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Abstract. Flow in river bends is associated with generation of secondary 
ows, which
leads to the development of a rather complicated 
ow pattern around bridge piers located in
the bend. The present study investigated the 
ow patterns around models for rectangular
and oblong piers with a collar located at the 90-degree angle of a 180-degree sharp bend
in an experimental plume. The 3D 
ow velocity data were collected using a Vectrino
velocimeter. The experimental results indicated that the presence of the rectangular pier
caused a more intense deviation of the streamlines towards the outer bank of the bend.
Furthermore, installation of the oblong pier, rather than the rectangular pier, decreased
the maximum secondary 
ow power and angular velocity by 35% and 45%, respectively. It
was also found that the maximum turbulence kinetic energy around the two piers was not
signi�cantly di�erent; however, by installing the rectangular pier, a region with high values
of turbulence kinetic energy was formed at 90� near the inner bank. Moreover, installation
of the oblong pier could reduce shear stress.
© 2021 Sharif University of Technology. All rights reserved.

1. Introduction

Flow patterns in rivers, especially at bends or in the
vicinity of hydraulic structures, are of particular inter-
est due to their importance in scouring. A combination
of the main curved stream and lateral secondary 
ows
at the bend generates rather complex helical 
ows that
result in scours at the outer wall and sedimentation
in the vicinity of the inner bank. Furthermore, the
interaction of the 
ow with hydraulic structures leads
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to the generation of down 
ow streams and scour holes.
Therefore, studies on 
ow patterns in rivers and river
bends have gained considerable signi�cance. Hence,
numerous studies on the 
ow patterns in a straight
channel, river bends, and around hydraulic structures
have been reported in the literature.

Albayrak and Lemmin (2011) experimentally in-
vestigated the in
uence of the ratio of channel width
to 
ow depth on secondary 
ows in a straight chan-
nel [1]. Ataie-Ashtiani and Aslani-Kordkandi (2012)
examined the 
ow pattern around twin round bridge
piers in a straight channel. Their results indicated
that the down 
ow streams and Turbulence Kinetic
Energy (TKE) were higher between the two piers than
those on their outer edges. The bed shear stress
between the two piers was also nearly twice that at
the outer edges of the piers [2]. Akib et al. (2014)
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experimentally investigated the scour and 
ow pattern
mechanism around di�erent complex bridge pier groups
in a straight-path channel [3]. Tao and Yu (2014)
employed the Computational Fluid Dynamics (CFD)
software to study the 
ow pattern and shear stress
around bridge piers with di�erent shapes and di�erent
aspect ratios at di�erent angles of attack in a straight
channel. According to their obtained results, powerful
down 
ow streams were generated in front of the
piers with blunt noses. Furthermore, the incoming

ow angle of attack had a signi�cant e�ect on the

ow pattern around the piers. In addition, as the
aspect ratio increased, the sensitivity to angle of attack
grew stronger [4]. Jaman et al. (2017) conducted
an experimental investigation of the 
ow properties
around triple bridge piers in a channel with a straight
path [5]. Keshavarzi et al. (2018) examined the 
ow
pattern around two in-line bridge piers with di�erent
distances from each other in a laboratory channel with
a straight path [6]. Jalil (2018) studied the 
ow
pattern around 22 di�erent shapes of bridge piers in
a straight channel numerically and experimentally [7].
Chavan et al. (2018) experimentally studied the 
ow
pattern around circular and oblong piers in a straight
channel. They found that the wake vortices around
the oblong pier were weaker than those around the
circular pier [8]. Das and Mazumdar (2018) examined
the 
ow pattern around twin square bridge piers in
inline-front pier and eccentric-rear pier arrangements
in a straight channel. Their results indicated that the
horseshoe vortices were more powerful in the eccentric-
rear pier arrangement than those in the inline-front
pier arrangement [9]. Chen et al. (2018) conducted an
experimental and numerical investigation of the 
ow
pattern and scour around a circular bridge pier with a
hooked collar in a straight channel. They found that
in contrast to the absence of hooked collars, using the
hooked collar would decrease the power of down 
ow
streams, horseshoe vortices, and kinetic energy [10].
Chavan et al. (2019) studied the 
ow pattern and scour
around a circular pier with both no seepage and with
downward seepage conditions in a straight path [11].
Lee and Hong (2019) conducted an experimental study
on the 
ow pattern around a bridge pier before and
after scour in a straight path. Measurements indicated
that the 
ow velocity values upstream of the pier,
where horseshoe vortices came from, were considerably
di�erent before and after scour [12]. Carnacina et
al. (2019) studied the 
ow behavior in a laboratory
channel with a straight path under the free-surface
and pressure-
ow conditions [13]. Vijayasree et al.
(2019) studied the 
ow pattern and scour around �ve
di�erent pier shapes in a straight channel and found
that the maximum scour depth was created on the
upstream side of the rectangular pier [14]. Choufu et
al. (2019) used the Flow-3D software to carry out a

numerical study on the e�ect of the orientation and
spatial setup of Groynes on 
ow pattern, bed erosion,
and sedimentation in a straight channel [15]. Gautam
et al. (2019) examined the 
ow pattern around single
and group bridge piers in a straight path with three dif-
ferent Reynolds numbers. They reported that the 
ow
patterns around the group and single piers were signif-
icantly di�erent. A reversed 
ow was observed on the
downstream side of the single pier with lower Reynolds
numbers. Upon increasing the Reynolds number, this
reversed 
ow was transported towards the upstream
side [16]. Namaee and Sui (2020) investigated the 
ow
�eld under an open channel, smooth ice-covered and
rough ice-covered 
ow conditions in a straight path
around four pairs of bridge piers [17]. Vijayasree et al.
(2020) compared the 
ow patterns around oblong and
circular piers in a laboratory channel with a straight
path [18]. Lade et al. (2020) examined the e�ect of
mining pit on hydrodynamics around circular bridge
piers in a laboratory channel with a straight path [19].

Few researchers have investigated 
ow pattern in
curved channels. Abhari et al. (2010) conducted an
experimental and numerical study of the 
ow pattern
in a channel with a 90-degree bend and found that the
maximum 
ow velocity was observed near the inner
wall at about 30� angles of the bend and then, the 
ow
leaned towards the outer wall thereafter. They also
compared the experimental data and earlier numerical
results and found that the SSIIM 1.1 software program
was capable of modeling the 
ow in a 90-degree bend
[20]. Stoesser et al. (2010) simulated the 
ow pattern in
a meandering path using a CFD model [21]. Uddin and
Rahman (2012) studied the 
ow pattern in the bend of
Jamuna River. They found that the 
ow velocity near
the walls at each section was approximately 1.1{1.3
times the 
ow mean velocity [22]. Gholami et al. (2014)
investigated the 
ow pattern in a 90-degree bend both
experimentally and numerically. Their obtained results
indicated that the maximum 
ow velocity consistently
occurred near the inner bank [23]. Vaghe� et al.
(2016) conducted an experimental study on wall shear
stress and secondary 
ows in a 180-degree sharp bend.
Their results indicated that the maximum shear stress
occurred at a distance of 40�{60� angles of the bend
near the inner wall [24].

Some researchers have investigated the e�ect of
hydraulic structures on the 
ow pattern in curved chan-
nels. Vaghe� et al. (2015) utilized the Flow-3D software
to study the 
ow pattern around a T-shaped spur dike
located at a 90-degree bend, accompanied by a support
structure on the upstream side. They found that upon
increasing the distance of the support structure from
the spur dike, the secondary 
ows around the spur
dike would be reduced [25]. Mehraein et al. (2017)
investigated the 
ow pattern and scour around a T-
shaped spur dike in a bent channel with a 90-degree



A. Keshavarz et al./Scientia Iranica, Transactions A: Civil Engineering 28 (2021) 2479{2492 2481

bend [26]. Abdi Chooplou et al. (2018) carried out
an experimental study on the 
ow pattern around a
circular bridge pier accompanied by submerged vanes
in a 180-degree sharp bend [27]. Asadollahi et al. (2019)
compared the numerical and experimental results of the

ow pattern and scour in cases with no pier, one pier,
and triple piers placed in a bent channel with a 180-
degree bend [28]. Moghanloo et al. (2019) experimen-
tally investigated the e�ect of collar thickness on the

ow pattern around an oblong pier located in a 180-
degree sharp bend. Their obtained results indicated
that the turbulent kinetic energy was reduced by 60%
with the increase of the collar thickness [29]. Asadollahi
et al. (2020) employed the SSIIM software to conduct
a numerical study of the 
ow pattern and scour around
a group of bridge piers implemented at di�erent angles
of a 180-degree bend [30]. Sedighi et al. (2020) carried
out an experimental study of scouring around inclined
paired piers under clear water, incipient motion, and
movable bed conditions at di�erent angles of a 180-
degree bend [31].

Based on the mentioned literature, it can be
concluded that studies of the 
ow pattern in bends
have gained signi�cance owing to the presence of helical

ows. The shape of bridge piers is also one of the
parameters that contributes to 
ow pattern changes.
However, hydraulic engineers have always sought meth-
ods for controlling scour around bridge piers, among
which use of collars is a well-known one. With a
collision of the 
ow with the pier, down
ow streams
are developed in the vicinity of the upstream pier nose,
which is one of the main factors involved in creation
of a scour hole. Using a collar reduces the power of
the down
ow streams as they collide with the collar,
thus leading to a reduction in depth and volume of the
scour hole in sensitive areas around the pier. However,
the mechanism controlling the 
ow pattern around
piers with collars, especially in bends, has received
little attention. Previous studies mostly investigated
the 
ow pattern in straight paths without supportive
structures. Therefore, the present study employed
both a supportive structure (collar) and a bent channel
to experimentally examine the 
ow pattern in a 180-
degree sharp bend around rectangular and oblong piers
with a collar. Parameters such as angular velocity,
secondary 
ow intensity, wall shear stress, and TKE
were calculated and compared. The obtained results
indicated that using an oblong pier, instead of a
rectangular pier, would decrease the angular velocity
and secondary 
ow power. In addition, since the
oblong pier is aerodynamic in comparison with the
rectangular pier, the shear stress values near the bed
are smaller around the oblong pier, thus resulting in
smaller depth and volume of the scour hole created
around the oblong pier than those created around the
rectangular pier. However, the maximum value of

turbulent kinetic energy around the two piers was not
signi�cantly di�erent.

2. Materials and methods

The experimental studies were conducted in a plume
with a curved channel and a 180-degree bend. This
plume is shown in Figure 1. Vaghe� and Akbari (2019)
examined the construction stages of this channel step
by step [32]. The channel is 1 m wide and 70 cm
high with a rectangular cross-section. The straight
upstream and downstream channels are 6.5 and 5.1 m
long, respectively. The central curvature radius of the
channel bend is 2 m. With a ratio of R=B = 2, this
channel is quali�ed as a sharp bend channel, where R
and B are the central curvature radius and channel
width, respectively. This laboratory hosts sediment
particles with the average diameter of 1.5 mm and a
standard deviation of 1.14 mm. All experiments were
conducted under incipient motion conditions at the
upstream path of the bend with U=Uc = 0:98. All tests
were conducted with a discharge of 70 liters per second
and a depth of 18 cm (y = 18 cm). The Froude and
Reynolds numbers were 0.3 and approximately 50000,
respectively.

The rectangular and oblong piers with collars
located at the 90-degree angle of the bend were used
in these experiments (oblong pier is a replica of the
rectangular pier with rounded corners). The cross-
sections of these piers are shown in Figure 2. According
to Chiew and Melville (1987), to eliminate the e�ect
of the walls, the pier width must not exceed 10% of
the channel width [33]; therefore, piers with a width of
5 cm and length of 20 cm (L=D = 4) were employed in
this study. Here, L is the pier length and D the pier
width. Furthermore, collars with the width four times
the pier width (Dc=D = 4) and a thickness of 0.12 D
at the elevation of 0.4 D lower than the bed level were
utilized. Here, the collar width is Dc = 20 cm.

Before conducting the 
ow pattern experiments,

Figure 1. The laboratory channel used.
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Figure 2. Cross-sections of the piers with collars: (a)
Rectangular pier and (b) oblong pier.

the scour test around the piers was �rst done with 15
hours of relative equilibrium time. Figure 3 illustrates
the bed topography after running the scour test. As
observed, the main scour hole is formed in the vicinity
of the piers between the angles of 85� and 110�, and the
sediments are collected and accumulated downstream
of the 120-degree angle. It is also observed that the
depth of the hole, height of the accumulated sediments,
and sediment reaching towards the end of the bend are
higher with installation of the rectangular pier than
those with installation of the oblong pier.

After the completion of the scour test, the plume
is completely drained and �berglass paste is added
to �x the bed; then, the 
ow pattern experiment
is conducted. In this respect, the Vectrino 3 D
velocimeter was utilized to collect the velocity data at
di�erent points in the curved channel. The velocimeter
was set at 25 Hz frequency. At each point of the
experimental mesh, the velocimeter collected about
1500 instantaneous velocity data points in a duration
of one minute and gave the mean of the data as the
velocity at that point.

Figure 4(a) shows the locations (angle and radial
locations) of the points at which the experimental
data were collected. Of note, the data collection was
conducted at 39 transverse sections along the bend

at nine depths and 33 velocity data were collected at
each transverse section. Figure 4(b) and (c) show the
pictures of the down-looking and side-looking con�gu-
rations of the Vectrino 3 D velocimeter in the plume.

3. Results and discussion

Figure 5 illustrates the sample streamlines on planes
at levels of 95%, 50%, and 5% of the 
ow depth from
the initial bed level for both rectangular and oblong
piers. These streamlines are plotted for the mean

ow velocities on each plane. According to Figure
5(a) and (b), the streamlines at the level near the
water surface in the �rst half of the bend are mostly
directed towards the outer wall due to the presence
of secondary 
ows in the bend. However, according
to Figure 5(e) and (f), the streamlines near the bed
level are mostly directed towards the inner wall that
results in sediment transport towards the inner bank,
generation of sedimentary piles in this area, and erosion
of the mid-channel.

Reverse 
ows are observed in Figure 5(a) and (b)
near the water surface in the vicinity of the piers. These
reverse 
ows in the opposite direction of the mean 
ow
stream are created due to the interaction of the 
ow
with the pier. Given the fact that the streamlines
near the water surface lean towards the outer wall
of the bend, these reversed 
ows mostly occur at the
outer half of the channel width in the vicinity of the
pier. Figure 5(a) shows that the reverse 
ows around
the rectangular pier are stronger than those near the
oblong pier, and they extend from 70� to 130� angles
in the bend and cover almost the entire channel width.
On the contrary, according to Figure 5(b), there are
weaker reverse 
ows around the oblong pier, and the
disorders in the streamlines are observed only around
the upstream nose of the pier. The geometries of the
piers are the main reason for such di�erences. The
rectangular pier has higher resistance against the 
ow
due to its wide nose and sharp edge; therefore, the

ow is markedly diverted backwards or pushed to the
sides after encountering this pier. While the oblong pier
with its rounded edges is more aerodynamic than the

Figure 3. Bed topography with installation of: (a) Rectangular and (b) oblong piers at the 90� angle of the bend.
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Figure 4. (a) The meshing diagram, (b) Vectrino 3D velocimeter down-looking probe, and (c) Vectrino 3D velocimeter
side-looking probe.

rectangular pier, it does not divert the 
ow as much,
thus creating less 
ow reversal.

Figure 5(c) and (d) illustrate the streamlines at
water mid-depth. According to Figure 5(c), under
the in
uence of the pier, the streamlines have been
oriented towards the outer wall from an approximately
70-degree angle at the level of 50% of the water depth
with installation of the rectangular pier. Further, the
presence of sediments from approximately 100�{130�
led to the orientation of streamlines towards the outer
bank. According to Figure 5(d), with installation of
the oblong pier, the streamlines are almost parallel to
the channel walls in the second half of the bend due
to the absence of sediments at this level. In addition,
the streamlines further orient towards the outer wall of
the bend in the �rst half with installation of the oblong
pier, as it was the case with the rectangular pier.

Figures 5(e) and (f) indicate that the variations
of streamlines near the bed level are mostly due
to the 
ow interactions with sedimentary piles, and
since there is a larger volume of sediments on the
downstream side of the rectangular pier than those on

the oblong pier, the streamline deviations at the level
near the bed are also higher around the rectangular
pier than those around the oblong pier. For instance,
the sedimentary pile in the vicinity of the inner wall is
extended from around the 70� angle to the end of the
bend, and it covers approximately 80% of the channel
width near the end of the bend in the case of the
rectangular pier. Figure 6 illustrates the streamlines at
the channel cross-section in the upstream nose of the
piers. The piers are also shown in this �gure for clarity.
In addition, the location of the collar is shown in red
color. For the rectangular pier, Figure 6(a) shows the
generation of down 
ow streams at the upper levels of
the 
ow depth from a distance of 10% of the channel
width from the inner bank as a result of the interaction
of lateral 
ows with the pier body. A rather strong
vortex 
ow at the outer half of the channel width at
a distance of 55{75% of the channel width from the
inner bank is also created that covers approximately
half of the 
ow depth. On the contrary, Figure 6(b)
shows that for the oblong pier with round edges of the
nose, there is no vortex formation, and only down
ow
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Figure 5. Sample streamlines on planes at levels of 95%, 50%, and 5% of the 
ow depth from the initial bed level.

Figure 6. Sample streamlines at the channel cross-sections at the nose of the pier (at 88� angle) around (a) the
rectangular pier and (b) the oblong pier.

streams are created in the vicinity of the pier from a
distance of around 40% of the channel width from the
inner bank. Figure 6 also shows that the scour around
the rectangular pier is much deeper than that around
the oblong pier. Furthermore, for both cases, upstream

ows are created near the outer bank.

Figure 7 illustrates the streamlines on a vertical
longitudinal section along the centre of the bend
channel. For both piers, this �gure shows that the
streamlines are diverted downwards from around the
50� angle at the upper levels of the 
ow. Figure
7(a) shows that the interaction of the 
ow with the
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Figure 7. Samples streamlines in a vertical plane at the center of the curved channel with piers at 90�: (a) Rectangular
pier and (b) oblong pier

rectangular pier results in generation of a vortex 
ow
in the vicinity of the upstream nose of the pier and
near that, in turn, causes reverse 
ow near the water
surface. Figure 7(b) shows down-sloped 
ow streams
around the oblong pier in this area.

As observed in Figure 7(a) and (b), the maximum
scour depth with installation of the rectangular pier
occurs at the upstream nose of the pier; however, there
are no large scour holes created on the upstream side
of the oblong pier, probably due to the presence of the
collar that has made an obstacle for vortex generation
and, in turn, for creation of very deep scouring in this
region. However, on the downstream side of the piers,
where the e�ect of the collar fades, down 
ow streams
lead to creation of massive scour holes at the distance
between angles of 90� and 110�. Sediments removed
from this area are carried by the main 
ow stream
and deposited downstream where the 
ow velocity is
reduced. After about the 140� angle, as a result of
distancing from the location of the pier and collar,
the variations of the streamlines for both piers are
reduced.

Figure 8 presents the contours of tangential ve-
locity U, radial velocity V, and vertical velocity W at
the 5% level of 
ow depth from the initial bed level for
both rectangular and oblong piers. According to Figure
8(a) and (b), in the �rst half of the bend up to about
the angle of 80�, the maximum tangential velocity for
both piers is created near the inner wall. In the angular
location between 80� and 90�, the maximum tangential
velocity occurs in the mid-channel under the in
uence
of the pier and the resulting constriction. However,
the interaction of the 
ow with the pier reduces the
tangential velocity at the downstream of the pier, and
this reduction continues to around the 110� angle in
the middle of the channel width. In addition, the
maximum tangential velocity in the second half of
the bend occurs near the outer wall. According to
Figure 8(a), in the case of the rectangular pier, the
presence of the large volume of deposited sediments at
downstream of the pier reduces the tangential velocity

in the vicinity of the outer bank at angles ranging from
130� to 150�. In addition, as depicted in Figure 8(a),
with installation of the rectangular pier, the maximum
tangential velocity is 56.5 cm/s at the angle of 92� and
a distance of 60% of the channel width from the inner
bank, i.e., in the vicinity of the outer wall of the pier
due to section constriction caused by pier installation.
However, according to Figure 8(b) for the oblong pier,
the maximum tangential velocity of 48.2 cm/s occurs
at the end of the bend (at 180� angle) at a distance
of 4% of the channel width from the outer bank due
to the smaller volume of sediments on the downstream
side of the pier.

According to Figure 8(c) and (d), the negative
radial velocity towards the inner bank is higher than
the positive radial velocity towards the outer bank in
the experiments for both piers. This case is particularly
observed in the �rst half of the bend mainly due to
the presence of the secondary 
ows in the bend that
are directed towards the inner bank near the bed, thus
leading to accumulation of sediment in the vicinity of
the inner wall. However, as a result of the interaction
between the 
ow and the pier body in the location of
the piers, this trend is disturbed and both positive and
negative radial velocity values are observed in this area.
In fact, due to the exerted constriction, the maximum
positive and negative radial velocities occur around the
piers. According to Figure 8(c), the maximum positive
radial velocity around the rectangular pier is 25 cm/s
that occurs at the 88� angle at a distance of 75% of
the channel width from the inner bank. Similarly, the
maximum negative radial velocity of 14.6 cm/s around
this pier occurs at the 90� angle and a distance of 15%
of the channel width from the inner bank. Positive
radial velocity also occurs in the outer half of the
channel due to the presence of sediments coverage of
the inner bank.

For the installation of the oblong pier, the max-
imum positive radial velocity is 13.6 cm/s, which is
created at the angle of 88� near the inner bank, as
seen in Figure 8(d). The maximum negative radial
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Figure 8. Tangential (U), radial (V ), and vertical (W ) velocity contours at the level of 5% of the 
ow depth from the
initial bed level.

velocity is 24.1 cm/s, generated at an angle of 86� and
an approximate distance of 40% of the channel width
from the inner bank.

In Figure 8(e) and (f), from the bend entrance
to the vicinity of the pier in both cases, a positive
vertical velocity in the vicinity of the inner bank and a
downward (negative) vertical velocity in the centre of
the channel are observed. This 
ow pattern contributes
to sedimentation in the vicinity of the inner bank and
scour at the mid-channel in the �rst half of the bend,
as presented in Figure 3. With the collision of the

ow with the pier, strong downward and upward 
ow
streams form near the piers. The maximum downward
velocity around both piers occurs at the angle of about
94� in the middle of the channel. The maximum
values of these downward 
ow velocities around the
rectangular and oblong piers are 5.1 and 6.9 cm/s,
respectively. These down 
ow streams are the main
factors involved in the generation of the scour hole
around the pier. Moreover, adjacent to negative ver-

tical velocities, positive vertical velocities are observed
towards the water surface, and a combination of these
down 
ow and up 
ow streams leads to the generation
of vortices around the pier.

Figure 8(f) indicates that the maximum positive
vertical velocity around the oblong pier is 6.8 cm/s,
which is created at the angle of 94� in the middle of
the channel. For the rectangular pier, however, the
existence of the large volume of sediments downstream
redirects the 
ow upward. As a result, the maximum
upward velocity of 6.8 cm/s occurs at the 150� angle
and a distance of 45% of the channel width from the
inner bank, as depicted in Figure 8(e).

As the 
ow enters the bend, secondary 
ows are
generated and the interaction between these secondary

ows and the mainstream generates helical 
ows. To
evaluate the strength of the secondary 
ows in the
bend, Shukry (1950) suggested applying the ratio of the
lateral 
ow kinetic energy to the mainstream kinetic
energy [34], i.e.:
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Figure 9. Variation of secondary 
ow intensity along the
bend with rectangular and oblong piers.

Sxy =
KLateral

KTotal
; (1)

where Sxy, KLateral, and KTotal are the secondary 
ow
intensity, lateral 
ow kinetic energy, and mainstream
kinetic energy, respectively.

Variations in the secondary 
ow power along
the bend for both rectangular and oblong piers are
presented in Figure 9. According to this �gure, the
intensity of the secondary 
ow in both experiments is
the same up until the 70� angle, which is quite low
in the order of a few percent, reaching a maximum
secondary 
ow intensity of about 0.1 at the 50� angle.
However, a series of 
uctuations are observed in the
close vicinity of the piers, especially in the range of
80�{100� angles. Of note, the intensity of the secondary

ow increases near the upstream and downstream noses
of both piers. With rectangular piers installed, the
maximum intensity of the secondary 
ow of 0.17 near
the upstream nose occurs at the 84� angle, and the
maximum intensity of the secondary 
ow of 0.15 near
the downstream nose occurs at the 94� angle. For
the oblong pier, the maximum secondary 
ow power
occurs at the 70� angle at a value of 0.11; further,
the maximum secondary 
ow intensity, equal to 0.1,
near the upstream nose occurs at the 86� angle, and
that near the downstream nose, equal to 0.07, occurs
at the 94� angle. It is evident that in both cases,
the secondary 
ow intensity in the vicinity of the
upstream nose is higher than that in the vicinity of
the downstream nose. Away from the pier to the end
of the bend, the secondary 
ow intensity decreases.
However, an increase is observed in the secondary 
ow
intensity at the end of the bend. With the oblong
pier, the maximum secondary 
ow power is reduced to
approximately 35%, in comparison with the case with
the rectangular pier installed.

Another parameter, also a criterion of 
ow rota-
tion, is angular velocity, which is a measure of 
uid
element rotation. The angular velocity is given as [35].

! =
1
2

�
@V
@z
� @W

@r

�
; (2)

where V and W represent mean radial and vertical
velocity components, respectively.

The axial component of angular velocity for every
element is calculated and averaged across the section,

Figure 10. Mean angular velocity variation along the
bend with installation of rectangular and oblong piers.

the results of which are shown in Figure 10. As
observed, for both rectangular and oblong piers, the
mean angular velocity increases with a sharp slope from
the bend entrance to approximately 30� angle. Then,
from the 30�{70� angles, it stays roughly constant with
few small variations. Beyond the 70� angle, the mean
axial angular velocity increases signi�cantly due to its
proximity to the piers and interaction of the 
ow with
their pier nose. In the presence of the rectangular pier,
the maximum angular velocity of 0.22 s�1 occurs at the
84� angle. Similar to a case with the oblong pier, the
peak angular velocity of 0.12 s�1 occurs at the angle of
82�. Interestingly, for the oblong pier, the maximum
angular velocity is approximately 45% less than that
for the rectangular pier. Figure 10 also shows a high
level of angular velocity 
uctuations downstream of the
pier up to about 130� angle. For example, for the
rectangular pier, at both 106� (where the scour hole
occurs) and 130� (where the maximum sedimentation
occurs) angles, sudden increases in the axial angular
velocity are observed that reach 0.18 s�1 and 0.19 s�1,
respectively. Furthermore, for the oblong pier, at both
92� (adjacent to the downstream nose) and 103� (where
the maximum scour depth occurs) angles, an increase
in the angular velocity is observed up to about 0.1 s�1.
Beyond the 130� angle downstream of the piers, fewer

uctuations of angular velocity are observed. Near the
end of the bend, at an approximate angle of 160�, the
axial angular velocity increases with a mild slope. Such
an increase is more signi�cant for the rectangular pier
than that for the oblong pier.

The wall shear stress is the key parameter for bed
load transport. Therefore, the shear stress near the
bed that provides an estimate of the wall shear stress
is one of the most important parameters contributing
to the bed topography variations. Figure 11 illustrates
the contours of the component of the Reynolds stresses
(�) at a level equal to 5% of the 
ow depth from the
initial bed level around both piers. Such stresses are
calculated using the following equations [36]:

�U 0V 0 = ��U 0V 0; (3)

�U 0W 0 = ��U 0W 0; (4)

�V 0W 0 = ��V 0W 0; (5)
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Figure 11. Contours of Reynolds stress components at a level of 5% of the 
ow depth from the initial bed level.

where U 0, V 0, and W 0 denote the tangential, radial, and
vertical velocity 
uctuations, respectively, at each point
that are calculated through the following equations:

U 0 = U � U; (6)

V 0 = V � V ; (7)

W 0 = W �W; (8)

where U , V , and W represent tangential, radial, and
vertical instantaneous velocities, respectively, at each

point. In addition, �U , �V , and �W are the mean values
of tangential, radial, and vertical momentary velocities,
respectively. Of note, the main contribution to the wall
shear stress originates from �U 0W 0 and �V 0W 0 .

Figure 11(a) and (b) show the contours of the
Reynolds stress component �U 0V 0 . According to these
�gures, a region with low values of �U 0V 0 was formed
in both experiments at a distance of 30�{70� angles.
However, due to the constriction caused by the pier
installation, the value of �U 0V 0 increases in the vicinity
of the pier, and the maximum values of the shear stress
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�U 0V 0 for both rectangular and oblong piers occur in
the vicinity of the piers. For the rectangular pier,
Figure 11(a) shows that the maximum value of �U 0V 0
is about 144 g/cm.s2 which occurs at the 92� angle at
a distance of 18% of the channel width from the inner
bank. For the oblong pier, the maximum �U 0V 0 is 77.4
g/cm.s2 which occurs in the vicinity of the pier, as seen
in Figure 11(b).

Figures 11(c) and (d) show �U 0W 0 . According to
these �gures, the magnitude of �U 0W 0 decreases at the
beginning of the bend up to the 30� angle, near the
inner half of the channel width. However, thereafter,
up to approximately 70� angle, �U 0W 0 increases which
creates a region with high shear stress. These �gures
also show that the maximum �U 0V 0 in the experiments
involving both piers occurs near the 50� angle at a
distance of about 10% of the channel width from the
inner bank, with a value of about 350 g/cm.s2. In
addition, in proximity to the piers, especially in the
second half of the channel width, the magnitude of
�U 0W 0 decreases as a result of the interactions of the

ow with the pier; therefore, a low-stress zone is created
towards the outer bank. Figure 11(c) shows that a
region with high values of �U 0V 0 is generated on the
downstream side of the rectangular pier, mainly due
to the existence of the large volume of sediments that
signi�cantly distorts the 
ow pattern. On the contrary,
Figure 11(d) shows that on the downstream side of the
oblong pier to the end of the bend, especially in the
vicinity of the outer bank, the values of �U 0W 0 decrease.

Figure 11(e) and (f) illustrate �U 0W 0 contours in
the bend in the presence of rectangular and oblong
piers. As observed, a low-stress zone is created in
the �rst half of the bend, especially in the range of
60� to 70�. Figure 11(e) shows that in the second
half of the bend with the rectangular pier, the values
of �V 0W 0 increase and the maximum �V 0W 0 value of
37 g/cm.s2 occurs at the end of the bend (at an angle
of 180�). This occurs as a result of the interaction
between the 
ow and the large volume of sediments
in the second half of the channel bend. However,
according to Figure 11(f), the values of �V 0W 0 for the

oblong pier increase on the downstream side of the pier
in the vicinity of the main scour hole, and the maximum
�V 0W 0 of 35.4 g/cm.s2 occurs at an angle of 96� in the
middle of the channel.

According to Figure 11, it can be concluded
that the installation of an oblong pier instead of a
rectangular pier reduces the maximum shear stress
�U 0V 0 by about 46%. In this case, the maximum value
of �V 0W 0 decreases to about 4%. While the maximum
value of �U 0W 0 was approximately the same in both
experiments, this value around the rectangular pier in
the major part of the bend, especially around the piers,
is much higher than that around the oblong pier. In
this respect, it can be concluded that installation of
the oblong pier, instead of the rectangular pier, can
decrease the magnitude of shear stress near the bed,
mainly due to the long width of the rectangular pier
nose and its sharp corners compared to the oblong
pier, which results in higher resistance against the

ow. The oblong pier with a round-edged nose is more
aerodynamic which reduces the down 
ow streams
and, consequently, decreases the shear stress around
this pier. Higher values of the shear stress near the
bed around the rectangular pier than those around
the oblong pier result in stronger bed topography
alterations and creation of larger and deeper scour
holes, as can be observed in Figure 3.

The TKE per unit mass is calculated using the
following equation [36]:

TKE = 0:5(U 02 + V 02 +W 02): (9)

Figure 12 depicts the TKE contours around both piers
at a level of 5% of the 
ow depth from the initial bed
level. According to Figure 12, in both experiments,
at the distance of 60� to 70�, a region with signi�cant
TKE is formed. However, by installing the oblong pier,
the value of TKE decreased in comparison with the
installation of the rectangular pier, especially in the
second half of the bend. As shown in Figure 12(a), due
to the increased 
ow velocity near the rectangular pier,
a region with signi�cant TKE is formed at about 90�
near the inner bank.

Figure 12. Contours of turbulence kinetic energy at a level of 5% of the 
ow depth from the initial bed level with
installation of (a) the rectangular and (b) the oblong piers.
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With installation of the rectangular pier, the
maximum kinetic energy occurs at the 175� angle with
a value of 1251 cm2/s2; in addition, with installation
of the oblong pier, the peak kinetic energy occurs at
the zero-degree angle with a value of 1215 cm2/s2

near the inner bank. In other words, the maximum
kinetic energy with installation of the oblong pier is
not signi�cantly di�erent from that with installation of
the rectangular pier, and it is only reduced by 3%.

4. Conclusions

In this study, the 
ow patterns around rectangular and
oblong piers with collars located at the 90� angle in
the middle of the 180-degree sharp bend were studied
experimentally using the Vectrino 3D velocimeter.
Particular attention was given to the e�ect of the
pier shape on the formation of resulting 
ow patterns
of scours in the channel. Contour plots of mean
velocity components, shear stress, kinetic energy, and

ow streamlines were presented and discussed. In
addition, the variations of mean angular velocity and
secondary 
ow intensity were also evaluated. The main
conclusions of the study are:

� The scour hole depth and the volume of the accumu-
lated sediments were much higher with installation
of the rectangular pier than those with the use of
the oblong pier;

� The existence of the rectangular pier led to signi�-
cant reverse 
ow near the free surface in the vicinity
of the upstream nose of the pier. The reverse 
ow in
the vicinity of the upstream nose of the oblong pier,
however, is much lower than that in the case of the
rectangular pier;

� The interaction of the 
ows with the piers body
increased the vertical velocity component, and a
number of down 
ow streams were generated around
both piers, and a number of vortices were created
around the rectangular pier;

� The maximum secondary 
ow intensity and angular
velocity in both experiments occurred in the vicinity
of the piers. The use of oblong pier decreased
the maximum secondary 
ow intensity and angular
velocity, respectively, by about 35% and 45% in
comparison with installation of the rectangular pier;

� By installing the oblong pier, the values of shear
stress decreased in comparison to those with instal-
lation of the rectangular pier;

� The existence of the rectangular pier created a
region with signi�cant turbulence kinetic energy
near the inner bank at 90�.
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