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Abstract: There exists a correlation in the flow movement between the front and back bends of
a continuous bend, and the change in the transition section configuration influences this correlation.
In this paper, laboratory experiments were conducted to systematically measure the three-dimensional
velocity in a continuous bend with different width/depth ratios of the transition section. Based on
this work, the flow movement characteristics of a continuous bend were analysed, including the
circulation structure, circulation intensity and Turbulent Kinetic Energy (TKE). The flow movement
correlation between the front and back bends of the continuous bend was also analysed. The influence
of the width/depth ratio of the transition section on the correlation of the flow movement of the
front and back bends and their relationship with discharge were explored. This research could help
to elucidate the development and evolution laws of the continuous bend and provide theoretical
support for flow movement, flood routing, sediment transport and riverbed evolution. It is found
that in addition to the circulation structure and intensity, the TKE of the front and back bends of the
continuous bend also shows a strong correlation. With increasing discharge, the correlation between
the front and back bends increases, and the larger the discharge is, the greater the influence of the
same amplitude of variation in the discharge on the correlation. At the same time, the larger the
discharge is, the greater the influence of the same amplitude of variation in the width/depth ratio of
the transition section on the correlation of the front and back bends. When the discharge is constant,
the correlation between the front and back bends decreases with the decrease in the width/depth
ratio of the transition section, and the smaller the width/depth ratio, the greater the influence of
the same amplitude of variation in the width/depth ratio on the correlation. There is no linear
relationship between the amplitudes of variation in both the discharge and width/depth ratio and the
corresponding amplitude of variation in the correlation. With increasing discharge, the amplitude
of variation in the correlation caused by the same amplitude of the variation in discharge slightly
increases. However, there is an exponential relationship between the amplitude of variation in the
width/depth ratio and the corresponding correlation. The influence of the width/depth ratio on the
correlation is clearly greater than that of the discharge.
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1. Introduction

There are many continuous bends in nature; see Figure 1. Unlike single bend, the flow characteristics
of any bend along a continuous bend are not only related to its own configuration and the composition
of the riverbed boundary but also influenced by the upstream and downstream reaches [1,2].
In a continuous bend, a front bend, back bend and transition section function as a whole, where the
front and back bends are correlated with each other through the transition section, making the flow
movement characteristics in the continuous bend more complex, especially in the back bend. As early as
the 1930s, Mockmore [3] noticed that the flow characteristics of the back bend in a continuous bend are
influenced by the Residual Circulation of the Front Bend (RCFB). Later, both numerical simulations [4,5]
and laboratory experiments [6,7] pointed out that circulation produced in the front bend could exist in
the back bend, influencing flow structure such as velocity distribution [8], circulation structure [5,8–10]
and turbulence parameters [9] in the back bend. Because of the above correlation between the “single
bends” of the continuous bend, research on continuous bends is relatively difficult and has been one of
the hotspots worldwide.
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As the link between the front and back bends, the configuration of the transition section has
an important influence on the correlation between the front and back bends of a continuous bend.
At present, many scholars have carried out relevant researches. For example, from the perspective
of flow characteristics, Ghanmi [11] investigated the variation in transverse velocity exiting the front
bend in transition sections with different lengths by combining physical model and mathematical
model experiments and pointed out that when the distance between the front and back bends is
relatively small, the RCFB will extend to a certain distance in the back bend; when the length of the
transition section is approximately 4R (R is the radius of the bend), the RCFB will disappear when the
inlet section of the back bend is reached. If the length of the transition section continues to increase,
the RCFB will completely disappear before entering the back bend. Liu [12] also pointed out that when
the length of the transition section reaches 3~5 times the length of the bend reach, the influence of
the front bend on the back bend is so small that it can be ignored. Hu et al. [13] analysed the position
corresponding to complete attenuation and generation of the circulation structure, as well as the surface
reflux in the back bend with different transition section lengths by means of mathematical model
experiments and concluded that the longer the relative transition section length (L/R) is, the smaller
the influence of the front bend on the back bend, but when the relative transition section length equals
0.375, the influence remains constant. Zhou et al. [14] and Zhou et al. [15] pointed out that if the
length of the transition section is significantly larger than (less than) the complete attenuation length,
the influence of the front bend circulation can be (cannot be) ignored. Jing and Zhao [16] studied
the influence of the boundary configuration factor of the transition section of a continuous bend on
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the transverse gradient of the bend and found that the transverse gradient of the front bend and the
transition section increased with the increase in the boundary configuration factor, while the back
bend decreased in turn. From the perspective of sediment transport, Cai et al. [17] pointed out that to
ensure good river channel conditions between the front and back bends and to avoid the appearance
of sand ridges in the transition section, the length/width ratio of the transition section should be 1.5~4,
with the most effective ratios being closer to 3. Wang et al. [18] pointed out that when the transition
section between the two bends is too long or too short, a shoal easily forms in the transition section,
and the most suitable length of the transition section corresponds to when the end of the circulation of
the front bend can just reach the formation stage of the circulation in the back bend.

Previous studies have only investigated the influence of the length and boundary configuration
of the transition section on the correlation between the front and back bends in a continuous
bend [11,13,16,19], while there is a lack of studies on the influence of the width/depth ratio. The above
studies focused on factors such as transverse velocity, circulation structure, circulation intensity,
surface reflux and transverse slope and did not reveal the correlation of TKE and the relationship between
the configuration of the transition section and the correlation. Moreover, the above studies were mostly
mathematical model simulations and theoretical analyses, with regular cross-section configurations,
which do not accurately represent natural riverbeds, and the reliability of the experimental results
needs to be confirmed [20,21]. In summary, this paper adopts the compound cross-section flume
experiment, uses an Acoustic Doppler Velocimeter (ADV) to measure the three-dimensional velocity
of continuous bend at different discharges and different transition section width/depth ratios and
obtains hydraulic elements that closely reflect an actual situation [22]. Based on the measured results,
the correlations among the circulation structure, circulation intensity and TKE between the front and
back bends of a continuous bend are analysed; moreover, the influence of the width/depth ratio of
the transition section on the correlation between the front and back bends and its relationship with
discharge is explored. According to the above studies, the importance of the transition section is
revealed, and the flow characteristics in continuous bends are better understood.

The aims of this study were to explore the correlation between front and back bends of the
continuous bend. Specifically, we will investigate the influence of the width/depth ratio of the transition
section on the correlation of the flow movement of the front and back bends and their relationship with
discharge. We will also compare the influence of discharge and width/depth ratio of transition section
on the correlation between the front and back bends of the continuous bends, to help comprehensively
understand the mechanics of flow in continuous river bends.

The above aims may help to elucidate the development and evolution laws of the continuous
bend and provide theoretical support for a more comprehensive understanding of flow movement,
flood routing, sediment transport and riverbed evolution in continuous bends and provide help
for better numerical simulation of the continuous bend. Meanwhile, in engineering practice, a full
understanding of the correlation of the front and back bends of the continuous bend and its relationship
with discharge and transition section configuration can be used for more effective channel regulation
and river management.

2. Experimental Setup and Methods

2.1. Design of the Experiment Flume

In this paper, 90◦ and 135◦ are selected as the central angles of the front and back bends of the
continuous bend in the experimental flume. A 2 m long transition section is set between two bends,
where the straight reach is tangent to the curved reach. The planform of the laboratory flume after
generalization is shown in Figure 2a; a 7 m long straight reach is set up upstream and downstream
of the continuous bend. The upstream straight reach ensures the stability of the flow entering the
experiment reach, and the downstream straight reach reduces the influence of the tail gate on the flow
structure. The radii of the central axes of the front and back bends are both 2.4 m, the width of the
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flume is 1.2 m, and the curvature ratio (r/B) is 2 [23]. If the curvature ratio is less than 2, it represents
a sharp bend channel [24], so this flume can be regarded as a continuous sharp bend flume.
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cross-section geometry. (c) Configuration of the section 13# at different scenarios. (d) Experimental
setup on the model. (e) Acoustic Doppler Velocimeter (ADV) probe on the experimental setup.

In Figure 2b, III-III shows the cross-section geometry of the bend flume, in which the width of the
point bar is 0.8 m, with a transverse slope of 1:8. The elevation of the bar top is 0.25 m, and that of
the bar bottom is 0.15 m. The concave pool is composed of a transitional slope with a width of 0.2 m
linking to the point bar, with a transverse slope of 1:2, and a 0.2 m wide flat pool, with a constant
elevation of 0.05 m. The straight inflow and outflow reaches and section 13# in the transition section
are designed to have a horizontal bed with an elevation of 0.15 m, and their cross-section geometry is
shown in I-I in Figure 2b. At the downstream end of the inflow reach and the upstream end of the
outflow reach, the transition section with a length of 2 m transforms smoothly from the horizontal bed
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to the bar-pool geometry. The geometry of a randomly selected cross-section in this transition section
is shown in II-II in Figure 2b.

2.2. Experiment and Scenario Design

The selected discharges, corresponding water levels and various hydraulic parameters are shown
in Table 1. The inflow discharge is controlled by an electromagnetic flowmeter with an accuracy of
0.5%, and the discharge is controlled by adjusting the valve; the tail door is a plate-turning type, and the
water level of the flume is controlled by adjusting the opening degree of the tail door. The experimental
flume is made of cement plastering, which is as smooth and uniform as possible to reduce the influence
of the variability in roughness on flow.

Table 1. Experimental conditions and measured variables.

Condition Discharge
(l/s)

Water Stage
(m) Fr 3 R/B 4 B*/H* 5 B/H 6 Re 7

S1 1

Q1-16 2 0.275
0.096

2.0

9.6 9.84 8423
S2 0.078 5.11 6.6 9818
S3 0.067 3.16 5.67 10,510
S1

Q2-22 0.3
0.101 8.00 8.22 11,195

S2 0.088 4.47 5.5 12,978
S3 0.079 2.85 4.72 13,856
S1

Q3-35 0.325
0.127 6.86 7.05 17,237

S2 0.117 3.97 4.71 19,879
S3 0.109 2.59 4.04 21,170

1 S denotes the scenario. 2 Q is discharge, 16, 22 and 35 are magnitude of discharges and denote 16 l/s, 22 l/s and 35 l/s,
respectively. 3 Fr is the Froude number. 4 R is radius of the central line, B is the channel width of the continuous
bend. 5 B∗ is the width of section 13#, H∗ is the flow depth of section 13#, B∗/H∗ is the width/depth ratio of section
13#. 6 B is the mean channel width of the transition section, calculated by dividing plane area by total length of the
transition section, where the plane area is obtained by the surface integral of the transition section boundary curve.
H is the mean channel depth of the transition section, B/H is the mean width/depth ratio of the transition section.
7 Re is the Reynolds number.

As shown in Figure 2a,c, section 13# has B1 = 1.20 m in the S1 state; in the S2 and S3 states,
section 13# narrows to different degrees. After narrowing, the planform shapes of the transition sections
are shown as cyan dotted lines and red dashed lines, and the corresponding widths are B2 = 0.89 m
and B3 = 0.71 m, respectively. To ensure the consistency of the cross-sectional area, the transition
sections of S2 and S3 are deepened accordingly.

The parameters of the three scenarios are shown in Table 1. After narrowing twice, the width/depth
ratios of section 13# are significantly reduced, the variation amplitudes of Q1 are 47% and 67%, those of
Q2 are 44% and 64%, and those of Q3 are 42% and 62%. The variation amplitudes of the width/depth
ratio for the two scenarios at the three discharges gradually decrease with increasing discharge, but the
differences are small. The variation amplitudes of the average width/depth ratio of the whole transition
section for the two scenarios at the three discharges are consistent, 33% and 42.5%, respectively.

The calculation formulas of Fr and Re in the experiment are as follows:

Fr =
U√
gH

(1)

Re =
UR
ν

(2)

where U denotes average velocity of the cross-section, H represents average depth of the cross-section,
g represents gravitational acceleration, R represents hydraulic radius, ν represents kinematic
viscosity coefficient.
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The Froude and Reynolds numbers of section 13# are chosen to represent the whole study area.
Fr is calculated directly by Formula (1). By using the average width B∗ and the average water depth
H∗ of the 13# section, the hydraulic radius R∗ is obtained by the formula R = BH/(B + 2H), and Re
is calculated by combining the average velocity U∗ of the cross-section 13# and kinematic viscosity
coefficient ν. The calculation results are shown in Table 1.

2.3. Data Collection and Processing

An Acoustic Doppler Velocimeter (ADV) was used to measure three-dimensional instantaneous
velocity in the orthogonal curvilinear coordinate system. The position relationship between the
measurement section and the orthogonal curvilinear coordinate system is shown in Figure 2a,c,
where the downstream s axis coincides with the flume’s centreline, the transverse n axis points in
the left direction, and the vertical z axis is upwards. The accuracy of the ADV is 0.5%. The sampling
frequency was 200 Hz, and the sampling time was more than 30 s, which ensured that there were at
least 6000 original velocity data points at each measuring point. The experimental setup with ADV
system is installed on the model (Figure 2d), keeping the probe downward and collecting the water
velocity 5 cm below the probe. ADV probe is shown in Figure 2e. When measuring, keeping the four
corners of the probe on the same horizontal plane, it is ensured that the red mark of the probe is in the
same direction with the downstream flow. Because the sampling volume of the probe was located
5 cm from the sensors and the probe must be completely submerged in the water, the velocity in the
range of 5 cm below the surface could not be measured by the probe; considering the accuracy of the
data, extrapolation processing was not carried out in this paper.

Cross-section 13# was selected as the typical section, and the accuracy assessment tests had been
conducted by validating integral quantity of the normal velocity measured with ADV on cross-section
13# against the discharge measured with electromagnetic flowmeter at different discharges and
conditions. The results in Table 2 showed that the error rates were all within 5%, we could infer that
velocity measured with ADV was accurate enough in this experiment.

Table 2. Instrument measurement error.

Discharge Q1-S1 Q1-S2 Q1-S3 Q2-S1 Q2-S2 Q2-S3 Q3-S1 Q3-S2 Q3-S3

Electromagnetic
flowmeter (Ls−1) 16 16 16 22 22 22 35 35 35

ADV (Ls−1) 15.6 16.4 16.6 22.17 22.1 22.7 34.3 34.94 35.67
Error (%) 2.50% 2.50% 3.75% 0.77% 0.45% 3.18% 2.00% 0.17% 1.91%

The concentration of particles in the water would influence the stability of the measurement
signal. Generally, the Signal-to-Noise Ratio (SNR) must be larger than 15 to ensure data reliability [25].
When the SNR was less than 15, a small amount of plastic sand with a particle size smaller than 0.1 mm
was added to the backwater system to increase the particle concentration. Both the particle size and
density of the plastic sand were small, so although there was some settlement, the flow structure would
not be affected.

The measurement interval of the front bend was 22.5◦ from section 0◦ to 90◦, the measurement
interval of the transition section was 0.5 m, and the measurement interval of the back bend was 33.75◦

from section 0◦ to 135◦. The corresponding section number was shown in Figure 2a, and the additional
sections 15+# and 18+# of the back bend, which were the generation and attenuation position of the
circulation at some scenarios and discharges and located 11.25◦ downstream of sections 15# and 18#,
were measured. Eleven vertical measuring lines were distributed at a horizontal interval of 10 cm
across each measuring section, and 15 measuring points were arranged from bottom to top according to
the intervals of 0.2h′, 0.3h′, 0.4h′, 0.5h′, 0.6h′, 0.7h′, 0.75h′, 0.84h′, 0.87h′, 0.9h′, 0.93h′, 0.96h′, 0.98h′

and 1h′, respectively (h′ was water depth; increasing distribution density with increasing depth).
Because the measurement points across the whole cross-section were relatively sparse, interpolation
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processing was carried out before the circulation structure, intensity and turbulence kinetic energy
experimental results were presented. The inverse distance weight interpolation method was used for
interpolation, and the cross-sectional distribution map was drawn using the interpolation results.

The ADV may have some peaks caused by Doppler noise and Doppler signal aliasing in the
measured velocity series. These peaks may be due to the measured velocity exceeding the set range
of measured velocity or affected by the reflection of the previously transmitted signal. All of these
phenomena will lead to the distortion of velocity measurement [26,27]. Therefore, it is necessary to
denoise the velocity time series, and the phase space threshold processing method with threshold
change is used to identify peak values in the velocity series. Then, the points before and after the peak
values are replaced by polynomials.

3. Results and Discussion

3.1. Analysis of the Circulation Structure

In bends, due to the combined action of centrifugal force and hydrostatic pressure, surface water
flows to the concave bank, bottom water flows to the convex bank and projection on cross-section forms
circulation. In the size of the circulation, the transverse or vertical velocity is always larger than zero.

In typical cross-sections, the time-averaged velocity vector field was synthesized by using the
transverse and vertical time-averaged velocities, and the transverse circulation structure was obtained
by connecting the vectors with the streamline. The circulation structure here represents the distribution
shape and size of the circulation on the n, z coordinate plane. Because the flume adopts a complex
cross-section shape that is closer to the actual river channel, the main circulation structure in the bend
is mostly narrow, exhibiting an irregular ellipse as the cross-section configuration, which is different
from regular rectangular or trapezoidal channels.

Figure 3 is a three-dimensional view of the variation in the circulation structure along the
continuous bend at Q3. As shown in Figure 3, the streamline at the inlet section of the front bend begins
to slightly bend, and there are signs of circulation generation. Then, a single clockwise transverse
circulation is generated and gradually developed along the channel. At the outlet section, the circulation
structure occupies the whole section. It can be seen from the red dotted line of the circulation centre
position, the circulation centre gradually shifts from the bottom to the middle of the water body. In the
transition section, we also observe a single clockwise circulation structure; however, the size is reduced,
and the circulation centre is located closer to the left bank.

In the back bend channel, a single clockwise circulation can be seen at the inlet section.
Since transverse circulation cannot be produced without centrifugal force, the clockwise circulation
structure at the transition section and the inlet section are all the RCFB. The size of the RCFB decreases
gradually along the channel, and the circulation structure is divided into two parts at the apex of the
bend: the part moving to the surface of the concave bank and the part moving to the centre of the
river channel. The RCFB near the concave bank is consumed by the Circulation of the Back Bend
(CBB), approaching complete attenuation near 78.75◦ (purple dotted line), while the RCFB in the
central area exists until close to the outlet of the back bend (red and orange dotted line). It should be
noted that the very weak clockwise circulation structure near the concave bank gradually increases.
Fariba and Alireza [28] found that the centrifugal force and cross-stream turbulent shear stress are
main driving forces of near bank circulations and such conditions do exist near the concave bank.
Combining the observed changes in the circulation structure along the channel, it can be inferred that
this circulation is an “out-bank cell” (orange dotted line). After entering the back bend, an anticlockwise
circulation structure begins to form near the bed of the concave bank (dark blue dotted line), and then
an anticlockwise circulation structure forms above the convex point bar (blue dotted line). Along the
channel, the two CBBs develop gradually, with the circulation in the concave pool being dominant.
Afterwards, the two CBBs gradually merge together. In the back bend, a single circulation model is no
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longer applicable; two or more circulation structures with different vortex directions coexist, and the
circulations in different directions squeeze each other, resulting in an irregular circulation structure.Water 2020, 12, x FOR PEER REVIEW 8 of 25 
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Typical sections are selected to analyse the influence of changes in the width/depth ratio on the
circulation structure under different scenarios and discharges. As shown in Figure 4, with the decrease
in the width/depth ratio of the transition section, at Q3, the circulation structure in the outlet section of
the front bend changes little and is only slightly different in the upper part of the water body near
the concave bank. However, at the three discharges, the circulation structure distribution at the apex
section of the back bend all changes greatly. Especially at Q3, the size of the clockwise circulation
structure decreases gradually and is divided into two parts, the component on the concave bank side
gradually disappears; the size of the counterclockwise circulation structure gradually increases, and the
two circulations gradually approach each other, nearly merging at S3. At other discharges, the RCFB at
the apex section of the back bend decreases gradually, the CBB increases gradually.

To understand the change in the structure of the back bend more clearly, circulation structure
distribution at typical cross-sections along the back bend in different scenarios is shown in Figure 5.
Two or more circulation structures with different vortex directions coexist along the back bend in
different scenarios. With the decrease in the width/depth ratio of the transition section, the size of the
RCFB decreases gradually at the same cross-section, and minor RCFB rarely exists at cross-section
67.5◦ and either as main RCFB at cross-section 78.75◦ in S3. Meanwhile, the size of the CBB increased
gradually at the same cross-section, and an anticlockwise circulation appears at the inlet section of the
back bend at S3. There are no clockwise circulations near concave bank water surface at S2 and S3.
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The changes in the size of the two kinds of circulation structures along the channel are analysed for
different discharges and different scenarios (the CBB includes two parts, one in the concave pool and
another above the convex point bar). To perform a more accurate statistical analysis of the circulation
structure size, a cross-section is divided into grids with a maximum spacing of 1 cm. After interpolation,
velocity vectors are plotted in each grid to identify the range of circulation. The statistical size is the size
within the outer contour of the cross-section circulation; if the grid is within the range of circulation,
its size is added to the circulation structure size. The changes in the size of the two kinds of circulation
structures along the channel are plotted, and then, the trend lines are fitted, as shown in Figure 6.
The location information of the key changes in the two circulation structures are given in Table 3.

Water 2020, 12, x FOR PEER REVIEW 10 of 25 

 

The changes in the size of the two kinds of circulation structures along the channel are analysed 
for different discharges and different scenarios (the CBB includes two parts, one in the concave pool 
and another above the convex point bar). To perform a more accurate statistical analysis of the 
circulation structure size, a cross-section is divided into grids with a maximum spacing of 1 cm. After 
interpolation, velocity vectors are plotted in each grid to identify the range of circulation. The 
statistical size is the size within the outer contour of the cross-section circulation; if the grid is within 
the range of circulation, its size is added to the circulation structure size. The changes in the size of 
the two kinds of circulation structures along the channel are plotted, and then, the trend lines are 
fitted, as shown in Figure 6. The location information of the key changes in the two circulation 
structures are given in Table 3. 

 

  
(a) (b) 

 
(c) 

Figure 6. Variation in circulation structure size along the back bend: (a) Variation in circulation 
structure size at Q1, (b) Variation in circulation structure size at Q2, (c) Variation in circulation 
structure size at Q3. F of the legend denotes the Residual Circulation of the Front Bend (RCFB) in the 
back bend, and B of the legend denotes the Circulation of the Back Bend (CBB) in the back bend. The 
grey dotted line is the trend line after removing the out-bank cell. The size of circulation structure 
here is defined as the area occupied by circulation. 

As shown in Figure 6 and Table 3, at Q3~S1, the size of the structure of the RCFB in the back 
bend decreases gradually along the channel, while the size of the CBB increases. The size of the two 
kinds of circulation structures has the same intensity at approximately 59°. The trend near the outlet 
of the back bend has a large variation amplitude, which is mainly influenced by the abovementioned 
“out-bank cell”. The grey dotted line in the figure is the trend line after removing the “out-bank cell”. 
According to its intersection with the abscissa, the position corresponding to the complete attenuation 
of the RCFB can be deduced. The change in the circulation structure size at other discharges are 
similar to that of Q3, which also shows that the size of the two kinds of circulation structures increases 
and decreases along the channel, respectively, but there is no “out-bank cell” near the back bend 

R² = 0.9993
R² = 0.9996 R² = 0.9958

R² = 0.9877
R² = 0.999

R² = 0.9999

0

0.02

0.04

0.06

0.08

0.1

0 15 30 45 60 75 90 105 120 135 

Si
ze

 (m
2 )

Angle (°)

Q1-S1-F
Q1-S2-F
Q1-S3-F
Q1-S1-B
Q1-S2-B
Q1-S3-B

R² = 0.9737
R² = 0.9964R² = 0.9882

R² = 0.9807
R² = 0.994R² = 0.9983

0

0.02

0.04

0.06

0.08

0.1

0.12

0 15 30 45 60 75 90 105 120 135 

Si
ze

  (
m

2 )

Angle (°)

Q2-S1-F
Q2-S2-F
Q2-S3-F
Q2-S1-B
Q2-S2-B
Q2-S3-B

R² = 0.9855
R² = 0.9896R² = 0.9887R² = 0.9973

R² = 0.9811

R² = 0.9861R² = 0.9928

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0 15 30 45 60 75 90 105 120 135

Si
ze

 (m
2 )

Angle (°)

Q3-S1-F
Q3-S1-F*
Q3-S2-F
Q3-S3-F
Q3-S1-B
Q3-S2-B
Q3-S3-B

Figure 6. Variation in circulation structure size along the back bend: (a) Variation in circulation structure
size at Q1, (b) Variation in circulation structure size at Q2, (c) Variation in circulation structure size
at Q3. F of the legend denotes the Residual Circulation of the Front Bend (RCFB) in the back bend,
and B of the legend denotes the Circulation of the Back Bend (CBB) in the back bend. The grey dotted
line is the trend line after removing the out-bank cell. The size of circulation structure here is defined as
the area occupied by circulation.

Table 3. Development of the two kinds of circulations in the back bend.

Condition

The Position
Corresponding to the

Complete Attenuation of
the RCFB

The Generation
Position of the CBB

The Position at Which
the Two Circulation

Types Have the
Same Intensity

Discharge S1 S2 S3 S1 S2 S3 S1 S2 S3

Q1 96◦ 88◦ 80◦ 11.25◦ 6◦ 0◦ 59◦ 48◦ 41◦

Q2 98◦ 88◦ 80◦ 11.25◦ 6◦ 0◦ 60◦ 52◦ 43◦

Q3 108◦ 95◦ 85◦ 11.25◦ 6◦ 0◦ 59◦ 50◦ 40◦
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As shown in Figure 6 and Table 3, at Q3~S1, the size of the structure of the RCFB in the back
bend decreases gradually along the channel, while the size of the CBB increases. The size of the two
kinds of circulation structures has the same intensity at approximately 59◦. The trend near the outlet of
the back bend has a large variation amplitude, which is mainly influenced by the abovementioned
“out-bank cell”. The grey dotted line in the figure is the trend line after removing the “out-bank cell”.
According to its intersection with the abscissa, the position corresponding to the complete attenuation
of the RCFB can be deduced. The change in the circulation structure size at other discharges are similar
to that of Q3, which also shows that the size of the two kinds of circulation structures increases and
decreases along the channel, respectively, but there is no “out-bank cell” near the back bend outlet,
and the trend is clearer. The positions where the intensities of the two circulation structures are equal
are slightly different at different discharges (see Figure 6a,b).

It can be seen that the size of the two kinds of circulation structures varied with width/depth ratio of
the transition section, under different conditions with the same discharge. The size of the RCFB decreases
considerably at the inlet section of the back bend and then decreases downstream at the same position,
and the complete attenuation position of the RCFB advances gradually. The generation position of the
CBB also advances gradually with increasing size. The position where the intensities of the two circulation
structures are equivalent clearly advances with decreasing width/depth ratio (see Table 3).

3.2. Analysis of Circulation Intensity

To quantitatively analyse the variation in the circulation on the typical section in the continuous
bend, the intensity of the circulation is calculated. In this paper, circulation is regarded as the
current rotating around a central point, and vorticity is used as an index to measure the circulation
intensity. The vorticity field (three vorticity components) is determined based on the velocity flow
field; the calculation formula is as follows [29–32]:

ωs =
∂w
∂n
−
∂v
∂z

(3)

where ωs is vorticity in downstream direction, v and w are the transverse and vertical components
of velocity. After dimensionless treatment, ωsH/U, the contour map of the circulation intensity
distribution in a typical section of a continuous bend was drawn, in which a negative value represents
clockwise circulation, a positive value represents anticlockwise circulation, and the 0 contour line
represents the boundary line between the two kinds of circulations, which is used to analyse the change
in the distribution size of the two kinds of circulations.

Figure 7 shows a three-dimensional view of the distribution of circulation intensity along the
continuous bend with Q3. Combined with the analysis of circulation structure, this figure shows that
clockwise circulation gradually occurs in the front bend, and the circulation intensity and size increase
gradually along the channel, reaching a maximum value near 67.5◦; there is no obvious decline in
the circulation intensity until the exit of the bend. A small area of positive values appears near the
concave bank of the front bend exit, which may indicate the formation of the “out-bank cell”, but no
circulation structure is formed (see Figure 4). In the transition section, the clockwise circulation is
still easily observable, but the intensity, especially the strong circulation intensity, decreases greatly
(ωsH/U > 0.6).

The size of the clockwise circulation at the inlet section of the back bend is still large,
almost occupying the whole section. Although the size of the weak circulation intensity decreases to
some extent, the size of the strong circulation intensity increases considerably at the 33.75◦ section,
and the overall circulation intensity increases. The strong and weak circulation intensities both decrease
rapidly below this section. Although there is sign of anticlockwise circulation at the bottom of the
concave pool at the inlet section of the back bend, the formation of the anticlockwise circulation
structure does not begin until the section of 11.25◦ (15+#), after which it develops gradually along
the channel, and the intensity and size of the circulation increase gradually. After that, the two
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anticlockwise circulations merge together, and the circulation intensity centre moves to the middle of
the channel.
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Figure 7. Distribution of the circulation intensity along the continuous bend at Q3.

The sections of the front bend outlet and back bend apex were selected to analyse the variation in
circulation intensity at the same time under different scenarios and different discharges. As shown
in Figure 8, at Q3 and all three scenarios, the circulation intensity at the outlet section of the front
bend weakens slightly, and the left and right sides of the main circulation area reduce slightly, but the
overall change is not obvious; however, the circulation intensity and size at the apex section of the
back bend change more obviously. With the decrease in the width/depth ratio of the transition section,
the clockwise circulation intensity and size gradually decrease, while the counterclockwise circulation
intensity and size gradually increase correspondingly. At other discharges, there is an obvious RCFB
in the back bend, and the intensity of the CBB is influenced by the front bend; with the decrease in the
width/depth ratio of the transition section, the change laws are the same as Q3.

To show the variation in the circulation intensity of the back bend more clearly, circulation
intensity distribution of typical cross-sections along the back bend at different scenarios under typical
discharge is given in Figure 9. As figure shows, in different scenarios, two kinds of circulation intensity
coexist. With the decrease in the width/depth ratio of the transition section, before the cross-section
33.75◦, th intensity of the RCFB increases gradually at the same cross-section; then, after this section,
all decrease rapidly. A positive intensity circulation appears at the inlet section of the back bend at S3.
There are no negative intensity circulations near concave bank water surface at S2 and S3.
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Figure 10 shows the variation in the two circulation intensities along the back bend for different
discharges and scenarios. At Q3~S1, the intensity of the RCFB increases slightly near the entrance of
the back bend and then decreases, with a small amplitude of fluctuation; however, the intensity of the
CBB increases abruptly near the entrance and then changes slowly, weakening near the exit of the back
bend, with a larger amplitude of fluctuation. The variation in circulation intensity at Q2~S1 is similar
to that at Q3, but the variation in the intensity of the RCFB in the forward half of the back bend is not
obvious, while at Q1~S1, the intensity of the RCFB is mainly reduced, and the intensity of the CBB
mainly increases without fluctuating.

For the same discharge, with the decrease in the width/depth ratio of the transition section, the
results of Q2 and Q3 show that the intensity of the RCFB weakens; while the intensity of the CBB
changes only slightly, its fluctuation amplitude decreases greatly. In Q1, the intensity of the RCFB
changes little, but the intensity of the CBB increases gradually.

At a fixed width/depth ratio, with increasing discharge, the intensity of the RCFB in the back
bend gradually increases. The fluctuation of turbulence intensity in the back bend increases, with the
distribution becoming more complex.
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Figure 10. Variation in circulation intensity along the back bend: (a) Variation in circulation intensity
at Q1, (b) Variation in circulation intensity at Q2, (c) Variation in circulation intensity at Q3. F of the
legend denotes the RCFB in the back bend, and B of the legend denotes the CBB in the back bend.

3.3. Analysis of Turbulent Kinetic Energy

Turbulent kinetic energy is a physical quantity that characterizes the degree of fluid turbulence.
The magnitude of turbulent kinetic energy can reflect the intensity of fluid turbulence, the degree of
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fluid collision and friction. To calculate the TKE of each typical section along the continuous bend,
the following calculation formula is employed:

k =
1
2

(
u′2 + v′2 + w′2

)
(4)

where u′, v′ and w′ are the longitudinal, transverse and vertical turbulence velocity, respectively; u′2, v′2

and w′2 are the longitudinal, transverse and vertical average turbulence intensity, respectively. The TKE
distribution diagram of the typical sections along the continuous bend at Q3 is drawn in Figure 11.
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Figure 11. Distribution of Turbulent Kinetic Energy (TKE) along the continuous bend at Q3 (m2/s2).

As shown in Figure 11, the TKE in the front bend is divided into two parts, namely, the high-TKE
area (6 > k ≥ 4.5) and the low-TKE area (k < 4.5). The results show that the TKE at the inlet section of the
front bend is low and then increases gradually along the channel, with the area of high TKE appearing
gradually. The high TKE reaches a maximum near 67.5◦ and then decreases slightly, while the low
TKE increases along the channel. In the transition section, the high TKE disappears, and the low TKE
increases slightly.

The amplitude of the variation in the distribution of the TKE in the back bend is larger than that
in the front bend, with a very high TKE (k ≥ 6). In the middle part of the flume (0.2–0.9 m), the area
of high TKE appears in the upper part of the middle part of the flume at the inlet section, and the
overall TKE is relatively high. After that, the TKE in this part of the water body increases greatly,
reaching a very high TKE, and then decreases gradually until the areas of very high TKE and high
TKE disappear. Correspondingly, the TKE increases gradually in the concave pool; the high-TKE area
forms and expands gradually in the lower part of the water body, gradually approaches the middle
part of the flume, and remains close to the bed surface. At the same time, with the increase in the TKE,
the area of very high TKE slowly forms and then occupies the dominant position. With the area of very
high TKE approaching the middle of the flume, the TKE in the concave pool decreases greatly.

As shown in Figure 12, at three scenarios, the high TKE enters the transition section with the
flow after exiting the front bend; although the high TKE decreases along the channel, the flow into the
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back bend still carries a high residual TKE, and after entering the back bend, it experiences rapidly
increases. After that, the residual TKE of the front bend begins to be consumed, the back bend begins
to produce TKE, which gradually develops along the channel, and the phenomenon of double peaks
coexisting in the middle and back reaches of the back bend arises. With the decrease in the width/depth
ratio of the transition section, before the cross-section 33.75◦, the TKE all increases relative to S1 at the
same cross-section; then after this section, the TKE in the concave pool decreases gradually along the
way, but the TKE above the convex point bar decreases firstly gradually and then increases relative to
S1 at the same cross-section.
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Figure 12. Distribution of the TKE along the back bend at Q3 and at different discharges (m2/s2).

Figure 12 shows that the TKE distribution of the back bend is more complex. It is not easy to
distinguish the residual TKE of the front bend from that generated by the back bend, and because
the TKE is a field concept and a single section is not representative, the total TKE of the whole water
body in the back bend is calculated. As shown in Figure 13, according to the change in the total TKE
slope along the back bend, at the same discharge, with different width/depth ratios of the transition
section, the distribution of the TKE along the back bend water body changes, but the overall change is
small. The total TKE shows the same law, increasing slightly at S2 and decreasing slightly at S3, but the
overall change is small, with a variation amplitude of approximately 5%. Comparing the results of
different discharges under the same conditions, it is found that the greater the discharge is, the greater
the amplitude of the variation in the TKE distribution, and the greater the total TKE.
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3.4. Discussion

In this paper, the correlation between the front and back bends of a continuous bend is mainly
revealed by their interaction. However, the analysis of the circulation structure, intensity and distribution
of TKE along the continuous bend shows that the influence of the back bend on the front bend is
relatively small and not easy to reflect [33], so it is usually not the focus of attention. Moreover, van der
Meer et al. [34] and Lanzoni and Seminara [35] have shown that for an open channel with B/H < 10,
the influence of a change in the downstream riverbed morphology will not extend upstream; the B/H
ratios corresponding to all the scenarios in this paper are less than 10. Therefore, this paper mainly
discusses the influence of the front bend on the back bend and the correlation reflected from this and
explores the influence of the width/depth ratio of the transition section on the correlation between
the front and back bends. Here, the correlation characterizes the degree of the influence of the front
bend on the back bend, including the influence on circulation structure, circulation intensity and TKE.
The greater the degree of influence, the stronger the correlation.

As the results show, when comparing the circulation structures of the front and back bends,
there is only one single clockwise circulation in the front bend, and the configuration of the circulation
structure is relatively regular. However, in the back bend, two or more circulation structures with
different vortex directions coexist, with irregular circulation structure, which is similar to the previous
results [22,36]; the circulation structure in the back bend is clearly more complex. The same as the
circulation structure, the circulation intensity in the back bend is also clearly more complex. If the
back bend is not influenced by the front bend, the evolution law of the circulation intensity of the
back bend should be similar to that of the front bend and close to the maximum value near 67.5◦.
However, the development of the CBB is obviously restrained by the front bend, and the circulation
intensity does not reach the maximum value, even at the outlet of the back bend. At the same time, the
overall TKE along the back bend is larger, the areas of high TKE and very high TKE are clearly formed,
the very high TKE region alternates along the channel, and the TKE distribution in the water body is
more complex. The main reason for this phenomenon is the existence of residual TKE carried by the
flow into the back bend.

Thus, it can be seen that due to the existence of the front bend and the short length of the transition
section, the flow in the back bend carries the RCFB and TKE, which makes the distribution of the
circulation structure, intensity and TKE of the back bend more complex, and makes the circulation
intensity of the CBB smaller and total TKE greater than that of the front bend (single bend). It can
be seen that the presence of the front bend will change the flow characteristics of the back bend.
This finding is consistent with the results of Xiao et al. [37] and Moncho-Esteve et al. [38]. In addition to
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the circulation structure and intensity, it can also be seen that there is a strong correlation of the TKE
between the front and back bends of the continuous bend.

Comparing different discharges under the same scenarios, it can be seen that with the increase in
the discharge, the complete attenuation position of the RCFB gradually moves backwards. The distance
of the influence of the front bend on the back bend increases. The intensity of the RCFB in the back
bend gradually increases, with the distribution becoming more complex. The greater the amplitude of
the variation in the TKE distribution is, the stronger the correlation becomes.

At Q3-S1, the structure of RCFB is continuously consumed when it passes through the transition
section and enters the back bend, which is similar to the results of Bryk [25]. Previous studies
have indicated that it takes a long distance for the circulation out of the front bend to completely
disappear [39,40]. In this study, the complete attenuation position is at approximately 108◦. However,
according to the decline formula of the out-of-bend circulation presented in previous studies [39],
the calculated decay distance is far beyond this length. The main reason for this finding is that the
generation of the CBB and the opposite riverbed topography accelerate the decline in the RCFB. It can
be seen that the circulations with the opposite vortex directions consume each other in the back bend.
However, due to continuous power input, the CBB develops gradually, so the sizes of the two kinds of
circulations show decreasing and increasing trends, respectively. The size and intensity of the RCFB
decreases gradually, while those of the CBB increases gradually. The intensities of the two kinds of
circulations are equivalent at approximately 60◦. However, Rui [41] found that the intensities of these
two kinds of circulations are equivalent at the outlet of the back bend (90◦); the above difference is
mainly due to the influence of the transition section, which weakens the front-bend factor before
entering the back bend.

As the results shown, the intensity of the RCFB and the TKE all increase firstly (before 33.75◦) in
the inlet reach of the back bend, then decrease after 33.75◦. Termini and Piraino [42] also found that the
intensity of the RCFB increases firstly, then it decreases in intensity and disappears at crossover-section
downstream, but it increases before the bend apex. However, Abad and Garcia [7,9] found that the
intensity of the RCFB keeps increasing.

Combined with the change in circulation structure and intensity, it is found that the change in
the TKE is consistent with that of the circulation structure and intensity along the channel, with each
high-TKE region corresponding to a region with a strong circulation intensity. There is a single
circulation structure in the front bend, whose intensity increases first and then decreases. Same to
this study, Shukry [43], Kashyap et al. [44], Bai et al. [45] and Vaghefi et al. [46] all found that the
intensity of the circulation increases gradually along the channel, reaching a maximum value at
approximately 70◦; there is no obvious decline in the circulation intensity until the exit of the bend.
Correspondingly, the TKE also exhibits a single peak with similar trends, and even at the same place.
The alternation of high-TKE regions in the back bend channel corresponds to the transformation of the
primary and secondary positions of the RCFB and CBB. Thus, the size and distribution of the TKE are
closely related to the size and distribution of the circulation intensity and circulation structure [47].
Moreover, the structural size, intensity and TKE of the RCFB all shrink to some extent after passing
through the transition section, while all of them show expansion trends after entering the back bend.
The synchronous trends of the convergence and expansion of structure size, intensity and TKE can
also prove the above viewpoint. As shown in the results, with the decrease in the width/depth ratio
of the transition section, at all discharges, the size of the RCFB decreases gradually, whereas the size
of the CBB increases gradually due to the weakening of the inhibition effect, and the complexity of
the distribution of the circulation structure in the back bend decreases; meanwhile, the intensity of
the RCFB in the back bend decreases considerably; the complexity of the flow characteristics of the
back bend decreases considerably, and the correlation between the front and back bends weakens.
By measurement data analysis, You et al. [48] found that barrier reaches with low width/depth ratio can
block the upstream channel adjustment from propagating to the downstream reaches in the bifurcated
river. You’s results indicate that transition sections with low width/depth ratio have barrier effect and
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can decrease correlation between upstream and downstream reaches, which is in accordance with
our results.

However, with the decrease in the width/depth ratio of the transition section, the circulation
intensity above the convex point bar of the back bend does not become stronger but weakens gradually.
The above phenomena are mainly due to the weakening of the inhibition of the RCFB. The compression
effect on the circulation above the convex point bar is weakened accordingly and then extends to the
middle of the river channel, so the corresponding vortex rotation degree weakens, which reflects that
the circulation intensity decreases. The inhibition of the RCFB in the back bend gradually weakens,
the intensity of the CBB also gradually weakens, which is partly due to the change in circulation size,
and the overall fluctuation decreases, which indicates that the influence of the front bend gradually
weakens. However, Q1 is different from Q2 and Q3: The intensity of the CBB increases gradually,
but the variation in the RCFB is small, mainly because the circulation structure does not occupy the
whole water body, and the RCFB easily moves; back-circulation develops relatively easily.

With the decrease in the width/depth ratio of the transition section, the intensity of the RCFB that
enters the back bend, decreases. The main reason for this is that after decreasing the width/depth
ratio of the transition section, the TKE of the water body increases, which leads to an increase in
the water mixing level, leading to the energy consumption of the water body. At the same time,
a change in the width/depth ratio will cause the river resistance to vary [49,50]. Above a certain
width/depth ratio, with decreasing width/depth ratio, the river resistance increases. Under a certain
width/depth ratio, although the resistance is not directly affected by the width/depth ratio, the effect of
the sidewall becomes larger, and river resistance will also increase [51]. Moreover, in order to reduce
the abrupt change in the boundary, the channel shape with a gradual change in river width is adopted;
this kind of channel shape will change the flow and turbulence structure, which will directly lead to
the direction of flow in a gradually shrinking reach to deviate from the sidewall to the axis and then in
a gradually expanding reach to deviate from the axis to the sidewall. The aggregation and diffusion of
the streamline increases the mixing level of the water body to some extent, which increases the water
energy quantity loss. At the same time, anticlockwise circulation will be produced in the gradually
expanding reach [52], which will also increase the consumption of the clockwise circulation of the front
bend to some extent.

With the decrease in the width/depth ratio of the transition section, the total TKE in the back bend
water body remains almost unchanged. The reason for this may be that when the configuration of
the transition section changes, the flow mixing increases, leading to the increasing consumption of
the forward bend circulation and increase in the converted TKE, so the TKE near the entrance of the
back bend increases. The change in TKE is mainly concentrated in the second half of the transition
section [53], and the change in TKE gradually highlights after entering the back bend; therefore,
the difference in total TKE entering the back bend for the three scenarios is minor. Only with the
decrease in the width/depth ratio of the transition section, part of the energy is carried by the RCFB
that is converted into TKE in advance. Moreover, this study shows that the weakening of the RCFB
corresponds to the enhancement of the CBB, so the corresponding TKE of the CBB is also slightly
increased, which can reduce the difference caused by TKE loss in the transition section observed under
all three scenarios. Therefore, the total TKE of the back bend water body does not change significantly
with the change in the width/depth ratio of the transition section.

As mentioned above, the correlation is reflected by the influence of the front bend on the back
bend, including the influence on the distribution of circulation structure, circulation intensity and TKE,
number of the circulation and so on. However, all of these phenomena are due to the direct influence
of the RCFB existence; thus, the distance that the RCFB exists in the back bend directly determines the
degree of influence, that is, the correlation (see Table 3). The ratio of the existing distance of RCFB in
back bend to the length of the back bend is used as a measure of the correlation and as a quantitative
indicator of the correlation. The longer the distance of the RCFB in the back bend, that is, the greater
the ratio of the existing distance of RCFB in back bend to the length of the back bend, indicates that
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the greater the influence of the front bend on the back bend, the stronger the correlation between the
front and back bends. With the increase of the above ratio, the influence of front bend on back bend
increases, and the correlation increases, and vice versa. The variation of the above ratio represents the
variation of influence, that is, the variation of correlation between the front and back bends. The results
are shown in Table 4: At Q3~S1, the correlation between the front and back bend is 0.8, which shows
that the correlation is strong, and with the decrease of the discharges and width/depth ratios of the
transition section, the correlations weaken.

Table 4. The correlation between the front bend and back bend and its variation relative to S1 and Q1.

Discharge
Correlation Variation (Q, %) Variation (S, %)

S1 S2 S3 S1 S2 S3 S1 S2 S3

Q1 0.71 0.65 0.59 \ \ \ \ 8.45 16.90
Q2 0.73 0.65 0.59 2.82 0 0 \ 11.26 19.18
Q3 0.80 0.70 0.63 12.68 7.69 6.78 \ 12.50 21.25

In the experiment, the width/depth ratio of the transition section is reduced twice, and the variation
of the correlation between the front and back bend is analysed and discussed (Table 4). In the first
decrease in the width/depth ratio, the variation of the correlation is relatively large, 1~1.43 times that
in the second one, and on the whole, the differences (including the position of the same intensity of the
two kinds of circulations (Table 3)) are not significant. However, the corresponding width/depth ratio
reduces to 33% of the original channel for the first decrease and only 9.5% for the second decrease.
It can be seen that the relationship of the decrease in the width/depth ratio of the transition section and
the decrease in the correlation of the front and back bends is not linear but approximately exponential.
That is, the smaller the width/depth ratio is, the greater the influence of the same amplitude of variation
in the width/depth ratio.

The relationship between the influence of the width/depth ratio on the correlation between the
front and back bends of continuous bends and the discharge is discussed and analysed. It is found
that there is also no linear relationship between the amplitude of the variation in discharge and the
correlation; the larger the discharge is, the smaller the increase in the amplitude of the variation in the
correlation caused by the same amplitude of the variation in the discharge. Moreover, with the same
width/depth ratio, the greater the discharge is, the greater the influence of the width/depth ratio of
the transition section on the correlation between the front and back bends. The relationship between
the amplitude of the variation in the width/depth ratio and the correlation, as well as the relationship
between the amplitude of the variation in the discharge and the correlation, are explored; the former
shows an approximate exponential relationship, while the latter is close to a linear relationship.
The influence of the width/depth ratio on the correlation is clearly greater than that of the discharge.

The flow characteristics of any single bend in a continuous bend are influenced not only by its own
characteristics (configuration and composition of riverbed boundary) but also by the upstream and
downstream reaches. In this paper, the relationship between the front and back bends of continuous
bends and the influence of transition sections are investigated. We found that the upstream reach has
a significant influence on the downstream reach, which leads to the obvious differences in the flow
characteristics of the downstream reach in the continuous bend. The decrease of the width/depth ratio
of the transition section will weaken the correlation between the front and back bends of the continuous
bend. Hooke [54] observed that there was no correlation between continuous curves due to obstacles
or contraction points between curves, which aligns with our findings. The different flow characteristics
caused by the presence of front bend can inevitably lead to the differences of various forces in the water
body and then affect the channel evolutions. That is, the correlation of flow movement characteristics
between the front and back bends of continuous bends is bound to correspond to the correlation
of river bed evolution, which is similar to the conclusion obtained by Frothingham and Rhoads [2].
By contrast, Lotsari et al. [55] found that there is neither correlation of flow characteristics nor the
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riverbed evolution between the front and back bends of a continuous bend, and thus thought that
the single bend and its upstream and downstream reaches in a continuous bend are independent
of each other in spatial evolution. Given the current different viewpoints on this [2,55], therefore,
we suggest to analyse the bed shear stress and conduct movable bed experiments to further investigate
the correlation between the front and back bends of continuous bends.

4. Conclusions

In order to better understand the influence of transition section configuration on the correlation of
flow movement characteristics between the front and back bends of a continuous bend, laboratory flume
experiments were implemented. The three-dimensional instantaneous velocity was measured by
Acoustic Doppler Velocimeter (ADV). Through the analysis of circulation structure, circulation intensity
and turbulent kinetic energy, the correlation of flow movement characteristics between the front and
back bends in a continuous bend under different width/depth ratios of transition section were studied.
The main findings of this study are the following:

1. In addition to those of the circulation structure and circulation intensity, there is a strong correlation
of the TKE between the front and back bends of the continuous bend, which shows that the TKE
of the back bend water body is higher as a whole than that of the front bend (single bend), and the
distribution of the TKE across each section along the channel is more complex.

2. When the width/depth ratio is constant and the discharge increases, the influence level of the
RCFB increases, the influence distance becomes longer, and the correlation of the flow movement
between the front and back bends is enhanced. The larger the discharge, the greater the amplitude
of the variation in the correlation caused by the same discharge variation amplitude. Moreover,
the greater the discharge is, the greater the influence of the same amplitude of variation in the
width/depth ratio of the transition section on the correlation between the front and back bends.

3. At the same discharge, with the decrease in the width/depth ratio, the size and intensity of the
residual circulation at the same position in the back bend decrease; the decay of the residual
circulation in the back bend accelerates, and the position corresponding to complete attenuation
advances; the corresponding position of CBB generation advances, and its size and intensity
increase; the distribution of TKE along the back bend water body adjusts, but the total TKE
remains unchanged. On the whole, the decrease in the width/depth ratio leads to the weakening
of the influence of the front bend on the back bend and the correlation between the front and
back bends. Moreover, the smaller the width/depth ratio is, the greater the influence of the same
amplitude of variation in the width/depth on the correlation. Within the scope of this paper,
the most favourable transition geometrical configuration was the one with the minimum average
width/depth ratio, the width/depth ratio decreases by 42.5% with the correlation decreased by
approximately 20%.

4. There is no linear relationship between the amplitude of the variation in the discharge
and the correlation between the front and back bends, but when the discharge increases,
the correlation corresponding to the same variation in the discharge amplitude strengthens
slightly. The relationship between the decrease in the amplitude of the width/depth ratio and the
correlation is also not linear; it is approximately exponential. This comparison shows that the
influence of the width/depth ratio on the correlation is greater than that of the discharge.

Overall, our study reveals the important role of transition sections in a continuous bend and may
shed light on the mechanics of flow in continuous bends. It can also provide theoretical support for
further research on sediment transport and riverbed evolution of continuous bends.
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Nomenclature

TKE Turbulent Kinetic Energy
RCFB Residual Circulation of the Front Bend
r Radius of the bend
L/R Relative transition section length
ADV Acoustic Doppler Velocimeter
R/B Curvature ratio
U Average velocity of the cross-section
H Average depth of the cross-section
g Gravitational acceleration
R Hydraulic radius
ν Kinematic viscosity coefficient
S Scenario
Q Discharge
h Elevation
Fr Froude number
R Radius of the central line
B Channel width of the continuous bend
B∗ Width of section 13#
H∗ Flow depth of section 13#
R∗ Hydraulic radius of section 13#
U∗ Average velocity of section 13#
B∗/H∗ Width/depth ratio of section 13#
B Mean channel width of the transition section
H Mean channel depth of the transition section
B/H Mean width/depth ratio of the transition section
Re Reynolds number
s Longitudinal coordinates
n Transverse coordinates
z Vertical coordinates
SNR Signal-to-Noise Ratio
h∗ Water depth
CBB Back Bend Circulation
v Transverse component of velocity
w Vertical component of velocity
ws Vorticity
wsH/U Dimensionless vorticity
u′ Longitudinal turbulence velocity
v′ Transverse turbulence velocity
w′ Vertical turbulence velocity

u′2 Longitudinal average turbulence intensity

v′2 Transverse average turbulence intensity

w′2 Vertical average turbulence intensity
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