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ABSTRACT
Time-resolved particle image velocimetry is used to in-

vestigate turbulent flow separation around a square cylinder
placed at various gap heights away from a smooth and rough
upstream wall. The gap heights range from 0.0 to 2.0 times the
cylinder height, while the Reynolds number based on the free-
stream velocity and cylinder height is 12 750. The combined
effects of gap ratio and wall roughness on the turbulence statis-
tics and coherent structures are analysed. In particular, proper
orthogonal decomposition in conjunction with phase averag-
ing are employed to investigate the spatio-temporal character-
istics of the vortex shedding motions. The results indicate that
the Reynolds stresses are disproportionately high in the upper
wake region for smaller gap ratios, but are similar in magni-
tude to those in the lower wake region at high gap ratios. The
vortex shedding motion behind the cylinder is disrupted for
gap ratio equal to 0.3 times the step height, particularly when
wall roughness is present. The dominant structure behind the
surface-mounted cylinder reflects its interaction with coherent
structures of the incoming turbulent boundary layer whereas
those behind the offset cases are dictated by the vortex shed-
ding motion. Phase averaging shows that wall roughness re-
duces streamline curvature and increases the Reynolds stress
decay rate.

Introduction
Turbulent flow past a square cylinder in the vicinity of a

rough wall exhibits distinct and complex flow characteristics
such as flow separation, acute streamline curvature, and vortex
shedding. Many experimental studies have investigated the ef-
fects of turbulence intensity on pressure coefficient and vortex
shedding of a square cylinder in uniform flow. The investiga-
tion by Saathoff & Melbourne (1999) showed that increasing
the turbulence intensity from 5% to 12% decreases the mean
pressure coefficient near the leading edge of the cylinder, while
a further increase in the turbulence intensity from 12% to 24%
increases the mean pressure coefficient. Meanwhile, the vortex

shedding structures in the wake region are suppressed for tur-
bulence intensities larger than 20%. An experimental study on
near-wall square cylinder by Martinuzzi et al. (2003) showed
that the vortex shedding frequency in the wake region is in-
dependent of gap ratio, which is at variance with large eddy
simulation performed by Samani & Bergstrom (2015).

The flow around a square cylinder becomes more complex
when a finite gap is introduced beneath the cylinder due to the
interaction between the separated shear layers from either side
of the cylinder and the shear layer emanating from the wall.
In general, vortex shedding is suppressed when the gap ratio
is decreased below a threshold value, nonetheless, the critical
gap ratio is not universal but ranges from G/h = 0.3 (Martin-
uzzi et al., 2003) to G/h = 0.5 as summarized by Samani &
Bergstrom (2015). Samani & Bergstrom (2015) and Shi et al.
(2010) showed that the energy content of the low order proper
orthogonal decomposition (POD) modes is a function of gap
ratio, and the energy of the first two POD modes is reduced
when the cylinder is closer to the wall. Shi et al. (2010) also
reported relatively poor coherence of the trajectory of the first
two POD mode coefficients when the square cylinder is placed
near the wall compared to larger gap height cases.

In spite of numerous prior studies, the present understand-
ing of gap ratio effects on the spatio-temporal characteris-
tics of vortical structures around square cylinders is deficient.
Furthermore, past studies were performed over smooth walls.
Since upstream wall roughness significantly alters the turbu-
lent and unsteady characteristics in forward- backward-facing
step flows (Fang & Tachie, 2018), the present study investi-
gates the combined effects of wall roughness and gap ratio on
the turbulence statistics and spatio-temporal characteristics of
coherent structures around a near-wall square cylinder with up-
stream wall roughness.

Experimental Procedure
The experiments were conducted in an open recirculating

water channel. To investigate the effects of wall roughness on
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the flow physics surrounding a square cylinder, two different
roughness conditions were employed. For the smooth case, the
flow was tripped at the channel inlet using a 100 mm long strip
of 16-grit sandpaper. This was followed by a smooth acrylic
plate leading up to the square cylinder 3100 mm downstream
of the channel inlet. For the rough case, the flow trip consisted
of a 100 mm long toothed barrier placed at the channel inlet
followed by sandpaper roughness leading up to the cylinder
at 4500 mm downstream of the channel inlet. The boundary
layer, δ , and momentum, θ , thicknesses, along with the shape
factor, δ/θ are shown in Table 1 for the smooth and rough
incoming boundary layers. The Reynolds numbers based on
the step height and momentum thickness respectively are also
shown. The square cylinder had a body height h, of 25 mm and
the gap height, G, was varied so that the examined gap ratios
G/h were 0.0, 0.3, 0.5, and 2.0.

Table 1. Parameters characterizing the state of the incoming
TBLs for different wall conditions.

Smooth TBL Rough TBL

U∞ 0.51 0.51

δ/h 3.6 7.2

θ/h 0.46 1.05

H 1.34 1.56

Reh 12 800 12 800

Reθ 5 800 13 400

A time-resolved particle image velocimetry (TR-PIV)
system was used to measure the velocity field at the mid- span
of the test section. 10µm silver coated hollow glass spheres
were used as seeding particles. The seeding particles were il-
luminated using a dual-cavity dual-head neodymium yttrium
lithium fluoride (Nd:YLF) laser emitting green light with a
maximum energy of 30 MJ/pulse. Two high-speed comple-
mentary metal-oxide semiconductor (CMOS) cameras were
used to capture particle images at a frequency of 807 Hz up-
stream of, over, and downstream of the square cylinder. 48
000 images were taken for the G/h = 2.0 case while 60 000
images were collected for the remaining test cases. DaVis ver-
sion 10 supplied by LaVision Inc. was used to calculate the
velocity vectors and an in-house MATLAB script was devel-
oped to process the resultant data. The vector calculation of
each test case was processed using initial and final interroga-
tion areas of 128 pixel × 128 pixel with 50% overlap and 24
pixel × 24 pixel with 75% overlap, respectively.

Results & Discussion
Turbulence Statistics

Figure 1 shows the streamwise Reynolds normal stresses,
u′u′, for the G/h = 0.3 and 2.0 cases, with both the mean
streamlines and zero-velocity isopleths superimposed. From
the mean streamlines, three distinct recirculation regions are
present for each test case, one above the cylinder and one em-
anating from each of the upper and lower edges of the cylinder
in the wake region. The size of the recirculation region is deter-
mined using the zero-velocity contour and shortens as the gap
ratio increases from G/h = 0.3 to 2.0. This variation is also

reported by Shi et al. (2010). However, the present values of
mean recirculation length are shorter than those reported pre-
viously due to the thicker oncoming turbulent boundary layer
along with higher turbulent intensity induced by the upstream
rough wall in the present study. Table 2 shows the recirculation
length for all test cases investigated. Following the observation
from Figure 1, the recirculation length decreases both as the
gap size increases, and as a result of upstream wall roughness.

Table 2. Recirculation length, Lr/h, for various test cases.

Lr/h

G/h Smooth Wall Rough Wall

0.0 10.4 7.8

0.3 2.6 2.1

0.5 1.3 1.7

2.0 0.6 0.7

The contour levels of the u′u′ show strong turbulence mo-
tion in the separated shear layer emanating from the leading
edge of the cylinder as well as from trailing edge of the cylin-
der at both the upper and lower surfaces. The magnitude of
the Reynolds stress is larger in the shear layer emanating from
the upper edge of the cylinder when the cylinder is placed near
the wall. The presence of the wall also introduces a region of
strong velocity fluctuations near the wall immediately down-
stream of the cylinder trailing edge, as shown in Figure 1a.
Comparison with the smooth wall data (not shown) reveals
that for the G/h = 0.0 and 0.3 cases, the Reynolds stresses are
larger over the rough wall but also decay faster in the down-
stream direction.

Figure 1. Contours of the u′u′ Reynolds stresses for the
rough wall G/h = 0.3 (a) and G/h = 2.0 (b) test cases, respec-
tively. The mean streamlines (solid black) and zero-velocity
contour (dashed red) are superimposed.
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Proper Orthogonal Decomposition
In order to further investigate the spatial characteristics

of coherent structures in the cylinder wake, a POD algorithm
was implemented according to the snapshot method proposed
by Sirovich (1987) wherein a singular value decomposition is
performed on the matrix ψ = V ΛMT , where the matrices V ,
Λ, and M represent the POD modes, energy, and coefficients
respectively. To show a typical pattern associated with vortex
shedding in the wake of a cylinder, Figure 2 displays the first
two POD modes for the G/h = 2.0 case with a rough upstream
wall. The first POD mode shows alternating positive and neg-
ative vortices emanating from the upper and lower surfaces
of the square cylinder. The second POD mode shows similar
structures as the first POD mode, but with a downstream shift
of approximately 1.5 step heights. Furthermore, the first two
POD modes of this test case contribute 56.2% of the total POD
energy. These observation are in accordance with a POD mode
pair as defined by Riches et al. (2018) for vortex shedding in
the wake of a cylinder.

Figure 2. Contours of the first two POD modes for the rough
wall G/h = 2.0 test case.

Figures 3 and 4 show the POD mode contours for
the G/h = 0.3 case with smooth and rough upstream wall
respectively. For the smooth case, alternating positive and
negative vortices are observed in both POD modes, however a
significant incline of vortices away from the wall is noticeable.
Also, the downstream shift of coherent structures from the
first mode to the second mode is less than one step height.
The rough case exhibits markedly different behaviour. Within
the first POD mode, multiple vortices are clustered near the
bottom wall, whereas the second POD mode exhibits two
large vortices centred at the body centerline downstream of
the cylinder. These observations deviate from the traditional
understanding that von Karman vortices present themselves
in the first two POD modes (Samani Bergstrom, 2015; Shi et
al., 2010). These results suggest that upstream wall roughness
significantly modifies the vortical structures downstream
of the gap exit near the wall, and therefore, disturbs the
occurrence of organized vortex shedding motion.

Figure 3. Contours of the first two POD modes for the
smooth wall G/h = 0.3 test case.

Figure 4. Contours of the first two POD modes for the rough
wall G/h = 0.3 test case.

Several researchers have used phase portraits of the first
two POD mode to visualize the coherence of the vortex shed-
ding motions in the wake of an offset cylinder (Shi et al. 2010;
Riches et al. 2018). In this same vain, Figure 5 compares the
temporal trajectory of the first two POD mode coefficients for
the rough wall G/h = 0.3 and the smooth wall G/h = 0.5 cases.
The orbital trajectory is discernible to varying degrees for all
test cases indicating the occurrence of vortex shedding mo-
tions in each case. Evidently, the orbital is more organized for
the larger gap ratio and smooth wall cases. This is indicative
of weaker perturbation of incoming turbulence on the vortex
shedding motion when the cylinder is farther away from the
wall especially for the upstream smooth wall case. In particu-
lar, for the rough wall G/h= 0.3 case, the trajectory of the first
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two POD mode coefficients is the most random compared with
other cases. This randomness is attributed to the intermittency
of vortex shedding motion imposed by the significant incom-
ing turbulence through the gap. Bai & Alam (2018) and Bailey
et al. (2002) observed that for a square cylinder, the regular
vortex shedding motion is interrupted as the shear layer inter-
mittently reattaches on the side surfaces. The intermittency of
vortex shedding observed in Figure 5 is likely due to a strong
tendency of the mean flow to reattach on the undersurface of
the cylinder due to the high incoming turbulence intensity.

Figure 5. Phase portraits of the first two POD mode coeffi-
cients for the G/h = 0.3 (a,b) and G/h = 0.5 (c,d) test cases.

In order to investigate the effects causing the overall
dampening of vortex shedding at smaller gap ratios, the
frequency spectra of the first two POD mode coefficients are
presented in Figure 6 along with the spectra of the velocity
fluctuations at the cylinder centerline in the upstream turbulent
boundary layer. For the surface-mounted cylinders, the first
two POD mode oscillate at low frequencies between St = 0.02
and St = 0.03 which is similar to that of the incoming flow
conditions. Once the cylinder is offset from the wall, the
two mode coefficients possess identical dominant frequencies
for each test case, that is distinct from the boundary layer
frequency. In general, the dominant frequency of vortex
shedding motions behind a square cylinder are reported to
be between St = 0.129 and St = 0.140 (Durao et al. 1991;
Bosch et al. 1996; Kumeran & Vengadesan 2007). This range
is consistent with the dominant frequency for the smooth
wall G/h = 0.5 case, however the other test cases possess
lower dominant frequencies. Based on the results shown
in Figure 6, the dominant frequency becomes smaller with
both smaller gap ratios and increased turbulence intensity
as a result of wall roughness. Overall, it is concluded that
the dominant structure for the wall-mounted cylinder case is
dictated by the coherent structures embedded in the incoming
flow condition. However, the vortex shedding motion behind
an offset cylinder overwhelms the perturbation of incoming
turbulence.

Phase Averaging
A phase angle, φ = tan−1

(
a(2)
√

λ1
a(1)
√

λ2

)
, is defined using

the trajectory map of the first two POD mode coefficients in

Figure 6. Frequency spectra of the first two POD mode co-
efficients and the velocity fluctuations at the step height in
the corresponding turbulent boundary layer for the G/h = 0.0
(a,b), G/h = 0.3 (c,d), and G/h = 0.5 (e,f) test cases.

Figure 5 to perform phase averaging of the flow field. Figures
7 and 8 show the phase-averaged streamwise Reynolds normal
stress, 〈u′u′〉, at three different phase ranges for the smooth
and rough G/h = 0.3 cases respectively. The phase averaged
streamlines provide insight into the unsteady oscillations of
the turbulent recirculation region and is reminiscent of the
unsteady recirculation described by Sherry et al. (2010) over
a forward-facing step using phase averaging. In accordance
with the results from Table 2, the streamwise extent of the
recirculation bubble is larger for smooth wall case in Figure 7
than in the rough wall case shown in Figure 8. Furthermore,
the height of the recirculation bubble above the cylinder is
higher in the smooth wall case than the rough wall case. This
indicates that wall roughness decreases the vertical amplitude
at which the wake oscillates behind a square cylinder, and
reduces the intensity of streamline curvature in the wake.
These observations are in accordance with the findings of
Shi et al. (2010). The same modulation of the wake is not
observed below the square cylinder due to wall confinement
effects. Figure 7 further reveals that at specific phase angles,
a third recirculation bubble exists downstream of the cylinder
near x/h = 4.0. This additional recirculation bubble is
suppressed when wall roughness is introduced upstream of
the cylinder.

The progression of the phase-averaged Reynolds stresses
through different phase bins depicts the downstream convec-
tion of recirculation bubbles. Recirculation regions originat-
ing over the step are convected forwards and dissipate in the
downstream direction. Shi et al. (2010) also showed that as
the recirculation bubbles are convected downstream, regions of
low-momentum fluid near the gap exit are carried downstream
as well. During this process, patches of elevated Reynolds
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stresses that originate in the upper and lower shear layers are
also convected downstream. Compared with the smooth case
shown in Figure 7, these patches of 〈u′u′〉 in the rough wall
case generally decay faster and possess stronger magnitudes in
the upper shear layer. This is why the elevated time averaged
Reynolds normal stress extends further in the downstream di-
rection, and has a smaller magnitude in the upper shear layer
with an upstream smooth wall. Furthermore, the peak 〈u′u′〉 is
found along the separating streamlines which is in god agree-
ment with both Sherry et al. (2010) and Shi et al. (2010).

Figure 7. Phase-averaged streamwise Reynolds normal
stress, 〈u′u′〉, for the smooth wall G/h = 0.3 case at three dif-
ferent phase bins.

Conclusions
Turbulent flows past square cylinders offset from a

wall at different distances were studied using time-resolved
particle image velocimetry. The examined ratios of the gap
height underneath the cylinder to cylinder height were 0.0,
0.3, 0.5, and 2.0. Two upstream roughness conditions were
employed to investigate wall roughness effects on the mean
flow, Reynolds stresses, and vortex shedding phenomenon in
the cylinder wake.

There exists two counter-rotating recirculation bubbles
in the wake of offset cylinders, while only one reverse flow
region exists behind a wall-mounted cylinder. The streamwise
extent of the recirculation bubbles decreases when there
is wall roughness present and at smaller gap ratios. The
streamwise decay rate of Reynolds stresses increases with gap
ratio. Furthermore, the magnitudes of Reynolds stresses are
larger in the upper recirculation region when the gap ratio is
equal to 0.3 times the step height, but is similar to that in the
lower recirculation region when the gap size is increased to
2.0 times the step height.

Figure 8. Phase-averaged streamwise Reynolds normal
stress, 〈u′u′〉, for the rough wall G/h = 0.3 case at three dif-
ferent phase bins.

A proper orthogonal decomposition (POD) was per-
formed to investigate the coherent structures in the wake
region. Notably, the contribution of the first two POD modes
to the total energy decreases significantly at smaller gap ratios.
This suggests that the coherence of vortical structures in the
wake region decreases at smaller gap ratios and with wall
roughness. This observation is also noted in the phase portraits
of the first two POD modes, showing that proximity to the
wall and wall roughness both act to disrupt vortex shedding
motions in the wake. Additionally, analysis of the frequency
spectra shows that for the wall-mounted case, the fluctuation
of the first POD mode coefficient reflects the interaction of
the cylinder with the incoming flow structures. For the offset
cylinders, on the other hand, the first two mode coefficients
possess identical dominant frequencies that are significantly
higher than the dominant frequency of the turbulent boundary
layer, and represent the vortex shedding motions in the wake
region.

Phase averaging reveals that both mean recirculation
bubbles and patches of elevated Reynolds stresses are con-
vected downstream through time. Furthermore, the temporal
variation of the streamlines shows that wall roughness acts
to diminish the intensity of streamline curvature and also
increases the streamwise decay rate of Reynolds stresses in
the wake.
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