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a b s t r a c t
Particle image velocimetry (PIV) and common-base proper orthogonal decomposition (CPOD) were used
to quantify the velocity ﬁeld within the separated region of conﬁned square and rectangular cavities with
streamwise aspect ratios of one and two, respectively. For a constant Reynolds number of 60,000, the ﬂow
structure within the entire domain of the square cavity is dominated by a nominally two-dimensional
primary vortex. The ﬂow unsteadiness here is manifested in the rms distributions, which reveal signiﬁcant contributions from the pseudo-ﬂuctuations due to the meandering of the primary vortex core and
from random unsteadiness. Comparisons were made to the backward-facing step geometry, and in contrast, for the rectangular cavity and backward-facing step, large-scale unsteady ﬂow patterns, threedimensional in character, are present in the velocity ﬁeld. The formation of these unsteady events was
identiﬁed through the realization of instantaneous velocity ﬁelds. In contrast to the square cavity, the
CPOD analysis reveals the presence of a ‘‘shift mode’’ for the rectangular cavity, which results in spanwise
variation throughout the entire ﬂow ﬁeld. As a conclusion, the unsteady behavior observed for both the
rectangular-cavity and backward-facing-step ﬂows is absent for the square cavity, which can be attributed to the strong coupling effect of the two vertical cavity boundaries at low streamwise aspect ratios.
Furthermore, the spatio-temporal character of the rectangular cavity is shown to be more closely related
to the backward-facing step than the square cavity.
Ó 2014 Elsevier Inc. All rights reserved.

1. Introduction
Flow separation resulting from a sudden expansion in geometry, as is encountered in cavities and backward-facing steps, occurs
in a large array of engineering applications. Although these geometries are considered as canonical test cases for separated ﬂows
commonly encountered in aerodynamic and hydrodynamic problems, the ﬂow-separation characteristics of these base ﬂows can
readily be extended to more complex geometries such as in high
angle-of-attack or bluff-body ﬂows. The velocity ﬁeld immediately
downstream of the separation point is often characterized by ﬂow
phenomena such as corner eddies, ﬂow bifurcations, instabilities,
and transition to turbulence. The simplicity of these geometries
also readily lend themselves to the validation of turbulence closures since the fundamental topology of these geometries is
known. Despite their physical resemblance listed above, the two
geometries are often studied independently.
The principle feature of the backward-facing step (BFS) geometry, as observed in both two- and three-dimensional investigations,
is the recirculation bubble that forms downstream of the stepped
⇑ Corresponding author. Tel.: +1 4034671073.
E-mail address: jnfernan@ucalgary.ca (J.N. Fernando).
http://dx.doi.org/10.1016/j.ijheatﬂuidﬂow.2014.03.003
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wall. This recirculation zone is characterized by ﬂow reversals
and vortical structures, as investigated by Le et al. (1997), Nie
and Armaly (2002) and Tylli et al. (2002). Speciﬁcally, the ﬂow phenomenon responsible for vortical structures in the shear layer is
the Kelvin–Helmholtz instability, which is caused by the interaction between the shear layer and recirculating ﬂow near the
stepped wall, as recently described by Rani et al. (2007). In addition
to the Reynolds number, the key variables associated with the
backward-facing step problem are the expansion ratio (ER) and
spanwise aspect ratio (SAR), deﬁned as the ratios of downstream
to upstream channel height and channel width to step height,
respectively. The SAR is relevant only for three-dimensional geometries, whereas the ER is applicable to both two- and three-dimensional geometries. Tylli et al. (2002) reported the formation of
complex ﬂow structures for conﬁned (three-dimensional) channels. Furthermore, they demonstrated that for laminar ﬂow, these
structures intensify with increasing Reynolds number for an ER
and SAR of two and twenty, respectively. Existing literature on
the backward-facing step geometry is rich and encompasses a wide
range of topics, including quantiﬁcation of the reattachment line as
performed by Nie and Armaly (2002), turbulent energy budgeting
beneath the separated shear layer and topological analyses of the
ﬂow by Le et al. (1997). However, studies performed on this
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geometry at high Reynolds numbers in the turbulent regime and
with three-dimensional geometries are scarce due to obvious computational and experimental limitations.
Much like the backward-facing step geometry, the cavity has received similar attention over the past few decades ever since the
pioneering work of Burggraf (1966). The majority of published
studies in this area have been performed on cavities with a streamwise aspect ratio (StAR) of one, which is deﬁned as the ratio of cavity length to height. The ﬂow structure inside the square cavity is
characterized by a main stationary/captive primary vortex, secondary vortices in the bottom two corners and Taylor–Görtler-like
(TGL) vortices along the bottom of the cavity as investigated in detail by Prasad and Koseff (1989), as sketched in Fig. 1.
Rockwell and Knisely (1979) investigated the effect of the
downstream cavity wall on evolution of the shear layer for Reynolds numbers of 106 and 324. The inﬂuence on the shear layer
was found to be global, extending throughout the entire length
of the shear layer, conﬁrming the presence of feedback mechanisms within the cavity. Many studies have been conducted within
laminar or transitional regimes, such as the work of Migeon (2002)
and Sheu and Tsai (2002). However, comparatively few studies exist for Reynolds numbers above 10,000. Prasad and Koseff (1989)
investigated the effect of Reynolds number (3200 6 Re 6 10,000)
and end-walls on square cavity ﬂow through a series of experiments while varying the SAR between 0.5 and 1. A reduction in
the SAR increased the viscous drag from the side-walls, which in
turn decreased the velocity of the ﬂuid over most of the domain.
This reduction in the SAR also eliminated meandering of the TGL
vortices, which were found to no longer have a dominant role on
the ﬂow ﬁeld at higher Reynolds numbers (10,000 and above).
Flow past two-dimensional rectangular cavities was investigated
by Rowley et al. (2002) through numerical simulations. For small
aspect ratios, the ﬂow was found to be steady, but as the aspect ratio was increased the ﬂow transitioned to a shear-layer mode characterized by self-sustained oscillations. For even longer cavities,
the ﬂow transitioned further to a ‘‘wake-mode’’ and contained a region of signiﬁcant backﬂow in the cavity, which was hypothesized
to be the cause of the feedback mechanism leading to the wakemode. Several shortcomings in the numerical modeling were identiﬁed which could not be resolved without the assistance of more
detailed three-dimensional simulations and experiments. Bouffanais et al. (2007) tested two LES models, namely the dynamic Smagorinsky and dynamic mixed models, for the three-dimensional
cavity geometry at a Reynolds number of 12,000. These simulations were compared with the experimental results from Prasad
and Koseff (1989) and were found to be in good agreement based

on the cavity topology and velocity distributions despite small
Reynolds number discrepancies. The ﬂow was found to be highly
inhomogeneous near the downstream wall, where turbulence production was found to be a maximum. In a similar set of simulations, Habisreutinger et al. (2007) investigated the accuracy of an
LES simulation using the Legendre spectral element method for
the lid-driven cavity problem. They used a DNS reference solution
which utilized a Chebyshev collocation method at a Reynolds number of 12,000. Subgrid modeling of ﬂows which contain coexistent
laminar, transitional and turbulent ﬂow regions, as is the case for
the lid-driven cavity, is a challenging undertaking. Such numerical
validations necessitate the presence of large experimental databases for these canonical geometries. Faure et al. (2007) performed ﬂow visualizations in rectangular cavities with aspect
ratios between 0.5 and 2 for a Reynolds number ranging between
1150 and 10,670. The aspect ratio, rather than the Reynolds number, was found to inﬂuence the vortex structure in the cavity. Aspect ratios of 1.5 and 2 were accompanied by an unsteady main
vortex and a secondary vortex near the bottom of the upstream
wall. For an aspect ratio of 1 the vortex occupied the entire cavity,
with the secondary vortex reducing to a corner vortex. Two superimposed vortices with low velocities were observed for an aspect
ratio of 0.5.
Although it is apparent through a brief review of the literature
that the scope of existing studies is both broad and comprehensive,
it is just as apparent that many fundamental questions still remain
unanswered. In the present study, we investigate the effect of endwalls and compare the velocity ﬁelds for the geometries described
above at a constant Reynolds number of 60,000 and an expansion
ratio (ER) and spanwise aspect ratio (SAR) of 1.4 and 2.87, respectively. In particular, three geometries are tested: square and rectangular cavities (denoted occasionally in this study for
convenience as SC and RC) with StARs of one and two, respectively;
and the backward-facing step. It has been shown in previous work
that only at cavity aspect ratios of ﬁve and beyond can behavior
similar to the backward-facing step be expected; the current study
will characterize this transition for low aspect ratios. The geometries were selected to investigate and quantify the spatial and temporal differences between the vortical structures formed beneath
the shear layer. Based on the velocity and corresponding rms information obtained experimentally from the PIV measurements and
subsequent CPOD analysis, this work will address the following
questions:
(i) Is the rectangular cavity more closely related to the square
cavity or the backward-facing step? How is the primary vortex in the separated region affected by an increase in the
streamwise aspect ratio?
(ii) How prominent is the effect of side-walls on the ﬂow within
the cavities and downstream of the backward-facing step?
Can regions of the ﬂow be approximated as two-dimensional
for any of these three geometries?
2. Experimental methods
2.1. Facility and test geometries

Fig. 1. A schematic view of the principle features of the square cavity outlining the
primary, secondary and Taylor–Görtler-like vortices, as well as the symmetry plane
at the mid-span. The spanwise aspect ratio (SAR) and streamwise aspect ratio
(StAR) are shown here for clarity.

The experiments were performed in a free-surface water tunnel,
as shown in Fig. 2. Water is pumped to a main plenum and through
four conditioning units consisting of one honeycomb and three ﬁne
screens, before being accelerated into the test section through a
six-to-one ratio contraction. Turbulence intensity has been measured at approximately 0.3% of freestream. The two test sections
(with a total length of 4 m) end with a reservoir, which facilitates
the recirculation of water back to the plenum through the axial
pump.
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Fig. 2. Rendering of water tunnel used for the PIV experiments. The pump, located at the base of the plenum, drives water through the contraction into the two test sections.

The backward-facing step geometry, which was used as the
base case in this study, is shown in Fig. 3(a). The channel dimensions are h = 0.315 m, H = 0.45 m, s = 0.135 m, LR = 1.78 m,
LS = 2.22 m and c = 0.387 m, where the inﬂow and outﬂow channel
heights are given by h and H, respectively. LR and LS are corresponding step and downstream channel lengths within the test
section, s is the step height and c is the channel width. The three
separated geometries investigated in this study (SC, RC and BFS)
are also shown in Fig. 3(b).

2.2. Particle image velocimetry (PIV)
PIV measurements were obtained in the XZ- and XY-planes near
the step geometry, as sketched in Fig. 4. The experimental set-up
consisted of a Photonics Industries Nd:YLF single-cavity laser
(k = 527 nm) and a Photron APX-RS high-speed camera
(1024  1024 pixels) equipped with a Nikon lens (f = 28 mm/2.8).
To assure statistical signiﬁcance in the data, a minimum of 2000
images corresponding to 2000 overlapped images pairs at
sampling frequencies of 60 fps and 120 fps were collected and
post-processed per data set, using the standard LaVision/DaVis7.2
multi-pass cross-correlation scheme. The water tunnel was seeded
with 100 lm silver-coated, hollow-glass spheres with a corresponding Stokes number of approximately 2.4  103 and therefore were assumed to follow the ﬂuid accelerations accurately.
Fig. 5 shows the various planes measured in this study. In the
XY-plane, data was collected at ﬁve span-wise locations, where
measurements at z=c ¼ 0:75 and 0:875 were obtained to ensure

Fig. 4. Detailed sketch of the PIV setup including the global origin located at the
bottom-left corner of the step; schematic represents a measurement in the XZplane at a height of y=s ¼ 0:5 for the backward-facing step.

symmetry (and therefore are not presented in the results). Three
vertical heights were investigated in the XZ-plane. Of particular
signiﬁcance is the XZ-plane at y=s ¼ 0:5, since it constitutes the
only plane where data was collected for the backward-facing step
geometry for comparative purposes with the other two main
geometries. Note the reduced optical access near the end-wall
boundaries due to limitations of the test-section frame. A section
approximately Dz=c ¼ 0:08 wide originating at the end-wall
boundaries was hidden from the ﬁeld of view on either side, as
shown in Fig. 5(b) for the three XZ-planes.
The upstream inﬂow conditions were determined prior to the
main experimental campaign. In particular, the ﬂow uniformity
and turbulent boundary layer just upstream of the cavity in the

Fig. 3. (a) Schematic of test geometry containing relevant dimensions of the conﬁned, backward-facing step; and (b) geometry of square cavity (left), rectangular cavity
(middle), backward-facing step (right).
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Fig. 5. Sketch of the planes for the PIV measurements; slices are shown in the XY- (a) and XZ- (b) plane. The locations of experimental data acquisition are indicated in the
legend for each plane, and in the XZ-plane, the white boxes represent the portion of the ﬁeld-of-view which was obstructed in the measurements.

XY-plane were experimentally quantiﬁed using PIV, as shown in
Fig. 6. A plot of the boundary layer (with thickness d  16 cm)
entering the cavity can be seen in Fig. 6(c).
2.3. Proper orthogonal decomposition (POD)
Modal analysis in the form of common-base proper orthogonal
decomposition (CPOD) was implemented as a means of quantitatively comparing the ﬂow topologies of the tested geometries. Contained below is an overview of the method, adapted from Kriegseis
et al. (2010).
POD decomposes a ﬂowﬁeld Uðx; tÞ into its POD modes /j ðxÞ,
resulting in a new base with which the original ﬂowﬁeld can be
reconstructed. Spatially-correlated coherent ﬂow structures and
uncorrelated random ﬂuctuations are superimposed on the mean
ﬂow-ﬁeld uðxÞ, as shown in the classical Reynolds decomposition
expression:

Uðx; tÞ ¼ uðxÞ þ uðx; tÞ:

kj
;
kkk

ð2Þ

where kkk is the Euclidean norm of the diagonal matrix of eigenvalues, kj . The matrix of eigenvectors, W, can be used to calculate
weighting coefﬁcients, ai :

ai ¼ Wui ;

ð3Þ

and the superposition of the product between weighting coefﬁcients aij and POD modes Uj reconstructs the transient part of the
ﬂowﬁeld, ui :

N
X
aij Uj ¼ WT ai :

ð4Þ

j¼1

If one stops the reconstruction after a certain number of POD
modes, the resulting velocity ﬁeld is no longer an exact representation of the initial ﬂowﬁeld. However, the main contributions to
the overall energy are contained in the ﬁrst few modes and therefore the residual effect of the remaining modes can be neglected. It
should be noted that the average of all the weighting coefﬁcients
aij , corresponding to the POD mode Uj , is zero by deﬁnition, such
that:

aj ¼

N
1X
ai ¼ 0:
N i¼1 j

ð5Þ

The standard deviation which shows the ﬂuctuation intensity of
mode Uj is given by:

ð1Þ

The spatial velocity distribution for individual time steps, ti , can
be collected over N total time steps (i ¼ 1 : N) to create a velocity
matrix. This result can then be used to form a covariance matrix,
which is the kernel of the integral transform used to solve the
eigenvalue problem. The solution yields a diagonal matrix of eigenvalues kj and the matrix of eigenvectors Uj (j ¼ 1 : N), which represent the POD modes. The resulting power contribution of each
mode, Pj , is given by:

Pj ¼

ui ¼

rj

vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u
N  2
u 1 X
¼t
ai > 0:
N  1 i¼1 j

ð6Þ

For more details on the POD analysis, refer to Aubry (1991) or
Cordier et al. (2007).
However, comparison of the velocity ﬁelds between different
spatial locations results in different base transformations. This
leads to new and therefore independent eigenvalue problems
and corresponding new and independent eigenvectors, which
makes direct comparison between spanwise planes, for instance,
difﬁcult through conventional analyses.
In this study, a variation of the POD analysis, known as common-based proper orthogonal decomposition (CPOD), was used
to alleviate the aforementioned limitations and to facilitate the
comparison of multiple planes through global ﬂowﬁeld averages.
This method differs from the POD method in that the velocity
information from multiple parameter spaces/experiments are
superimposed to a common basis and considered altogether in
one and the same eigenvalue problem solution. The resulting
modes, Uj , represent dominant patterns established for the global

Fig. 6. Boundary-layer distribution at the center-span of the step; freestream velocity is approximately U 1 ¼ 0:475 m=s. (a) Field-of-view of PIV measurement, (b) velocity
contour plot showing tunnel uniformity and edge of shear layer, and (c) velocity distribution at the vertical line above the step indicated in (a).
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Fig. 7. Normalized velocity magnitude plots for both the square and rectangular cavities at z=c ¼ 0:5 (top), z=c ¼ 0:25 (middle) and z=c ¼ 0:125 (bottom). The vortex core, as
indicated by the white dot, can be seen to shift further downstream closer to the side-walls. Similarly, the white cross denotes the geometric center of the cavity.

parameter space. The average of the complete set of weighting
coefﬁcients according to (5) is zero by deﬁnition. However, a segmented averaging of the individual weighting coefﬁcients over
the N k realizations of the different parameter setting k (i.e. the
different z=c locations) results in

aj;k ¼

Nk
1 X
ai ;
N k i¼N þ1 j

ð7Þ

k1

showing the (non-zero) mean deviation of mode /j ðxÞ from the
mean ﬂow uðxÞ. The modiﬁed standard deviation is given by

rj;k

vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u
Nk

2
X
u 1
¼t
aij  aj;k :
N k  1 i¼N þ1

ð8Þ

and rms contour plots on the XY-plane, denoted hereafter as the
vertical plane. In the second sub-section, a similar discussion is
presented using analogous plots on the XZ-plane, denoted as the
horizontal plane. All data sets presented in the ﬁrst two subsections are averaged with time. In the third sub-section, timeresolved image sequences revealing unsteady large-scale coherent
structures, which are not evident in time-averaged representations
of the velocity ﬁelds, are shown for both measured planes. Finally,
results of the CPOD analysis for the two cavities are presented,
which reveal the energy contributions to the ﬂowﬁelds of each
geometry.
3.1. Measurements on vertical planes

k1

The values of aj;k can be used to quantitatively compare the
ﬂowﬁelds at different locations within the cavity. Results will be
presented for the square and rectangular cavities in the measured
XY-planes.
3. Results and discussion
The questions posed in the introduction involving end-wall effects and the association between the three separated geometries
investigated in this study are addressed in this section using data
from the PIV measurements. In the ﬁrst sub-section, the effect of
end-walls on the primary vortex is discussed through velocity

PIV measurements were acquired at ﬁve spanwise locations for
both cavity geometries, shown in Fig. 5(a), to ensure symmetry on
either side of the center plane at z=c ¼ 0:5. Symmetry of the ﬂow
was veriﬁed from a direct comparison of the respective vertical
planes and therefore results are shown only for the planes at
z=c ¼ 0:125; 0:25 and 0:5.
Fig. 7 shows velocity magnitude contour plots for the square
(left) and rectangular (right) cavities at varying spanwise locations.
Streamlines are included here to visualize the primary vortex as
well as location and movement of the vortex core within the cavity
(indicated by a white circle) relative to the geometric center (indicated by a white cross). For both geometries, the location of the
vortex core shifts further downstream closer to the end-wall.
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Fig. 8. Normalized rms velocity magnitude plots for both the square and rectangular cavities at z=c ¼ 0:5 (top), z=c ¼ 0:25 (middle), and z=c ¼ 0:125 (bottom). Here A
represents ﬂuctuations due to meandering of the primary vortex and B represents ﬂuctuations due to random unsteadiness.

However, this effect was observed to varying degrees in each case.
For the square cavity, between the center- and eighth-span
distances, the vortex core moves a normalized distance of
approximately Dx=s ¼ 0:05, whereas for the rectangular cavity,
the movement is much larger (approximately Dx=s ¼ 1:1). The
end-walls have minimal effect on the nominally two-dimensional
character of the velocity ﬁeld of the square cavity. In contrast, three
different ﬂow patterns emerge for the respective slices within the
rectangular cavity geometry. In the last sub-section, additional
time-resolved image sequences are presented, revealing a much
more complex velocity ﬁeld than is evident in these time-averages.
However, from the current comparative analysis of the time-averaged velocity data in the vertical plane, it can already be concluded
that the ﬂow is considerably different between the square and
rectangular cavities.
In a similar manner, rms distributions were plotted for both
these cavity sizes across half the tunnel span, as shown in Fig. 8.
The measured ﬂuctuations are divided into contributions from
coherent pseudo-ﬂuctuations due to meandering of the primary
vortex (indicated by A), and ﬂuctuations due to random unsteadiness (indicated by B). In the region designated by A, there is a
noticeable reduction in the ﬂuctuations closer to the end-walls.
In contrast, the turbulence production near the downstream wall,
as indicated by B, remains constant even near the end-walls for
both cavities, which is in good agreement with the work of Bouffanais et al. (2007). The end-walls have no retarding effect on the
production of turbulence near the downstream cavity wall but

reduce the mobility of the core by bounding the vortex ﬁlament.
While these observations hold for both cavities, the higher magnitude of the rms distributions for the rectangular cavity conﬁrms
the increased unsteadiness of the corresponding ﬂow structures.
Instantaneous velocity ﬁelds further illustrating this conclusion
are presented and discussed in the last sub-section, where direct
comparisons are made between the time-averaged ﬂow representations shown here, and more detailed time-resolved data.
3.2. Measurements on horizontal planes
Measurements in the horizontal plane were collected at quarter, half and three-quarter vertical heights; see Fig. 5(b). It is
hypothesized, based on the contour plots in Figs. 7 and 8, that an
assumption of spanwise similarity is valid for the square cavity
but is erroneous for the rectangular cavity and beyond. This
hypothesis is evaluated further through the use of velocity distributions at the y=s ¼ 0:25 and 0.75 planes and velocity contour
plots at y=s ¼ 0:25 for both cavities. Fig. 9 consists of three components: a schematic view of the measurement planes of interest,
one-dimensional velocity distributions across the span of the tunnel at y=s ¼ 0:25 and 0.75, and ﬁnally velocity distributions for the
plane y=s ¼ 0:25 to illustrate the structure of the velocity ﬁeld for
both cavity sizes.
For the square cavity, the plane at y=s ¼ 0:25 is located in the
region of bulk back-ﬂow, while the plane at y=s ¼ 0:75 lies within
the region of bulk forward-moving ﬂow. These planes were
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Fig. 9. (a and b) A schematic view of the measurement planes of interest, (c and d) one-dimensional velocity distributions across the span of the tunnel for x=s ¼ 0:4 and 0.6 at
y=s ¼ 0:25 and 0.75, and (e and f) velocity distributions for the plane y=s ¼ 0:25 illustrating the ﬂow structure for each cavity size. Data related to the square cavity (SC) can be
seen on the left and rectangular cavity (RC) on the right.

compared with one another by plotting the negative values for the
velocities at y=s ¼ 0:25 against the positive values at y=s ¼ 0:75, as
shown in Fig. 9(c). Approximately 25% of the half-span shown is affected by the end-walls, resulting in a velocity increase of ten percent in the y=s ¼ 0:25 plane and only 5% at y=s ¼ 0:75. Based on
this observation, it is concluded that ﬂow in the square cavity
can be approximated, to reasonable accuracy, as nominally twodimensional over the entire span. For clarity sake, a velocity magnitude contour plot is also shown in Fig. 9(e) at y=s ¼ 0:25, to illustrate the uni-directional movement of the ﬂuid in the back-ﬂow

region. Although not shown here, the plane at y=s ¼ 0:75 reveals
an analogous ﬂow pattern in the positive-ﬂow direction.
Contrary to the square cavity, the end-walls have a substantially
different effect on the velocity ﬁeld of the rectangular cavity, as observed from the non-uniform one-dimensional velocity distributions at y=s ¼ 0:25 and 0.75 in Fig. 9(d). Here, the negative
velocity region at z=c > 0:25 indicates the portion of the ﬂow that
has reversed upon interaction with the step wall. At both vertical
heights, the ﬂow near the step wall is directed towards the symmetry plane where a node is formed, which can be seen in the contour
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Fig. 10. Sequence of PIV snapshots: (top) velocity magnitude and streamlines for backward-facing step, (bottom) velocity magnitude and streamlines for rectangular cavity.
The locations of the vortex cores are indicated with white circles.

Fig. 11. Sequence of PIV snapshots presenting the primary vortex in the cavities: (left) velocity magnitude and streamlines for the square cavity, (right) velocity magnitude
and streamlines vectors for the rectangular cavity. Time-averaged plots are shown in the ﬁrst row, followed by chronological time-resolved images in the subsequent subﬁgures below.
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Fig. 12. (a) Power contribution for CPOD analysis and (b) POD analysis of the ﬁrst 10 modes for the three spanwise planes.

Fig. 13. First four common-base modes for the square cavity. Mode 1 represents ﬂuctuations in the shear layer, modes 2 and 3 represent turbulence production at the
downstream and bottom cavity walls and mode 4 depicts the meandering of the vortex core.
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Fig. 14. Power contribution P j (a) and example coefﬁcient time traces aij for modes 1 and 3 (b) from the 2S-cavity CPOD analysis; the sectional mean ai;k is indicated with
dashed lines in subﬁgure (b); note the different ordinate’s scale for the ﬁrst mode’s power contribution P 1 .
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Fig. 15. First four common-base modes for the rectangular cavity. Mode 1 represents shifted ﬂow pattern, mode 2 depicts shear layer ﬂuctuations, modes 3 and 4 depict
ﬂuctuating strength and meandering of the vortex.

Table 1
Portion of power P j , mean value aj;k and standard deviation
square cavity.
Mode j

1
2
3
4

Pj

0.068
0.043
0.040
0.029

z=c ¼ 0:5

rj;k for modes 1–4 of the

z=c ¼ 0:25

z=c ¼ 0:125

aj;k

rj;k

aj;k

rj;k

aj;k

rj;k

0.26
0.08
0.01
0.53

0.78
0.89
0.96
0.54

1.04
0.07
0.13
0.63

1.12
1.06
1.04
0.59

1.15
0.04
0.11
0.07

0.58
0.94
0.79
0.75

plot in Fig. 9(f). The production of three-dimensional ﬂow structures near the step wall implies explicit topological differences
between the square and rectangular cavities.
3.3. Time-resolved analysis of ﬂow ﬁeld
To provide further insight into the spatio-temporal ﬂow structure of each geometry, time-resolved image sequences were extracted from the PIV measurements in both the vertical and
horizontal planes. In these time-resolved sequences, the presence
of coherent structures was identiﬁed for the rectangular cavity
and backward-facing step, but not for the square cavity (and therefore no data is presented for this geometry). Two exemplary sequences depicting this formation and subsequent diffusion are
shown in Fig. 10 for the two aforementioned geometries in the horizontal plane. The white dot represents the location and movement
of the vortex core over the duration of the sequence. The development of these structures occurred multiple times over the range of
each data set. Four consecutive time steps are shown for the rectangular cavity and backward-facing step, where the ﬁrst time step
for each sequence is set to t ¼ 0 for ease of comparison between
the two events. Fig. 10 shows ﬂow patterns of similar vortex motion for both geometries but also demonstrates that the length
scale of the vortices is considerably larger for the backward-facing
step than for the rectangular cavity. This quantitative difference
shows that even though of identical topological character the spatial extent of the coherent unsteadiness is still affected by the presence of the downstream wall. While this result supports the above
ﬁnding relating the rectangular cavity more to the backwardfacing step than the square cavity, it also demonstrates that the
contribution from the downstream wall cannot be completely

Table 2
Portion of power Pj , mean value aj;k and standard deviation
rectangular cavity.
Mode j

1
2
3
4

Pj

0.38
0.07
0.03
0.02

z=c ¼ 0:5

rj;k for modes 1–4 of the

z=c ¼ 0:25

z=c ¼ 0:125

aj;k

rj;k

aj;k

rj;k

aj;k

rj;k

4.91
2.14
0.32
0.02

1.36
1.22
1.27
0.86

2.24
2.62
0.38
0.07

1.12
1.39
1.86
1.41

7.15
0.48
0.06
0.06

1.10
0.80
1.55
1.49

discounted. It can also be concluded that while time-averaging
schemes are suitable for the square cavity they tend to oversimplify the ﬂow for the rectangular cavity.
In a similar manner, time-resolved snapshots were also plotted
in the vertical plane for both cavity geometries at z=c ¼ 0:5, as
shown in Fig. 11. The ﬁgure is organized as follows: time-averages
for the square cavity (left) and rectangular cavity (right) are shown
as the top-most entries of the ﬁgure, followed by a chronologicallyorganized image sequence for each geometry at the given time
intervals, which once again, are initially set to t ¼ 0 for convenience. While the salient ﬂow patterns of the square cavity remain
unchanged with time, which is evident through a comparison of
the three images to the time-average, additional coherent structures are formed in the rectangular cavity in close proximity to
the primary vortex. These coherent structures, which are formed
and eventually diffuse near the downstream wall, are eliminated
in the time-averaged representation of the ﬂow. This direct comparison shows that time-averaging suitably resolves all key elements of the ﬂow for the square cavity, however, important
spatio-temporal features are eliminated through time-averaging
schemes for the rectangular cavity and backward-facing step.
3.4. Modal analysis on vertical planes
The advantages of CPOD over conventional POD methods in the
context of this study were previously outlined and are illustrated
in Fig. 12. Bar plots of the power contribution, as deﬁned by Eq.
(2), for the ﬁrst ten modes of the square cavity in the vertical plane
are shown. The power distribution for the POD analysis in the three
spanwise planes can be seen in Fig. 12(a). This analysis provides an
independent modal decomposition for each plane. The energy
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distribution between planes therefore does not necessarily correspond to the same ﬂow patterns. The CPOD method is more suited
for this study, as common modes can be compared between different spatial locations, and the relative contribution of each to the
overall energy can be computed. The strength of the contribution
is given by the weighting coefﬁcient, aj;k , discussed later in this section. The power distribution achieved from the CPOD analysis for
the square cavity in the three spanwise planes is shown in
Fig. 12(b). The corresponding ﬁrst four modes for the square cavity
can be seen in Fig. 13, which reveal the most salient ﬂuctuating
ﬂow patterns superimposed to the mean ﬂowﬁeld. In particular,
mode 1 corresponds to shear layer ﬂuctuations. Modes 2 and 3 represent the turbulence production at the downstream and bottom
cavity walls, which was previously indicated by region B in
Fig. 8. Finally, mode 4 depicts the ﬂuctuation/meandering of the
vortex core (region A). Aside from the qualitative observation that
each mode shows slight spanwise variation in energy, there are no
signiﬁcant differences between the three measurement planes
within the cavity.
A bar plot containing the ﬁrst ten CPOD modes for the rectangular cavity can be seen in Fig. 14(a). In contrast to the square cavity,
the power distribution is characterized by two distinct contributions. Modes 2–4 represent ﬂuctuation modes of similar character
to the shear layer and turbulence energy modes of the square cavity, as shown in Fig. 15. The power contained in mode 1, in contrast, is dominated by large mean differences, aj;k , between the
individual planes k. This mode corresponds to a ﬂow pattern which
shifts between the individual average ﬂowﬁelds of the respective
measurement planes. This shifting character becomes obvious
when comparing the weighting-coefﬁcient time traces of modes
1 and 3 in Fig. 14(b). The ﬁrst 2000 snapshots correspond to
z=c ¼ 0:125, followed by z=c ¼ 0:25 and ﬁnally z=c ¼ 0:5. The
dashed lines in the diagram indicate the amplitude of the shift at
each spatial location and the standard deviation gives the strength
of the ﬂuctuation. The shift mode has a constant offset to the mean
ﬂowﬁeld average, whereas the ﬂuctuating mode has a near-zero
offset value. It is important to note that the term ‘‘shift mode’’
has already been used in POD literature and must not be mistaken
with its reference to the mean-ﬁeld correction factor, as deﬁned by
Noack et al. (2003). The weighting coefﬁcients and standard deviations for all three planes and both geometries can be found in
Tables 1 and 2.
The inﬂuence of the shift mode on the average velocity ﬁeld of
the rectangular cavity can be seen in Fig. 7, where spanwise variation of the primary eddy is clearly evident. It is hypothesized that
the shift mode results from the consistently higher levels of ﬂuctuation intensities, as can be seen from the standard deviations,
which introduce higher levels of unsteadiness into the cavity.
The square cavity is dominated by a nominally two-dimensional
primary eddy, whereas the reduced coherence of the primary eddy
in the rectangular cavity and interaction with the side-walls results
in the formation of vortical events in the backﬂow region. This unsteady behavior is attributed to the signiﬁcant average spanwise
ﬂow variation that occurs for the rectangular cavity, but not the
square cavity.
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whether the rectangular cavity resembles the backward-facing
step or the square cavity more closely. The insights and conclusions drawn from this experimental study are summarized below.
It has been identiﬁed that approximately ﬁfty percent of the full
span in the square cavity is affected by end-walls, where a maximum velocity increase of ten percent is observed. Conversely, for
the rectangular cavity, the end-walls have a stronger impact on
the ﬂow; the end-walls redirect the ﬂow towards the center-plane,
which dramatically changes the entire structure of the ﬂow. It is
concluded that the ﬂow within the square cavity is nominally
two-dimensional, however, for the rectangular cavity, the ﬂow is
to be characterized by strong three-dimensional structures.
The second conclusion drawn from the experimental results is
that the ﬂow topology of the rectangular cavity is more related
to the backward-facing step than to the square cavity. Comparisons
were made between the three geometries, using velocity magnitude (time-averaged and time-resolved) and rms contour plots.
The presence of unsteady coherent structures embedded in the
ﬂow is an observation that was noted for the rectangular cavity
and backward-facing step, but not for the square cavity.
Furthermore, it has been demonstrated that time-averaging is
suitable for the square-cavity ﬂow, but not the other two geometries. For the square cavity, the topology and spatial distribution
does not change between individual image sequences and the
time-averages. However, for the rectangular cavity and backward-facing step, unsteady events occur regularly, which results
in intermediate changes of the entire velocity ﬁeld. These events
are simply ignored by time-averaging approaches. For these two
geometries, it is therefore concluded that time-averaging for the
rectangular cavity problem is an over-simpliﬁcation, and that any
averaging schemes will produce erroneous representations of the
ﬂow ﬁeld.
CPOD analysis was performed on the measured ﬂowﬁelds of the
square and rectangular cavities. It was observed that both geometries contain similar modal energy contributions, with the exception of a ‘‘shift mode’’ which signiﬁcantly alters the spanwise
character of the rectangular cavity. The shift mode results in significantly different mean ﬂow patterns between the planes, which is
attributed to larger ﬂuctuations in the shear layer and unsteadiness in the separated region. Conversely, the square cavity remains
relatively unchanged in the spanwise direction and can be characterized to good accuracy as two-dimensional in nature across the
entire span.
As a ﬁnal remark, it can be stated that the signiﬁcant difference
in ﬂow topology between the square and rectangular cavities indicates the transition of ﬂow properties from cavity ﬂow to backwardfacing step ﬂow. Here, it is concluded that the remaining inﬂuence
of the downstream wall will vanish rapidly for increasing streamwise aspect ratios (StAR > 2).
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