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Abstract

The flow field around a T-shaped spur dike located in a 90°
bend is investigated experimentally. The three-dimensional
Acoustic Doppler Velocimeter (ADV) was used for measuring
the flow field. The comparison of the three dimensional compo-
nents of velocity was made in different sections of the bend and
the differences of the flow pattern along the bend was analyzed.
The observations showed the significant effect of the spur dike
on the secondary flow patterns. Some horizontal vortices with a
counter-clock-wise direction were also observed in the up and
down stream of the spur dike near the outer bank of the bend.
In addition, the vortices and reverse flows in the up and down
stream of the spur dike, the changes of the secondary flow and
vorticity are also addressed in this study.
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1 Introduction

The variations in riverbed topography and 3-dimensional
nature of the flow in bends lead to a formation of a complicated
flow at river bends. Presence of centrifugal force and its inter-
action with the lateral pressure gradients, bring about a flow
which is referred to as secondary flow. In such a flow, surface
water is driven towards the outer bank while near bed water
moves towards the inner bank. This flow significantly affects
the river bend’s morphology insofar as high velocity in outer
bank causes erosion of riverbed and river bank. Usually, spur
dikes are used to stabilize bank of the rivers. However, using
spur dikes at bends will result in turbulence of flow around spur
dikes and will add a further complication to the flow pattern
at the outer bank. This is largely due to interaction between
the flow pattern induced by spur dike and secondary flows at
bends. The flow field around spur dike is a complex phenome-
non, involving separation of flow to develop three-dimensional
vortex flow; and the complexity increases with the develop-
ment of the scour hole.

Giri et al. in 2004, carried out experimental and numeri-
cal simulations of flow and turbulence in a bend channel
with unsubmerged spur dikes. They measured flow velocity
by changing the position of spur dikes, and measured vortex
field and turbulence intensity two-dimensionally [1]. Nagata et
al. in 2005, simulated three-dimensional flow pattern around
a single spur dike with live bed. They analysed average flow
and studied its relation with the way scour hole is created and
expands [2]. Fazli et al. in 2008, did an experimental study
on a 90 degree bend channel to study the parameters affect-
ing scour around short and straight spur dikes. The results of
the study on bend channel with single spur dike indicates that
in developed bends, as the spur dike is moved away from the
beginning of the bend, maximum depth of scour rises, whereas
this parameter in a steep bend first decreases and then increases
[3]. Ghodsian and Vaghefi in 2009, conducted an experimental
study on how changes in Froude Number, and length of wing
and web of T-shaped spur dike located in a 75 degree posi-
tion affect flow pattern in a 90 degree bend. They proved that
as the length of the spur dike increases, length of separation
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zone and the formed vortex in the zone increases [4]. Zhang
et al. in 2009, investigated turbulent flow in the local scour
hole around a single non-submerged spur dyke experimentally
and numerically. They measured the scour geometry and flow
velocities in details with a high-resolution laser displacement
meter, electro-magnetic velocimetries and PIV (Particle image
velocimetry) [5]. Duan et al. in 2009, investigated average and
turbulent flow around a straight spur dike located in an experi-
mental channel with rigid bed. They observed that average
flow in both lateral and vertical directions separated, and in
the circulation zone behind the spur dike, there is a combina-
tion of horizontal and vertical vortexes [6]. Naji et al. in 2010,
did experimental and numerical studies of flow pattern in a 90
degree bend and concluded that stream lines in the level close
to bed orient to inner wall and in the levels near water sur-
face orient to outer wall. Also, the location of the maximum
longitudinal velocity at the beginning of the bend is switched
to the section’s inner half and then toward the channel’s outer
wall [7]. Duan et al. in 2011, measured three dimensional flow
field around an experimental dike structure using a micro ADV.
They studied turbulent bursts around the spur dike for the flat
and asymptotic bed surface. Moreover, they analysed time frac-
tions of turbulent burst events including outward interaction,
ejection, inward interaction, and sweep in each quadrant at the
neighbour of the dike before and after the formation of scour
hole [8]. Gu et al. in 2011, performed the laboratory experi-
ments to study the characteristics of the flow and the trans-
port of suspended sediment in an open channel with permeable
dikes. They investigated the influence of the aspect ratio (d/1) of
the interval between dikes (d) to the length of dikes (1) on these
characteristics. They concluded that the development of large-
scale horizontal eddies requires some distance in a shear layer
for permeable dikes, although they are periodically generated
from the first dike in the case of impermeable dikes [9]. Chen
et al. in 2012, used the compressive VOF (volume of fluid)
method to develop the models for water and suspended sedi-
ment in a 90 degree bend flume with non-submerged spur dyke
at different angles. They simulated local scouring, deposition
and resuspension, and analyzed the processes of adsorption and
desorption of pollutants on suspended sediment [10]. Sharma
et al. in 2012, studied experimentally the flow past a spur dyke
on a rigid bed meandering channel with a trapezoidal cross sec-
tion. To measuring the velocities, they used an acoustic Dop-
pler velocimeter (ADV). They results showed that length of the
downstream separation zone changes according to the location
of the spur dyke [11]. Vaghefi et al. in 2009 and 2012, placed
the T-shaped spur dike in a 90 degree bend, and carried out sev-
eral experimental studies on the effects of the Froude Number,
The length of the spur dike, the position of the spur dike, the
radius of curvature, etc. on flow and scour pattern. They con-
cluded that the location of the maximum scour depth is at the
distance of 10 to 20 % of spur dike’s length and at its upstream.

They also observed that increasing the length of the spur dike,
decreasing the length of the wing of the spur dike, increasing
Froude Number, and positioning the spur dike towards down-
stream will result in an increase in the dimensions of the scour
hole [12-14]. Karami et al. in 2012, studied scour phenomenon
around a series of impermeable and nonsubmerged spur dikes
using both experimental and numerical methods. They used
laser bed-profiler for measuring scour geometry and SSIIM
numerical model to compute the sediment transport around the
spur dikes. The results showed that there are two distinct zones
with different depth and slope in the scour hole. The deeper
hole was formed due to a horseshoe vortex, and the shallow
hole was formed due to the secondary vortex [15]. Fang et al.
in 2013, studied the turbulent flow past a series of groins in a
shallow, open channel by large-eddy simulation (LES). They
obtained the time-averaged velocities and turbulence intensi-
ties at the water surface using particle image velocimetry (PIV)
to validate the LES model. Their model results showed that a
rectangular-headed groin generates higher turbulence intensi-
ties and larger vortices than a round-headed groin [16]. Ibra-
him in 2014, used combined physical and numerical models to
investigate the effect of implementing oriented groins on the
scour and silting processes in a straight channel. They derived
simple formulae to evaluate the scour and silting parameters
[17]. Vaghefi et al. in 2015, analyzed flow patterns around a
T-shape spur dike and a support structure, which is located
upstream of the T-shape spur dike in a 90 degree bend by Flow-
3D model. They concluded that by increasing support structure
distance from 3L up to 9L, the power of secondary flow around
main spur dike decreased by 40—120% [18].

This paper present an experimental study of 3-dimensional
flow pattern around a T-shaped spur dike located in a 90° bend.
The results of velocity components in the longitudinal, lateral
and vertical directions are presented. The vortices and reverse
flows in the up and down stream of the spur dike, the changes of
the secondary flow and vorticity are also addressed in this study.

2 Experiments

Experiments were carried out at the Hydraulic Laboratory
of Tarbiat Modares University, Tehran. The main channel con-
sisted of a 7. 1m long upstream and a 5.2m long downstream
straight reaches. A 90° channel bend was located between the
two straight reaches. The channel was of rectangular cross sec-
tion 0.6 m width; 0.7 m height with 2.5m radius of bend to
centerline. Fig. 1 shows a schematic view of the channel. The
bed and sides of channel was made of glass supported by metal
frame. Measurement of discharge was done by a calibrated ori-
fice set in the supply pipe. A sluice gate was located at the end
of the main channel to control the flow depth. The spur dike was
made of Plexiglas (1 cm thick) T shaped in plan. The length of
spur dike and its wing was 9 cm. The spur dike was located at 75
degree cross section of the bend. Since the section is regarded
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as a critical case in a 90 degree mild bend without spur dike,
and the maximum scour occurs at it, according to Vaghefi et al.
(2008) studies [19]. Accordingly, a T-shaped spur dike has been
placed at 75 degree position to decrease scour at outer wall of
the bend. Experiments were conducted with a constant discharge
Q=25 1/s with Froude number equal to 0.34 and depth of flow in
beginning of the bend 12 cm (Fr=0.34 and Z=12 cm). The 3D
components of velocity were measured using ADV (vecterino
model). The side-looking probe was used to measure velocity
components near-the-surface and down-looking probe was used
for measuring velocity components at other layers of flow.
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Fig. 1 Schematic view of the channel

The velocimeter was set to S0Hz and measuring time at each
grid point was about 60 seconds. For every point and every
direction, the device produced 3000 output velocities which
were recorded by auxiliary database software, “Vecterino” &
“Explore V”. To read the flow velocity around wing and web
of the spur dike, the probe was set in several directions. The
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recorded data in were converted from polar coordinates into
Cartesian coordinates. In the experiments with the spur dike,
velocity profiles were measured at 23 sections along the bend
with 5 horizontal levels and 18 points for every lateral axis. For
this purpose, non-uniform grid was used which became finer in
the vicinity of the spur dike.

3 Result and Discussion

It was found that a secondary flow develops from the begin-
ning of the bend and its strength grows along the bend. A typi-
cal lateral component of velocity profiles in two sections at the
upstream of the spur dike, are shown in Fig. 2. It was found
that at section 30°, a main secondary flow is formed near to the
outer bank. While another secondary flows are formed near the
inner bank (See Fig. 2(a)). This is due to spur dike’s influence
on the flow. In the vicinity of spur dike, its influence on flow
is more significant. It is evident from Fig. 2(b) that the lateral
velocity components in section 72.5° i.e. at a distance of about
1.2 times the length of spur dike toward the upstream, two
main counter clockwise secondary flows occurs, one near the
bed and the other one near the water surface. However a sec-
ondary flow of smaller strength is also formed near the inner
bank and close to the water surface.

The lateral component of velocity at the upstream of spur
dike and at a distance of 0.65 times spur dike length is shown
in Fig. 3(a). It is evident from this figure that two mentioned
lateral flows collapse into one lateral flow. At this section a sec-
ondary flow, in the zone of spur dike web and inner bank of
channel is also formed. The lateral component of velocity at
section 74.5°, i.e. near the spur dike web and at a distance of
0.25 times spur dike length is shown in Fig. 3(b). In this section,
two secondary flows are observed between the spur dike web
and the outer bank. The first one, with a clockwise direction is
the main lateral flow. The second lateral flow, with a counter-
clockwise direction is a result of a low-pressure area near the
outer bank. Between wing wall and the inner bank, a clockwise
and a counterclockwise secondary flow are observed. Exten-
sion of separation area is also noticeable in this section.
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Fig. 2 Lateral velocity component in the upstream of spur dike at sections: (a) 30° and (b) 72.5°
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Fig. 3 Lateral velocity component in the upstream of spur dike at sections: (a) 73.75°and (b) 74.5°
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Fig. 4 Lateral velocity component in the downstream of spur dike at sections: (a) 75° and (b) 75.5°

Fig. 4 shows the lateral component of velocity profiles in
the downstream the spur dike. Spur dike web’s Front view is
shown in Fig. 4(a). A main secondary flow and a second lateral
flow near the spur dike wing can be seen in this section. Sec-
ond lateral flow forms close to the spur dike wing because of
the separation area. Fig. 4(b) corresponds to a section near the
spur dike web at a distance of 0.25 times the spur dike length.
In this section, between the spur dike wing and outer bank, a
counterclockwise weak lateral flow forms near the water sur-
face which reflects the existence of upstream inclined flows
near the surface. The expansion of flow after the wing causes
main secondary flow to be dominant between the wing and the
inner bank of channel.

Fig. 5 depicts typical velocity vectors for different lateral
sections along the bend. It was found that the effect of spur
dike on flow field is noticeable within the upstream distance
of about 8 times spur dike length. Existence of rotational flow
is observed in all sections. Figs. 5(a) and 5(b) corresponds to
upstream and Figs. 5(c) to 5(f) corresponds to downstream of
the spur dike. The separation area near the water surface is
obvious in Fig. 5(c). The down flow around the spur dike, as is
evident in this figure is the cause of scour, in the case of mov-
able bed. The upward flows near the outer bank can be seen in
Fig. 5(f). At other sections of the bend, it is observed that the
main secondary flow is inclined to the inner bank.

It was found that up to section 60° of the bend, the longitudi-
nal components of velocity profile are not affected by the spur
dike. Fig. 6 shows typical longitudinal components of velocity
profiles at the upstream of the spur dike. Figs. 6(a) and 6(b)
depict sections near the spur dike. It is obvious that longitudinal
component of velocity increases at first and second layers near
the surface and near the wing of spur dike. This is due to ten-
dency of flow to move towards the low-pressure zone after the
spur dike. Fig. 6(b) gives a clearer picture of this phenomenon.

Typical longitudinal components of velocity at and at the
downstream of spur dike are shown in Fig. 7. It is evident from
Figs. 7a and 7b, which corresponds to section close to the spur
dike wing, that longitudinal components of velocity at first and
second layers near the wing are higher. By moving towards end
of the bend, longitudinal components of velocity at upper and
middle layers grow. It should also be noted that near the outer
bank, the magnitude of velocity is less. This is due to effect
of spur dike and maximum velocity tendency towards chan-
nel center which sometimes forms a low-longitudinal-velocity
zone and a recirculation flow near the outer bank.

Fig. 8 shows typical vertical components of velocity profiles
at sections 73.5° and 74.5° (i.e. at the upstream of spur dike). At
a distance of about 1.2 times spur dike length (upstream of the
spur dike), downs flows is dominant near the outer bank. This
flow has a positive pressure gradient at layers close to the bed.
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Fig. 5 Velocity vectors at different lateral sections: (a) 73.75 (b) 74.5 (c) 75.5 (d) 77.5 (e) 80 and (f) 90°
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Fig. 6 Longitudinal component of velocity profiles at the upstream of spur dike at sections: (a) 73.75 and (b) 74.5°
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Fig. 7 Longitudinal component of velocity profiles at downstream of spur dike at sections: (a) 75 and (b) 75.5
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Fig. 8 Vertical component of velocity profiles at the upstream of spur dike at sections: (a) 73.75 and (b) 74.5°

The inclination of flow toward the bed is also observe. At lay-
ers close to the surface, flow is upward because of decrease in
flow velocity near the surface. The significant up flow between
the spur dike wing and the outer bank is clearly depicted in
Figs. 8(a) and 8(b). At middle layers, the strength of this flow
is more. The down flow is also noticeable near the inner bank
and at upper layers.

Fig. 9 shows typical vertical components of velocity pro-
files at sections 75° and 75.5°. It is clear that near the bed, a
down flow is perceivable for profiles near the spur dike wing.
At the inner bank, near the riverbed, an up flow and near the
water surface, a down flow is observed. Close section to the
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spur dike web is shown in Fig. 9(b). Between the wing and the
inner bank, the flow pattern remains almost the same for sec-
tions 75° and 75.5°. It is evident that from the middle layers to
the surface, an up flow is dominant. On the other hand, there is
a dominant down flow from the middle layers. The spur dike
causes the significant variations in the vertical component of
velocity profiles at different layers. But in the vicinity of the
inner bank, secondary flows at the bed bring about an up flow
at the bed and a down flow at the water surface.

Fig. 10 shows typical velocity vectors at two levels i.e. at dis-
tance of Smm and 115mm from the bed. The velocity vectors,
at the downstream of spur dike and near the water surface, is
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* 3
i B
5
i
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Fig. 9 Vertical component of velocity at the down stream of spur dike at sections: (a) 75° and (b) 75.5°
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Fig. 10 Velocity vectors at distances of: (a) 5 mm from bed in the downstream; (b) 5 mm from bed in the upstream; (c¢) 115 mm from bed in the down stream

and (d) 115 mm from bed in the upstream

depicted in Fig. 10(a). A strong vortex with counterclockwise
direction is visible at the downstream of spur dike and close to
the outer bank of channel. At the upstream of the spur dike, a
horizontal vortex having dimensions equal to the spur dike length
with counterclockwise direction is clear as shown in Fig. 10(b).
The overall direction of vectors provides evidence that the spur
dike is influential in diverting the flow towards the inner bank.
The velocity vectors near the water surface at the downstream of
the spur dike are shown in Fig. 10(c). A counterclockwise vortex
of about 5 times the spur dike length and as wide as the spur dike
length is formed in the upstream of the spur dike near the outer
bank. The low-pressure zone at the downstream of the spur dike
(near the outer bank) is the cause of formation of this vortex. Fig.
10(d) shows flow vectors in the upstream of the spur dike and
near the surface. Another vortex of the same dimensions and the

same direction as that in Fig. 10(b) is observable in this case. The
comparison between vectors in Figs.10(a) and 10(b) and those
in Figs. 10(c) and 10(d) makes it clear that the spur dike is more
effective in diverting the near bed velocity vectors towards the
inner bank than in diverting surface velocity vectors.

There are two major criteria for studying the secondary
flows in channels with bend which are discussed here. Shukry
in 1949, studied the flow along the bend and described second-
ary flow mechanism. He also presented following criterion for
measuring the strength of secondary flow [19]:

K

Sxy — lateral (1 )

main

Where; S : Strength of secondary flow; K, kinetic

ateral”

energy of lateral flow and K : kinetic energy of main flow.

468

Period. Polytech. Civil Eng.

M. Vaghefi, M. Ghodsian, M. Akbari



For channels with bend, strength of secondary flow reflects that
the tendency of flows to move towards the outer bank. Using
Eq. (2), secondary flow strength is defined as [21]:

g
_\% 2

xy V2
2g
Where:
V, = (vz +w )0'5 3)
V= (uz v 4w +)0‘5 4)

In Egs. (3) and (4), u, v, and, w are longitudinal, lateral and
vertical components of velocity through the channel, respec-
tively, and g is the acceleration of gravity.

There is another criterion which helps to describe the influ-
ence of secondary flow in a channel bend named as vorticity.
For an element with the dimensions Ax * AY (see Fig. 11), the
net rate of counter clockwise rotation of element about the nor-
mal axis is defined as follows:

1(0u oOv
W == ———
© 2loy ox

Where; e _: vorticity about the z axis; u: lateral component of

(&)

velocity; and v: vertical component of velocity.

¥
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¥ Jx
= > X
u Pibs

Fig. 11 Schematic diagram of element circulation

Fig. 12 shows the variations of secondary flow and vorticity
along the bend with spur dike at section 75° as computed by
using Egs. (1) and (5). It is obvious that results of both meth-
ods follow the same trend along the bend. The maximum value
occurs at about section 74°. This section is on the edge of the
spur dike wing and the deepest scouring can be expected to
form at this section, in case of movable bed. Between sections
74° and 82.5°, the values of both the parameters decrease.
Thereafter, the values of these parameters increase with a small
rate up end of the bend.
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Fig. 12 Schematic diagram of element circulation

4 Conclusions

The flow field around a T-shaped spur dike with rigid bed
was investigated in this study. The main results of this experi-
mental study are:

1. In section 30°°f the bend, secondary flow is formed near
the inner bank and in the upper layers of the flow. The
secondary flow continues to exist up to section 65° while
wavering and becoming weak.

2. Lateral components of velocity profiles at section 72.5°,
i.e. at an upstream distance of 1.2 times the length of spur
dike, indicates the formation of two secondary flows. A
counter clockwise flow is formed near the bed and an-
other counter clockwise | flow forms near the water sur-
face. Within the other 3/4 of channel width (between the
vicinity of spur dike and inner bank) two other lateral
flows are observed.

3. At lower section at a distance of 0.65 times spur dike
length two lateral flows near the outer bank collapse into
one lateral flow. At another section, near the spur dike
web, at a distance of 0.25 times spur dike length, there
are two lateral flows between the spur dike web and the
outer bank. The first flow, which exists near the bed, is
in the clockwise direction and the second lateral is in
the counter clockwise direction. Between wing wall and
the inner bank, the clockwise main secondary flow and a
counter clockwise lateral flow, is observed.

4. A main secondary flow and second lateral flow forms at
the downstream of the spur dike wing. A lateral flow also
forms at the upstream of the spur dike wing.

5. Inthe section near the spur dike web, at a distance of 0.25
times the spur dike length, between the spur dike wing
and outer bank, a counter clockwise weak lateral flow
forms near the water surface.

6. Longitudinal component of velocity increases at first and
second layers near the bed and near the wing of spur dike.

7. Insections close to the spur dike wing, longitudinal com-
ponents of velocities at first and second layers near the
wing are higher. By moving to the downstream direction
of the bend, longitudinal components of velocities at the
upper and middle layers grow. Near the outer bank of
bend, the magnitude of velocity is less.
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8. In the upstream of the spur dike, a horizontal counter
clockwise vortex, with the dimensions equal to the spur
dike length is formed. A counter clockwise vortex 5
times the spur dike length and as wide as the spur dike
length is formed in the downstream of the spur dike near
the outer bank.

9. The variations of strength of secondary flow and vorti-
city follow the same trend along the bend. They reach
their maximum value at section 74° of the bend. Between
sections 74° and 82.5°, both these parameters decrease.
Thereafter, the values of these parameters increase with a
small rate up to end of the bend.
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