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ABSTRACT
This paper presents an investigation of the effects of

different spanwise widths (S) on the spatio-temporal charac-
teristics of turbulent flows over bluff bodies submerged in a
deep turbulent boundary layer using a time-resolved particle
image velocimetry. The Reynolds number based on free-
stream velocity (U∞) and bluff body height (H) is 12 300.
The thickness of the oncoming turbulent boundary layer is
4.8H. In total, 11 spanwise aspect ratios (AR = S/H) rang-
ing from 1 to 20 were tested to study the transition pro-
cess of flows over three-dimensional (3D) to nominally two-
dimensional (2D) bluff bodies. The results exhibit three
distinct regimes in terms of the variation of separation bub-
bles over and behind the bluff bodies with AR, namely, 2D
regime, 3D regime and transitional regime. The reattach-
ment length varies linearly with AR in the 3D regime, but
remains constant in the 2D regime. Reynolds stresses over
the bluff bodies increase monotonically as AR increases,
however Reynolds stresses behind the bluff body with AR
= 8 are stronger than the other cases. The low-frequency
flapping motion of the separation bubble over the bluff bod-
ies with AR ≥ 8 is dominated by the oncoming streamwise
elongated large-scale structures, whereas the flapping mo-
tion over the bluff body with AR = 1 is more related to the
inherent vortex shedding motion. The interaction between
the separation bubbles over and behind the bluff bodies is
also strongly affected by AR.

INTRODUCTION
Separating and reattaching turbulent flows over

surface-mounted bluff bodies are commonly encountered
in environmental and industrial applications, such as atmo-
spheric boundary layer over a cliff, building or vehicle. For
these particular examples, the body height is typically much
smaller than the thickness of the oncoming atmospheric
boundary layer. As such, the flow that the bluff bodies
see feature strong mean shear, high turbulent intensity and
large-scale streamwise-elongated coherent structures. This
can significantly alter the topology and dynamics of the sep-

aration bubbles, pressure fluctuations and vortical structures
over and behind the bluff bodies. Although many exist-
ing research works were dedicated to the investigation of
turbulent flows over either two-dimensional (2D) or three-
dimensional (3D) bluff bodies, the flow characteristics over
bluff bodies with an intermediate spanwise aspect ratio is
still poorly understood. Therefore, this study aims at a sys-
tematic investigation of the effect of different spanwise as-
pect ratios on the spatio-temporal characteristics of turbu-
lent flows over surface-mounted bluff bodies submerged in
a deep turbulent boundary layer (TBL).

Flow over two-dimensional bluff bodies, such as
forward-facing step (FFS), backward-facing step (BFS) and
blunt plate, are popular canonical cases that are traditionally
used to study geometry-induced flow separation and reat-
tachment. Kiya & Sasaki (1983) observed different-sized
vortex shedding events at different frequencies, and at-
tributed the large-scale (low-frequency) unsteadiness to the
enlargement/shrinkage of separation bubble induced by the
flapping motion of shear layer. The periodic enlargement
and shrinkage of separation bubbles, which is commonly
termed as ‘flapping motion’, has also been observed in sep-
aration bubbles generated by FFS (Pearson et al., 2013),
BFS (Eaton & Johnston, 1982), blunt plate (Kiya & Sasaki,
1983) and 2D step (Fang & Tachie, 2019).

Flow around surface-mounted three-dimensional bluff
bodies, such as cubes and square cylinders, with upstream
larminar or thin turbulent boundary layer has also been
extensively studied in the literature. For example, Hunt
et al. (1978) theoretically and experimentally investigated
the topology of flow around surface-mounted 3D bluff bod-
ies. They showed that the number of nodes and saddles
on walls satisfied case-dependent functions, reflecting the
global three-dimensionality of flow around 3D bluff bod-
ies. Hearst et al. (2016) studied the influence of oncoming
free-stream turbulence on the wake flow behind a surface-
mounted cube using particle image velocimetry and hot-
wire anemometry. They concluded that high levels of on-
coming turbulence enhance wake recovery and reduce the
strength of vortex shedding.
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Figure 1. Schematic of experimental set-up and coordi-
nate system (not to scale) in the (a) bird’s eye view and (b)
side view. The bluff body is indicated using a blue cuboid.

In spite of the extensive studies of flow over 2D and
3D bluff bodies, the transition process from fully 3D to
nominally 2D flow as the AR of bluff bodies increases is
still not well understood. This reserach topic, to our best
knowledge, was only addressed by Martinuzzi & Tropea
(1993) in the existing literature. In a fully-developed tur-
bulent channel flow, Martinuzzi & Tropea (1993) measured
mean flows around surface-mounted bluff bodies of the half
channel height with different spanwise widths. The aim of
the current research is to systematically investigate the ef-
fects of spanwise aspect ratio on turbulence statistics and
spatio-temporal characteristics of coherent structures.

EXPERIMENTAL SET-UP AND TEST CASE
Experiments were conducted in a recirculating water

channel located in the Turbulence and Hydraulic Engineer-
ing Laboratory (THEL) at the University of Manitoba. The
test section of the water channel is of dimension 6000 mm
× 600 mm × 450 mm (length × width × depth). Fig-
ure 1 shows schematic of the tested bluff bodies and co-
ordinate system used in this paper. The streamwise, vertical
and spanwise coordinates are denoted by x, y and z, respec-
tively. To generate a deep TBL, 2D toothed barriers (75.0
mm long) followed by periodically repeated staggered cu-
bic roughness elements (4000.0 mm long) is mounted on
the bottom wall upstream the bluff bodies. The cross sec-
tion in the x-y plane of the bluff bodies is fixed to 30.0 mm
× 70.8 mm (L×H). Different spanwise widths (S) of the
bluff bodies were tested to investigate the effect of a wide
range of AR (S/H), including AR = 1, 2, 3, 3.5, 4, 5, 6,
8, 10, 12 and 20. Note that, in the case of AR = 20, the
bluff body spans the entire width (600 mm) of the water
channel. The Reynolds number based on the free-stream
velocity (U∞ = 0.41 m/s) and H is fixed to 12 300 for all the
test cases.

The water was seeded by 10 µm silver coated hollow
glass particles, which have a specific gravity of 1.4. A diode
pumped dual-cavity dual-head high speed Nd:YLF laser is
used to illuminate the flow field. Each cavity of the laser
generates a maximal pulse energy of 30 mJ/pulse at an op-
erating frequency of 1000 Hz. The Davis 8.4 software pro-
vided by LaVision Inc. is used to control the data acqui-
sition and velocity vector calculation. The raw images of
illuminated particles are taken by high speed 12-bit CMOS
cameras of a full resolution of 2560 pixel × 1600 pixel.

To quantify the TBL upstream the bluff bodies, two

measurements were performed in the central x-y plane of the
water channel without installing the bluff bodies. Specif-
ically, the first measured used a large (y/H ∈ [−0.3,7.0])
field of view (FOV) at a frequency of 1000 Hz, and the sec-
ond measurement used a smaller (y/H ∈ [−0.1,3.2]) FOV
in the double-frame mode to achieve a better spatial resolu-
tion.

The measurements were conducted in x-y plane at the
channel mid-span, with two cameras simultaneously captur-
ing flows over and behind the step at a sampling frequency
of 1000 Hz with a reduced resolution of 1920 pixel × 1600
pixel. Specifically, considering the much stronger shear
layer near the leading edge of the bluff bodies, a smaller
FOV of 79.2 mm × 64.8 mm is used over the bluff bodies
using a Sigma 105 mm macro lens, whereas a Nikon 60 mm
lens is used to capture a FOV of 197.1 mm × 162.9 mm in
the wake region. 32 000 samples were acquired for the bluff
bodies with AR = 1.0, 3.5, 8.0 and 20.0, whereas 8000 sam-
ples were collected for the bluff bodies with AR = 2.0, 3.0,
4.0, 5.0, 6.0, 10.0 and 12.0.

The velocity vectors are computed using a multi-pass
cross-correlation approach, and the final interrogation area
(IA) is 32 pixel × 32 pixel with 75% overlap. In this paper,
the instantaneous velocity components along the stream-
wise (x) and vertical (y) directions are denoted by u and v,
respectively. The operator (·) represents temporal averag-
ing. The mean velocities are also represented using an upper
case for convenience, e.g., u ≡U . The fluctuating compo-
nents are denoted by a superscript (·)′, e.g., u′ ≡ u−U . To
concisely express each case, a notation of AR1 is used to
denote the case of AR = 1, and so on for all other cases.

RESULTS AND DISCUSSION
Figure 2 characterizes the oncoming TBL of the bluff

bodies by showing the profiles of streamwise mean velocity
(U), the root-mean-square (RMS) of streamwise fluctuat-
ing velocity (u′rms), as well as the premultiplied frequency
spectra. The boundary layer thickness, δ = 4.8H, is much
higher than the body height. As such, the streamwise mean
velocity at the body hight (UH = 0.29 m/s) is a more ap-
propriate velocity scale for the following data representa-
tion (Lim et al., 2007). The dimensionless mean shear at
the body height (TH = ∂U/∂yH/UH ) is 0.23. The friction
velocity (Uτ ) is estimated to be 0.025 m/s and consequently,
the wall coordinate of body height (H+ = HUτ/ν , where ν

is the kinematic viscosity) is 750 and within the log layer.
From figure 2(a), the value of u′rms at the body height is
15.8% of UH . As seen in figure 2(b), the streamwise fluctu-
ating velocity near the body height possess a dominant fre-
quency of St = 0.069. Assuming that the convective veloc-
ity is approximately UH near the body height, this dominant
frequency is associated with streamwise elongated struc-
tures of characteristic length 3δ . This length is close to the
typical length scale of 2-3δ for the well-recognized large-
scale motion in the outer layer of TBL at high Reynold num-
bers (Adrian et al., 2000).

Figure 3 shows the mean flow fields at the mid-span in
the two extreme AR cases. Regardless of AR, there exist
distinct mean separation bubbles over and behind the bluff
bodies, which are hereinafter denoted by TSBA and TSBB,
respectively, for conciseness. Both TSBA and TSBB in
the AR1 case are evidently much smaller than those in the
AR20 case. In the AR1 case, the vertical elevation of the
vortical core of TSBB is around y/H = 0.8. This value
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Figure 2. (a) Vertical profiles of U and u′rms. (b) Premul-
tiplied frequency spectra of streamwise fluctuating velocity
at y = H in the upstream location. The vertical line in (b) is
at the frequency St = f H/UH = 0.069.

Figure 3. Contours of streamwise mean velocity (U) su-
perimposed with mean streamlines in the (a) AR1 and (b)
AR20 cases. The separating streamlines are plotted in red.
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Figure 4. Variation of reattachment lengths over (LA) and
behind (LB) the bluff bodies with AR. LB is defined as the
distance between the leeward face of the bluff body to the
reattachment point. Linear equations are fitted for AR ∈
[1,6] using a least-squares-error method.

is very similar to those observed by Yakhot et al. (2006)
and Hearst et al. (2016) in the wake of a surface-mounted
cube.

Figure 4 plots the variation of reattachment lengths
over (LA) and behind (LB) the bluff bodies with AR. Evi-
dently, both LA and LB increase monotonically as AR in-
creases, and remain constant for sufficiently large AR. The
investigated range of AR can be categorized into three dis-
tinct regimes: (i) a 3D regime where LA and LB vary linearly
with AR; (ii) a 2D regime possessing asymptotic values of
LA and LB; and (iii) a transitional regime between the 3D
and 2D regimes. The 3D regimes for LA and LB are both
within the range AR ∈ [1,6], while the 2D regimes for LA
and LB are for AR ≥ 12 and AR ≥ 10, respectively. These
observations are in line with recommendation by Kiya &
Sasaki (1983) and De Brederode & Bradshaw (1972) that
bluff bodies of AR larger than 10 are necessary to produce
nominally 2D flow at the mid-span. Based on the above re-
sults, we choose to focus more on the bluff bodies with AR
= 1, 8 and 20, so that all three different regimes are covered.

From figure 4, it is also evident that in the 3D regime,
the slope dLB/dS = 0.67 is much larger than the value of
dLA/dS = 0.14. This suggests that compared with TSBA,
TSBB is more sensitive to the variation of AR. Moreover,
the slope of fitted linear function by Martinuzzi & Tropea
(1993) is identical to the present research (not shown here).
On the contrary, the asymptotic values of LB in Martinuzzi
& Tropea (1993) are much larger than the present results.
It is noted that the mean shear and turbulent intensity at the
body height in the upstream location in Martinuzzi & Tro-
pea (1993) are much weaker than the present study. There-
fore, it is concluded that LB in the 2D regime is sensitive to
the oncoming flow condition, whereas LB in the 3D regime
is insensitive to the oncoming flow condition. Hearst et al.
(2016) also observed that the reattachment length behind a
surface-mounted cube is not affected by changes in the on-
coming turbulence intensity or mean shear. Furthermore,
LA is strongly dependent on the oncoming flow condition in
both 3D and 2D regimes. Nematollahi & Tachie (2018) ob-
served that the reattachment length over an FFS decreased
from 2.27H to 1.23H as the upstream relative turbulent in-
tensity (u′rms|y=H/UH ) increased from 9.6% to 18.7% by
enhancing the wall roughness.

Figure 5 shows representative vertical profiles of U
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Figure 5. Vertical profiles of (a) U , (b) u′u′, (c) v′v′ and
(d) −u′v′ at selected streamwise locations over the bluff
bodies with AR = 1 (hollow square), 8 (solid circle) and
20 (hollow triangle).
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Figure 6. Vertical profiles of (a) U and (b) u′u′ at selected
streamwise locations behind the bluff bodies with AR = 1
(hollow square), 8 (solid circle) and 20 (hollow triangle).

and Reynolds stresses over the bluff bodies. In the region
directly above the leading edge, the vertical profiles of U
are almost identical regardless of AR, whereas the magni-
tudes of Reynolds stresses increase monotonically as AR
increases. Negatively valued −u′v′ appears in the immedi-
ate vicinity of the leading edge (y/H < 1.1), which is a hall-
mark of turbulent flows over bluff bodies (Fang & Tachie,
2019; Nematollahi & Tachie, 2018). At a streamwise lo-
cation within the separation bubble (say x/H = 0.5), re-
verse flow occurs in the near-wall region and consequently,
a shear layer is induced between the reverse flow area and
far-stream region. This shear layer is away from the wall,
and tends to roll up and generate spanwise vortices that are
convected downstream (Lander et al., 2016). At x/H = 0.5,
the mean shear layer is mostly confined in the region be-
low y/H = 1.35 and consequently there exist peak magni-
tudes of Reynolds stresses in this region. The profiles of v′v′

and −u′v′ in the AR20 case possess secondary local peaks
above y/H = 1.4. This upper peak diminishes as AR de-
creases, and disappears in the AR1 case. Downstream of
the center of separation bubbles over the bluff bodies (rep-
resented by x/H = 1.5 and 2.2), the reverse flow gradually
disappears and the levels of Reynolds stresses decrease in
the downstream direction. Near the top surface of the bluff
bodies, the values of U in the AR8 and AR20 cases are
smaller than the AR1 case.

Figure 6 plots the vertical profiles of U and u′u′ in
the wake region of the bluff bodies. Immediately down-
stream of the trailing edge of the bluff bodies (represented
by x/H = 2.6), the profiles of U in the AR8 and AR20 cases
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Figure 7. Contours of u′u′u′ in the (a) AR1, (b) AR8 and
(c) AR20 cases superimposed with the directional vectors
(u′u′u′, u′u′v′). Also plotted are the separating streamlines.

are very close, whereas a steep change in U appears at the
body height for AR = 1. This strong shear layer at y = H
downstream of the trailing edge for AR = 1 is attributed to
the much larger near-wall U upstream of the trailing edge
over the bluff bodies (see figure 5(a) for x/H = 2.2) com-
pared to the other cases. In spite of the existence of the
strongest shear layer at x/H = 2.6 in the AR1 case, the lev-
els of u′u′ for AR = 1 are still much weaker than those in
the other cases. Indeed, the peak values of u′u′ at x/H = 2.6
are close to those at x/H = 2.2 irrespective of AR. The
shear layer developed behind the trailing edge of the bluff
body with AR = 1 decays (∂U/∂y decreases) quickly in the
downstream direction, and the levels of the associated u′u′

diminish as a consequence. In contrast, as x/H increases
from 2.6 to 5.0, the peak values of u′u′ in the AR8 case in-
crease and even become larger than those in the AR20 case.

To investigate the turbulent transport of u′u′ surround-
ing the separation bubble over the bluff bodies, figure 7
plots the third-order moments u′u′u′ and u′u′v′ over the
bluff bodies with AR = 1, 8 and 20. Regardless of AR,
u′u′u′ is negative immediately upstream the separation bub-
ble, changes sign along the front half of the separating
streamline and remains positive downstream of the sepa-
ration bubble in the near-wall region, i.e., below the maxi-
mum height of separation bubble. From the directional vec-
tors of (u′u′u′, u′u′v′) in figure 7, the turbulent transport
of u′u′ is dominated by ejection events (featuring u′ < 0
and v′ > 0) immediately upstream of the separation, but by
sweep events (featuring u′ > 0 and v′ < 0) within and down-
stream the separation bubble. This conclusion is also con-
sistent with the observation by Elyasi & Ghaemi (2019) for
a separation bubble induced by an adverse pressure gradi-
ent.

Figure 8 plots the premultiplied frequency spectra of
reverse flow areas over and behind the bluff bodies, which
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Figure 8. Premultiplied frequency spectra of (a) AA
( f φAA) and (b) AB ( f φBB). For clarity, each spectrum uses
the vertical scale drawn with the same color. The doted
vertical lines mark frequencies at St = 0.075, and 0.12, re-
spectively.

are denoted by f φAA and f φBB. The values of f φAA for AR
= 8 and 20 both peak around St = 0.075. This frequency is
close to the peak frequency of f Euu at the body height of
the oncoming TBL (see figure 2(b)). On the other hand, the
values of f φBB in the AR8 and AR20 cases peak at lower
frequencies than f φAA. These observations indicate that for
AR = 8 and 20, the separation bubble over the bluff bod-
ies resonates with the oncoming TBL around St = 0.075,
whereas the separation bubble behind the bluff bodies pos-
sesses much lower frequencies (equivalently, larger tempo-
ral scales). In contrast, both f φAA and f φBB for AR = 1 peak
at St = 0.12. This frequency is close to the vortex shed-
ding frequency observed by Hussein & Martinuzzi (1996)
and Hearst et al. (2016) in the wake flow of a surface-
mounted cube with oncoming TBL at lower mean shear
and/or turbulent intensity. These observations indicate that
flows over or behind the bluff body with AR = 1 is insen-
sitive to the oncoming turbulence structure. It is also worth
noting in figure 8(b) that the peak magnitude f φBB for AR
= 8 is much larger than the other cases. This is consistent
with the observation in figure 6(b) that the level of u′rms be-
low y/H = 1.4 is the strongest in the AR8 case.

To further investigate the interaction between TSBA
and TSBB, figure 9 shows the temporal cross-correlation
between A′A and A′B. It is straightforward that RAB(∆t > 0)
reflects the influence of TSBA on TSBB, RAB(∆t < 0) eval-
uate the influence of TSBB on TSBA and RAB(∆t ≈ 0)
quantifies the synchronization between TSBA and TSBB.
In the AR20 and AR1 cases, RAB are very small for ∆t < 0,
and possess distinct peaks around ∆tUH/H = 7.6 and 5.0,
respectively. This indicates that in these two extreme cases,
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Figure 9. Temporal cross-correlation between A′A and A′B.

TSBA affects TSBB, but TSBB does not affect TSBA. Also,
the peak magnitudes of RAB in the AR20 and AR1 cases
are positive and negative, respectively. This indicates that
an enlarged TSBB ensues from an enlarged TSBA in the
AR20 case, and conversely, an enlarged TSBB ensues from
a shrunk TSBA in the AR1 case. Moreover, the values
of RAB in the AR8 case are significant over a wide range
of ∆t∗ ∈ [−5,10]. This indicates that TSBA and TSBB
can mutually affect each other. Furthermore, the value of
RAB(∆t = 0) is the largest in the AR8 case, indicating the
best synchronization between TSBA and TSBB in this case.

CONCLUSIONS
Separating and reattaching flows over surface-mounted

bluff bodies with different spanwise widths were studied
using a time-resolved particle image velocimetry. In total,
11 different bluff bodies with spanwise aspect ratios (AR =
S/H, where S and H represent the spanwise width an height
of the bluff body, respectively) ranging from 1 to 20 were
studied. The effects of different AR are studied in terms of
the mean separation bubbles, Reynolds stresses as well as
the unsteady characteristics of separation bubbles over and
behind the bluff bodies.

The results show that there exists three distinct regimes
based on the variation of separation bubbles over and be-
hind the bluff bodies with AR, namely, 2D regime, 3D
regime and transitional regime. The reattachment lengths
over and behind the bluff bodies vary linearly with AR in
the 3D regime at different rates. Over the bluff bodies, the
reverse flow, shear layer and Reynolds stresses all increase
monotonically as AR increases. Downstream of the trailing
edge of the bluff body with AR = 1, very strong shear layer
occurs but decays quickly in the downstream direction. In
the wake region, the maximum level of u′u′ for AR = 8 is
stronger than those for the other cases. For AR = 8 and 20,
the dominant frequencies of the separation bubbles over the
bluff bodies coincide with the dominant frequency of the
oncoming TBL, and the separation bubbles behind the bluff
bodies possess apparently larger temporal scales. However,
the separation bubbles over and behind the bluff body with
AR = 1 possess an identical peak frequency, indicating its
insensitivity to the turbulence structures embedded in the

oncoming TBL. The separation bubble over and behind
the bluff body with AR = 8 can mutually affect each other,
which is in sharp contrast to the cases of AR = 1 and 20.
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