensional coherent structures develop into three-dimensional systems leading also to vortex
breakdown. From this process, structures of opposite vorticity content may form locally.
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Figure 7 Coherent velocity and vorticity distribution for a counter clockwise rotating vortex (x/h = 5.5, , y/h = 0.8).
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The analysis of coherent properties over several locations is performed in order to compare the stream-wise evolution of
the mean shear level with the characteristic vorticity of the detected vortices.
The results are shown in Figure 8 for three different values of the vortex diameter. It is found that a relevant decay of
the peak vorticity occurs within the first three step heights. The peak coherent vorticity can exceed the maximum strain
rate S max (0) (at x/h = 1.0). It decays rapidly to 60% of S max in the first three step units.
Downstream, the process stabilizes at a lower decay rate. For increasing diameters the peak vorticity decreases
systematically.
The smallest scale rollers show peak values from 1.2 to 1.5 times larger compared with the largest ones. The difference
increases moving downstream from the step edge.
Hence, in the far step region (5 < x/h < 8) coherent vorticity always exceed the mean vorticity of a factor from 3 to 5
depending on the considered diameter.
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Figure 8 Streamwise evolution of peak coherent vorticity (from conditional average) and streamwise development of
the maximum strain rate (from ensemble average).
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The evolution of the mean strain rate maximum obtained from the statistical flow analysis is plotted for comparison.
The curve bifurcation at about x/h ~ 6 indicates the flow reattachment and the resulting development of the wall
bounded shear layer. A relevant decay of the coherent peak vorticity occurs within the first three step heights.
Instantaneous features in the y-z plane
Measurements performed in the span-wise wall normal plane aim at visualizing the development of the KelvinHelmoltz rollers into three-dimensional structures. The initially span-wise aligned vortical structures seem to be
subjected to a further instability mechanism leading to the appearance of the Λ-vortices also reported in the numerical
visualization by Delcayre and Lesieur (1997). The flow pattern in Figure 9 shows that the stream-wise vorticity content
is comparable with that measured for the span-wise aligned rollers supports the hypothesis that they are generated from
distortions of primary rollers. At the stream-wise abscissa x/h = 2 (where the maximum vortical intensity is found) there
is an intense activity of vortical structures organized as counter-rotating rollers. Measurements upstream (x/h = 1) show
a weaker intensity, while downstream (x/h = {3.0,4.5}) the flow pattern is less organized suggesting that breakdown
occurs.
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5. CONCLUSIONS
An experimental investigation is conducted upon the unsteady features of the separated and reattaching flow over a BFS
geometry. Measurements with particle image velocimetry in the turbulent regime (Reh = 5000) are performed that
follow the large-scale flow time-evolution. Moreover the high spatial resolution achieved with an iterative multigrid
image analysis method allows investigating the range of flow scales of interest.
Pattern recognition analysis is used to detect the footprints of span-wise aligned vortices shedding from the separated
shear layer in the x-y plane, while a conditional averaging technique is applied to educe the coherent properties of the
detected vortices of various sizes and appearing at different locations. The flow time sequences in the x-y plane
highlights the major mechanisms of the flow instability: vortex shedding, large-scale vortex interaction, vortex-wall
interaction.
Single vortices are tracked in time and trajectories are obtained, further analysis on the trajectory data will allow to
draw some conclusions about the typical vortex lifecycle.
The three-dimensional nature of the flow organization is assessed with measurements in the y-z plane where secondary
flows appear with a considerable strength taking place in the form of a system of counter rotating stream-wise vortices.
It can be concluded that the PIV technique coupled with pattern recognition analysis constitute a valuable tool for the
study of coherent structures dynamics.
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