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Abstract: An open channel flume with a central 180-degree bend with a rigid bed is designed to obtain a better under-
standing of the complex flow pattern around a T-shaped spur dike located in a sharp bend. The 3-dimensional velocities 
are measured by using an acoustic Doppler velocimetry under clear-water conditions. This study's primary objective is to 
compare variations of the mean flow pattern along a 180-degree bend with a variety of T-shaped spur dike lengths. In  
order to do so, parameters such as streamlines, the maximum velocity distribution, and the secondary flow strength under 
the influence of three T-shaped spur dike lengths will be analyzed and then compared with the case where no spur dikes 
are implemented. The results show that with the spur dike placed at the bend apex, the mean secondary flow strength at 
that range increases by approximately 2.5 times. In addition, a 67% increase in the length of the wing and web of the 
spur dike leads to a 27% growth in the mean secondary flow strength along the bend. 
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INTRODUCTION 

 
The flow pattern and scouring process along a channel bend 

are significantly altered by installing a spur dike (Evangelista et 
al., 2017). Under this condition, the complex secondary cur-
rents at the bend are augmented by the 3-dimensional flow field 
around the spur dike. A review of the literature on this topic 
reveals the following: (1) very few studies on spur dikes located 
at bends in comparison to the straight paths have hitherto been 
conducted; (2) most published studies conducted at bends have 
focused on straight spur dikes (Fazli et al., 2008; Gill, 1972; 
Mehraein et al., 2014; Perzedwojski et al., 1995; Sharma and 
Mohapatra, 2012; Yang et al., 2019); and (3) most studies have 
centered around scouring and measurements of the maximum 
scour depth rather than the related flow field. 

Ghodsian and Vaghefi (2009) and Vaghefi et al. (2012) are 
among the first ones to analyze the flow and scour patterns 
around T-shaped spur dikes in bends. They studied the effect of 
the length of the spur dike wing and web, spur dike location, 
the radius of the bend, Froude number, and flow intensity on 
bed topography variations and the scour depth value under 
clear-water conditions in a 90-degree bend. Later, the SSIIM 
numerical model was used to examine submergence ratios' 
effect on the maximum scour depth variations around T-shaped 
spur dikes (Vaghefi et al., 2016b). Furthermore, using this 
numerical model, they investigated the flow pattern around 
attractive, repelling, and vertical T-shaped spur dikes (Vaghefi 
et al., 2019b). Also, they used the Flow-3D numerical model to 
simulate the flow around them in a 90-degree bend (Vaghefi et 
al., 2018a). 

Published literature on spur dikes located in river bends re-
veals that most of the research has concentrated on the for-
mation of the scour hole and estimation of its maximum depth. 
Unfortunately, no experimental study has hitherto been done 
concerning the ensuing flow pattern around the T-shaped spur 
dikes in a 180-degree sharp bend. To bridge this gap, the pre-

sent study has incorporated a laboratory study to examine the 
flow pattern around T-shaped spur dikes, which have the least 
amount of scour amongst all geometric shapes of spur dikes 
(Vaghefi et al., 2020) with different lengths in a 180-degree 
sharp bend. In order to do so, the mean flow pattern parameters 
such as the streamlines, the maximum velocity distribution, and 
the secondary flow strength are analyzed under the influence of 
spur dike wing and web lengths and are compared with the case 
where no spur dikes are installed in the bend. 

 
EXPERIMENTAL SETUP  

 
The experiments were done in a bent-flume with a central 

angle of 180 degrees. The flume was located in the Hydraulics 
Laboratory of Persian Gulf University in Iran. It consisted of a 
6.5-meter-long straight reach upstream and a 5.1-meter-long 
straight reach downstream. It was 70 cm deep and 100 cm wide 
with a ratio of curvature radius (R) to channel width (B) of 2 
(Fig. 1). A picture of the flume with its auxiliary components in 
the laboratory is illustrated in Fig. 1a. The flume bed was rigid 
and coated with uniformly distributed sediments with the medi-
an diameter = 1.5 mm. Each test was conducted with a constant 
approach flow depth and discharge. The constant discharge 
used was 95 L/s. The straight section upstream of the bend had 
a constant approach flow depth (h) of 20 cm. The approach 
flow Froude number (Fr) and the flow Reynolds number (Re) 
were 0.34 and 67857. The Froude and Reynolds numbers were 
calculated based on the flow upstream of the bend, the middle 
of the channel width, and immediately before the beginning of 
the bend. They had almost equal values for all of the tests. In 
any case, the slight difference of Fr and Re between the tests 
seems unlikely to affect the results significantly. Besides, all 
the experiments were carried out under clear-water conditions 
(Aksoy et al., 2017; Namaee and Sui, 2019), with a velocity 
ratio of U/Uc = 0.98, where U = approach mean flow velocity, 
and Uc  = critical mean velocity for the threshold of bed  
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(a) 

 

 
(b) 

 
Fig. 1. Experimental setup used for investigating the flow pattern around the spur dike at the bend: (a) Perspective view of the flume and its 
auxiliary components; (b) Location of the T-shaped spur dike and position of Vectrino velocimeter. 

 
sediment entrainment. Based on their experimental works in 
circular and rectangular channels with different non-cohesive 
sediments, Novak and Nalluri (1984) proposed the following 
equation for the computation of Uc: 
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where d50  = median sediment size; R  = hydraulic radius;  
g = gravity acceleration constant; and Ss = specific gravity of 
sediments. 

In this study, U/Uc was selected as 0.98 because it reflected 
the nearly incipient motion conditions. Conducting tests at 
U/Uc  0.98 is common in scour studies because published data 
have shown that the maximum local scour depth at hydraulic 
structures occurs under this condition (Chiew and Melville, 
1987; Wu and Chiew, 2012). 
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Calculating the mean flow velocity is made possible using 
the measured time-averaged flow velocity components in three 
different dimensions: 
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where (Ui , Vi , Wi) = the mean velocities in the longitudinal, 
transverse, and vertical directions; and (ui, vi, wi) = the instan-
taneous velocities. 

All the three spur dikes utilized in these tests were made of 
Plexiglas with a height of 40 cm and a thickness of 1 cm. The 
geometric dimensions of spur dikes were varied, and they were 
all T-shaped in the plan view. The spur dikes, which were un-
submerged during the tests, were all installed perpendicular to 
the channel's outer wall (Vaghefi and Akbari, 2019; Vaghefi et 
al., 2018b, 2020). The lengths of the web (L) and wing (l) of the 
three spur dikes tested were the same in every experiment, i.e., 
l = L. The lengths of the three spur dikes were normalized with 
the channel width, with L = 0.15B, 0.2B, and 0.25B. The spur 
dike with L = 0.15B may be considered a short spur dike, while 
the other two spur dikes are medium. Fig. 2 illustrates a sche-
matic of the laboratory channel's dimensions, spur dikes  
(Fig. 2a), and the bend's magnified view with its cross sections 
(Fig. 2b). 

Table 1 summarizes the spur dikes' geometry and test condi-
tions, with one test conducted without a spur dike and three 
with different spur dike lengths. In this table, the logarithmic  
 

velocity profile method has been used to calculate the shear 
velocity. The logarithmic velocity distribution is described by 
the von Karman-Prandtl equation (Schlichting, 1968): 
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where ߢ  = the von Karman's constant equal to 0.4  (Smart, 
1999);  Z0 = the roughness; and u = the mean longitudinal ve-
locity at height ܼ above the bed. 

The equation proposed by Parker et al. (2003) was also used 
for calculating the critical shear stress. Based on the data ob-
tained from Neill (1968), Parker et al. (2003) modified the 
Shields equation as follows: 
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where RP = the particle Reynolds number with a mean diameter 
of D50 ; v  = kinematic viscosity of water at 20 °C ; s  = the  

relative density ( )s

w

ρ
ρ

; and τc* = the Shields critical shear stress 

under incipient motion conditions. 
 

 
(a) 

 
(b) 

Fig. 2. (a) Schematic plan view of the laboratory flume and spur dikes; (b) Magnified view of the bend (not to scale). 
 

Table 1. Summary of the geometry of spur dikes and test conditions of different experimental runs. 
 

Experiment  
number 

Length of  
spur dike 

Flow  
depth (m) 

Critical shear  
stress 

Flow velocity 
(m/s) 

Shear velocity 
(m/s) 

Test 1 … 0.20  0.019  0.395  0.038  
Test 2  L = 0.15B 0.20  0.019  0.407  0.039  
Test 3 L = 0.2B 0.20  0.019  0.428  0.041  
Test 4  L = 0.25B 0.20  0.019  0.441  0.042  
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A 3-dimensional acoustic Doppler velocimetry (ADV) 
(Namaee and Sui, 2020; Velísková et al., 2018) was used to 
measure the 3-dimensional flow field around the T-shaped spur 
dike in the bend (Vaghefi et al., 2019a). Fig. 1b depicts the 
down-looking and side-looking probes of the Vectrino and how 
they were placed along the bend. After placing the ADV in the 
pre-determined position, we waited for 180 seconds for the 
flow in the channel and around the ADV probe to stabilize. 
Then 60 seconds for data collection using the ADV followed, 
giving a total of 1,500 data points (with a frequency of 25 Hz). 
The longer time was used in more sensitive areas, such as those 
near the spur dike and behind the spur dike wing, to obtain 
more data. Moreover, investigations during the experiment 
revealed that increasing data collection duration had a negligi-
ble effect on the mean flow velocity variations, which is the 
topic of this study. This has been proved by Sharma and Moha-
patra (2012), who conducted tests with ADV using the same 
frequency of 25 Hz. They found that the mean velocities ob-
tained using periods of 60 or 120 seconds of data collection are 
essentially the same. In addition, the validity of the data has 
been checked with the Vectrino software for every collected 
data by controlling two parameters: Signal-to-Noise Ratio 
(SNR) and Correlation. Their minimum values, respectively, 20 
and 70% were calculated by applying Vectrino and ExplorerV 
(Nortek, 2009; Vaghefi et al., 2017). After collecting the ADV 
data and saving them in the Vectrino software, the data were 
changed in format, filtered, and averaged by using the Ex-
plorerV software (version 1.57, Nortek). This software is capa-
ble of modifying the data collected based on the acceleration 
threshold method. The outlier data can be replaced through 
linear interpolation or removed from the data as bad samples. It 
is necessary to point out that these data filtration methods were 
based on research conducted not only by one of the authors 
(Vaghefi et al., 2018b) and by other researchers, showing that 
the results did not have a significant effect on the mean flow 
pattern. Since the flow velocity data were collected in a rela-
tively long duration, at a sufficient distance from the discharge 
source and along a large effective length of the channel, the flow 
was considered a fully developed flow (Jahadi et al., 2019). 

With the dimensions of the spur dike taken into consideration, 
a fine mesh density (0.5–5° interval) around the spur dike and a 
slightly coarser mesh density (5–10° interval) away from it were 
employed for data acquisition. Conducting each flow pattern 
experiment for collecting the flow velocity data using ADV took 
approximately 20 days. This excludes the time needed to organ-
ize, filter, and prepare them for drawing the figures in SigmaPlot 
and Tecplot 360. After drawing different figures in different 
sections, more time was required for analyzing the data. In total, 
each set of experiment took an average of 1.5 to 2 months. 

 
RESULTS AND DISCUSSION  
Streamlines 

 
Since the spur dike length significantly affects the lateral 

flow pattern, the streamlines (Zhang et al., 2020) at different 
cross sections (at 60°, 89°, 91°, and 150°) are shown in Figs. 3–
5 for the three different spur dike lengths (L = 0.15B, L = 0.2B, 
and L = 0.25B), respectively, to reveal the changes. In these 
figures, Y  and Z  are the lateral and vertical axes, respectively. 

Fig. 3a clearly shows the formation of a clockwise vortex 
(A) at the inner wall when the flow passes the 60-degree cross 
section. This vortex is observed in all three spur dikes tested 
regardless of their lengths (see Figs. 3a, 4a, and 5a). A point to 
note is that a similar vortex is also observed to form at the same 

location in the absence of the spur dike (Vaghefi et al., 2016a). 
This vortex's generation may be attributed to the presence of a 
large transverse pressure gradient at this location (near the inner 
wall) as the water flows around the 180-degree sharp bend 
(Vaghefi et al., 2016a). The streamlines in Figs. 3a, 4a, and 5a 
reveal that lengthening the spur dike wing and web causes the 
clockwise vortex to move closer to the inner wall. Moreover, a 
secondary counterclockwise vortex (B) appears near the outer 
wall at levels close to the water surface (see Figs. 4a and 5a). 
Blanckaert and Graf (2001) reported the generation of such a 
vortex near the channel’s outer wall at the 60-degree cross 
section in a 120-degree bend in the absence of a spur dike. The 
difference is that their observed vortex forms near the bed rather 
than near the water surface. However, the study of Fazli et al. 
(2008) on flows around a straight spur dike in a 90-degree bend 
indicated that apart from the vortices that formed at the upstream 
and downstream ends of the spur dike, a secondary vortex was 
generated at the 75-degree cross section near the water surface.  
 

  
(a) 

 

 
(b) 

 

 
(c) 

 
(d) 

 

Fig. 3. Streamlines at different cross sections along the 180-degree 
bend with a T-shaped spur dike for L = 0.15B, at: (a) 60; (b) 89; (c) 
91; (d) 150-degree cross sections. 
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(a) 

 

 
(b) 

 

 
(c) 

 
(d) 

 

Fig. 4. Streamlines at different cross sections along the 180-degree 
bend with a T-shaped spur dike for L = 0.2B, at: (a) 60; (b) 89; (c) 
91; (d) 150-degree cross sections. 

 
As the flow approaches the spur dike, apart from the vortex 

generated at the inner wall, another counterclockwise vortex 
owing its formation to the returned flow affected by the spur 
dike is also created behind the spur dike wing (Vortex C in 
Figs. 3b, 4b, and 5b). As shown in Fig. 3b, the streamlines are 
extended along the wing wall after hitting the outer wall. As a 
result, a downflow is generated, resulting in the formation of 
the observed clockwise vortex. By lengthening the spur dike 
wing and web by 33% (Fig. 4b), the downflow lines appear 
counterclockwise because they are under the collision's influ-
ence with the spur dike wing. In Fig. 5b, a 67% increase in the 
area between the wing and the outer wall causes the streamlines 
to collide with the spur dike web with almost no contact with 
the wing. Therefore, given the downflow orientation of the 
stream, a counterclockwise vortex is formed. From this obser-
vation, it may be inferred that increasing the space between the 
wing and the outer wall of the channel causes the downflow 
streamlines to collide with the spur dike web without hitting the  
 

 
(a) 

 

 
(b) 

 

(c) 

 
(d) 

 

Fig. 5. Streamlines at different cross sections along the 180-degree 
bend with a T-shaped spur dike for L = 0.25B, at: (a) 60; (b) 89; (c) 
91; (d) 150-degree cross sections. 
 
wing, redirecting the flow and forming the counterclockwise 
vortex. It can then be surmised that lengthening the spur dike 
wing and web can increase this vortex's dimensions by approx-
imately 7%. 

The flow patterns immediately downstream of the spur dike 
are shown in Figs. 3c, 4c, and 5c. Fig. 3c depicts how a small 
clockwise vortex is generated in the spur dike's lee with its 
center located at a depth of approximately 80% of the flow 
depth (Vortex D). The data in Figs. 4c and 5c show that further 
constriction of the flow cross section has nullified its formation, 
and only downward flow is present with streamlines directly 
impinging onto the channel bed. Therefore, it may be inferred 
that serious scouring is likely to occur here. 

A close examination of the streamlines near the bend exit 
shows the presence of increasingly stronger secondary flows 
when the spur dike is lengthened. Figs. 3d, 4d, and 5d evidently 
display the formation of clockwise vortices near both the inner 
and the outer walls (zones E and F), with each spur dike ex-
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tending to the channel mid-width. This is because the effect of 
such spur dikes on the flow field is no longer evident at the 
downstream side of the bend outlet. In summary, the spur dike's 
presence at a 180-degree bend causes changes to the formation 
of the secondary vortices in general, making the center of the 
secondary vortices move closer to the bed. An important infer-
ence of this behavior is that such a situation can potentially 
cause the formation of a deeper scour hole. This inference is 
confirmed by the study of Fazli et al. (2008) measuring an 
increase of the scour depth associated with lengthening a 
straight spur dike in a 90-degree bend under clear-water  
conditions. 

The streamline patterns near the free surface and bed of the 
three spur dike lengths tested and their respective magnified 
illustrations are shown in Figs. 6–8. In these figures, X  de-
notes the longitudinal axis. A comparison of Figs. 6–8 reveals 
that the streamlines are oriented towards the inner wall close to 
the bed, whereas at the layer near the water surface, the stream-
lines are directed towards the bend's outlet without collision 
with the inner wall. This is similar to the flow pattern without a 
spur dike (Vaghefi et al., 2016a). Moreover, the present exper-
imental results bear a close resemblance with those reported by 
Abhari et al. (2010) in terms of streamlines variations of the 
secondary flow. Lengthening the dike wing and web tends to 
direct the flow towards the channel mid-width, which causes 
more flow to move towards the bed at the inner wall. This is 
observed from the second half of the bend. 

Based on Figs. 6a, b, 7a, b, and 8a, b, the counterclockwise 
vortex at the near-bed region is enlarged as one moves farther 
downstream from the spur dike due to additional constriction of  
 

the cross section (see Vortex A). It is noteworthy that in the 
experimental work of Safarzadeh et al. (2016), this vortex is not 
fully formed near the bed with the flow pattern around either 
straight or T-shaped spur dikes even though the channel width 
and the spur dike length used in their study are similar to those 
of the present study. They used three different spur dikes (one 
straight and two T-shaped) with 15% of the channel width (with 
the length of one T-shaped spur dike wing = half of the web). 
The most plausible reason is that their channel was straight, but 
the channel used in the present study has a 180-degree sharp 
bend, causing stronger secondary flows. 

A point to note here is that no patently clear vortex is visible 
near the water surface at the upstream side of the short spur 
dike (Fig. 6). This is probably due to the absence of the return 
flow, which induces the formation of a counterclockwise vortex 
(at higher water levels in both areas B and C, see Fig. 8) with 
the longer spur dike. Ghodsian and Vaghefi (2009) observed 
the formation of two counterclockwise vortices at the upstream 
and downstream sides of a T-shaped spur dike installed at the 
75-degree cross section in a 90-degree bend. In other words, the 
dimensions of the flow separation zone along with the length of 
the flow reattachment zone increase with the length of the spur 
dike wing and web. It may be surmised from Figs. 7b, d and  
8b, d that the formation of another counterclockwise vortex in 
front of the wing is associated with the strong return flows 
induced by the spur dikes with L = 0.2B and L = 0.25B (Vortex 
D). This phenomenon may be induced by the interaction be-
tween the flows in a sharp bend and those influenced by the 
spur dike located in the channel since the spur dike's presence 
has reduced the cross-sectional area there. 

 

(a)                                                                                                           (b) 

(c)                                                                                                           (d) 
 
Fig. 6. Streamline patterns in different sections of the 180-degree bend with a T-shaped spur dike with L = 0.15B: (a) at a distance of 5% of 
the flow depth from the bed (near-bed); (b) a magnified illustration of (a); (c) at a distance of 95% of the flow depth from the bed (near-
surface); (d) a magnified illustration of (c). 
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(a)                                                                                                            (b) 

 
(c)                                                                                                            (d) 

Fig. 7. Streamline patterns in different sections of the 180-degree bend with a T-shaped spur dike with L = 0.2B: (a) at a distance of 5% of 
the flow depth from the bed (near-bed); (b) a magnified illustration of (a); (c) at a distance of 95% of the flow depth from the bed (near-
surface); (d) a magnified illustration of (c). 

 

 
(a)                                                                                                            (b) 

(c)                                                                                                            (d) 
Fig. 8. Streamline patterns in different sections of the 180-degree bend with a T-shaped spur dike with L = 0.25B: (a) at a distance of 5% of 
the flow depth from the bed (near-bed); (b) a magnified illustration of (a); (c) at a distance of 95% of the flow depth from the bed (near-
surface); (d) a magnified illustration of (c). 
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Maximum flow velocity  
 
The maximum flow velocity distribution along the bend in 

every case tested is presented in Fig. 9. The data show that the 
spur dikes' constriction effect causes the maximum flow veloci-
ty to move towards the inner wall at the layer near the bed (Fig. 
9a). This is a key factor in preventing erosion at the outer walls 
of the channel. According to a previous study conducted by 
Vaghefi et al. (2016a) on a 180-degree sharp bend with no spur 
dikes, it is noted that the maximum flow velocity is moved to 
the outer wall upon reaching the downstream half of the bend. 
At the upstream half of the bend, the spur dike causes no signif-
icant changes on the maximum velocity locus because the max-
imum velocities through the bend without a spur dike also 
occur near the inner wall. A closer examination of the layer 
close to the water surface (see Fig. 9b) reveals that the flow is 
re-directed towards the outer wall with the maximum flow 
velocity completely re-oriented by the spur dike. Fig. 9b shows 
how the maximum near-surface velocity moves towards the 
inner wall due to lengthening the wing and web of the spur 
dike. Herein, the longest spur dike's influence on changes of the 
maximum flow velocity is patently evident, making spur dike 
installation such an excellent scour countermeasure against 
erosion at the outer wall of bends. It is also considerable with 
regards to the maximum flow velocity variations at the layer 
near the bed and that near the water surface because installing 
spur dikes respectively equal to 15, 20, and 25% of the channel 
width increases the maximum flow velocity at the layer near the 
bed by 40, 67, and 77%, and that at the layer near the water 
surface by 16, 27, and 38% in comparison to the case without a 
spur dike. 
 
Secondary flow strength 

 
The study of the secondary flow strength in meandering  

rivers is of great importance since the generation of secondary 
flows indicates that the secondary flows in a meandering chan-
nel are more intensive than those in a straight channel due to 
their contributions centrifugal forces (Liu et al., 2018). Show-
ing the secondary flow strength results computed by using the 
method proposed by Shukry (1950), Fig. 10 reveals that the 
secondary flow strengths of the three different spur dikes along 
the upstream half of the bend (up to 70 degrees) do not differ 
significantly. Nonetheless, they are still nearly 60% higher than  

 

 
(a) 

 
(b) 

 

Fig. 9. Distribution of the maximum flow velocity in cases with 
and without a T-shaped spur dike at a distance of: (a) 5% (near-
bed); (b) 95% (near-surface) of the flow depth from the bed. 
 
that without a spur dike. Lengthening the spur dike can cause 
the secondary flow strength to increase by a value of up to 27% 
at the bend apex. Consequently, the bed shear stress increases, 
and the corresponding scour that accompanies a longer spur 
dike clearly cannot be ignored. This was studied with straight 
spur dikes located in a straight channel by Koken and Gogus 
(2015). They found that the maximum shear stress and pressure 
that form at the upstream nose of the spur dikes increased if the 
length of the spur dike increased. In Fig. 10, however, the  
secondary flow strength around the bend apex of the spur dike, 
regardless of its length, reaches about 2.5 times that of the  

 

 
 
Fig. 10. Variations of the secondary flow strength in different cross sections along the 180-degree bend with and without a T-shaped 
spur dike. 
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bend without a spur dike. This is indicative of the important 
effect of the spur dike on the secondary flow strength. In the 
downstream half of the bend, the secondary flow strength re-
mains higher for cases with a spur dike, with the largest incre-
ment for the longest dike. In summary, it may be inferred that 
the mean secondary flow strengths in the downstream half of 
the bend are 5, 11, 12.5, and 14%, respectively, for cases with-
out a spur dike, and when L = 0.15B, 0.2B, and 0.25B. The 
increase and decrease of the secondary flow strength, respec-
tively associated with the upstream and downstream halves of 
the bend (see Fig. 10), were also observed by Rozovskii (1957). 
According to the experimental data obtained from tests con-
ducted with a T-shaped spur dike in a 90-degree bend by 
Vaghefi (2009), the average increase of the secondary flow 
strength of the spur dike with a length equal to 20% of the 
channel width at the 75-degree position is approximately 8% 
compared to that with a length equal to 15% of the channel 
width. In this study, which is conducted in a 180-degree bend, 
this value is 15%. The present data are in complete agreement 
with Shukry (1950) and Lien et al. (1999), who stated that the 
secondary flow in a sharp bend was higher than that of a milder 
bend. In another study, Vaghefi et al. (2015) compared the 
secondary flow strength numerically along a 90-degree bend of 
varying curvature radii with a T-shaped spur dike using the 
method incorporated in Shukry (1950). They found that the 
maximum secondary flow strength was generated along a sharp 
bend (R/B = 2) under submerged or unsubmerged spur dike 
conditions. 

 
CONCLUSIONS 

 
Considering the lack of work done on the effect of T-shaped 

spur dikes on flow patterns in 180-degree sharp bends in the 
literature, the present work measured the 3D flow velocities 
with such dikes in a 180-degree bend by using an ADV to 
measure the mean flow patterns while lengthening the spur dike 
wing and web. The mean flow pattern parameters, such as the 
streamlines at the transverse and vertical sections, the maximum 
velocity distribution, and the secondary flow strength in the 
bend, were determined and compared with the case without a 
spur dike. The following conclusions are drawn from the study: 

1. A clockwise vertical vortex is formed at the 60-degree 
cross section of the three spur dikes tested. The center of the 
vortex, located at a distance of ∼5% of the channel width from 
the inner wall, is located closer to the inner wall with the longer 
dike. 

2. Due to the high flow turbulence associated with the spur 
dike's influence, the flow undergoes a number of changes in the 
area behind the upstream wing of the spur dike. Consequently, 
another small vortex is formed at this section near the inner 
wall in addition to that described earlier. Increasing the spur 
dike wing and web lengths from 0.15B to 0.25B increases the 
dimensions of this vortex by approximately 7%. 

3. Up to the bend exit, the flow is still influenced by the 
spur dike, with the core of the vortex moving towards the bed 
when the spur dike constricts the cross section. 

4. The spur dike's effect with a length equal to 25% of the 
channel width on the displacement of the maximum flow 
velocities is very pronounced, which has the possibility of 
offering protection and stability on the outer wall against erosion. 

5. Installing spur dikes equal to 15, 20, and 25% of the 
channel width, respectively, increases the maximum flow 
velocity at the layer near the bed by 40, 67, and 77% and that at 
the layer near the water surface by 16, 27, and 38% in 
comparison with the case where no spur dikes are installed.  

6. The mean secondary flow strength is ∼2.5 times 
stronger than that at a bend without a spur dike provided that 
the dike is placed at the bend apex. 

7. Placing a longer spur dike causes a 27% increase 
(compared to the shortest spur dike tested) in the mean 
secondary flow strength within the spur dike area. 
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