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ABSTRACT

A tidal channel will be affected by the intrusion of seawater, so the current and water depth in the channel will change at every moment.
These changes are critical to the hydrodynamic characteristics of water intakes in tidal rivers. This paper establishes a 3D model and validates
it through laboratory models, then analyzes the influences of dynamic change of flow velocity and water depth, and the amplitude changes of
velocity and water depth on the secondary flow in the water withdrawal process. With the increase of the main flow velocity and the
decrease of the water depth, diversion width at the water intake decreases, the peak velocity increases, and the intensity of the secondary
flow also increases. With the increase of the velocity of the main channel and the changing rate in water depth, the lag time of the velocity
change at the water intake is also longer, and the peak velocity will be greater than the velocity of the constant flow. The influence of the
water depth change is greater than that of the main channel velocity change. Combining these four factors, more sand may be washed into
the inlet channel under conditions of high flow and low water depth.
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GRAPHICAL ABSTRACT
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1. INTRODUCTION

Tidal channels will be affected by seawater intrusion. The flow, water depth, and salinity in the river are changing all the time,
and these changes are vital to the construction and operation of a water conservancy project in the river. The water depth of
the river channel will rise sharply due to the combined action of the upstream flood and the downstream tide. At the same
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time, the flow velocity of the main river channel will also change sharply, which may cause potential harm to the normal
work of the water conservancy project in the river (Sassi & Hoitink 2013; Zhang et al. 2018; Luo et al. 2020).

The hydrodynamic characteristics of lateral water intake projects in tidal channels are quite different from those of non-
tidal freshwater channels (El-Jabi ef al. 1992). Experiments and existing 3D turbulence models are used to study the flow
characteristics of diversion flow in an open channel. The results show that the water flow at the lateral water intake has
obvious three-dimensional characteristics (Ramamurthy & Satish 1988; Neary & Odgaard 1993; Neary et al. 1999). The kin-
etic energy and hydrostatic pressure of the different sections of the main channel and the lateral channel are different (Yang
& Lim 2005; Abderrezzak et al. 2011; Asnaashari et al. 2016). Compared with the calculated water depth at the lateral
entrance, the flow depth along the sidewall is increased, and at the same time, a very obvious secondary flow phenomenon
will be observed in the lateral inlet channel. The formation and evolution of the secondary flow are closely related to flow
velocity, water depth of the main river, angle of the water entrance, the structure of the water intake, and other factors
(Hsu et al. 2002; Keshavarzi & Habibi 2005; Keshavarzi ef al. 2012; Azimi et al. 2019). The secondary flow has multiple
flow modes such as single vortex and double vortex flow patterns, tornado vortex formation, and air entrainment (Lucas
et al. 2015). Usually, in a long straight river, the diversion width of the lateral intake is larger at the top and smaller at the
bottom. However, in a river with an inclining bank, the inclining bank causes the bottom stream tube width to be greater
than at the surface and the strength of the secondary current formed at the entrance of the branch channel is reduced
(Ramamurthy et al. 2007; Seyedian et al. 2014).

The secondary flow will affect the flow velocity and kinetic energy distribution in the downstream and lateral channels
(Constantinescu ef al. 2011), and at the same time, it will also affect the movement process of the sediment at the water
intake. If the division width at the bottom is larger, more sediment may move into the water intake channel (Firozjaei
et al. 2019; Rad et al. 2020). To improve the flow pattern, methods such as adding underwater submerged vanes and
arranging sand blocking devices are usually adopted. Existing studies are mainly aimed at the constant flow rate of
the main river or constant water depth. At present, there are still very few studies on the hydraulic characteristics of
the water intake under the dynamic change of the main channel parameters. Under real conditions, the flow of the
main river and the water depth always change continuously within a certain range over time, and the feedback process
of hydrodynamic changes at the water intake does not occur simultaneously with the changes in the main river flow rate
or water depth. The flow condition of the tidal channel will seriously affect the safe and efficient operation of the lateral
water intake project. Therefore, the study of the hydrodynamic characteristics of the water intake in the tidal channel is
particularly important.

This study will take the Rong river intake project in Zhanjiang City, Guangdong Province, China (this project is close
to the estuary) as an example, to establish a laboratory model and combine it with numerical simulation (TELEMAC-
3D). The study aims to clarify the hydraulic change mechanism of the lateral intake under the condition of dynamic
change of flow parameters in the main channel. First, the effects of water depth and flow velocity changes on the diver-
sion width and the flow velocity distribution in the lateral channel are quantified. Subsequently, the time lag
phenomenon of flow parameter change near the water intake was observed, and the law of time lag characteristics chan-
ging with the change of main channel flow parameters is qualitatively obtained. Finally, the optimal water intake scheme
is derived and the potential sediment movement is predicted. This study will provide a reference for all tidal-affected
water intake projects.

2. METHODOLOGY
2.1. Numerical model
2.1.1. The Navier-Stokes equations

TELEMAC-3D is a computational fluid dynamic solver for free surface flows (Hervouet 2007; Le et al. 2019). The model
solves the 3D Navier-Stokes equations for an incompressible fluid, which consist of two equations: the continuity equation
and the momentum equation.

Mass conservation (assuming a constant density of water):

V-u=0 (1)
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Momentum equation:

a—u+(u-V)u:fle+1V-(;Nu)+g 2
ot p p

where u is the velocity vector, p is the pressure, g is the gravitational acceleration vector, p is the fluid density, and u is the
kinematic viscosity.

In large-scale simulations, the model domain usually covers thousands of square kilometres. The horizontal dimension of
the water body is far larger than the vertical dimension. Therefore, the diffusion, source terms, and acceleration in the vertical
direction can be neglected. In this case, if the pressure at one point only depends on the weight of the column of water above
it, the Navier-Stokes equations can be simplified to a hydrostatic version (Hervouet 2007). Given the hydrostatic hypothesis,
in Cartesian coordinates, the Navier-Stokes equations are re-written as follows:

Mass conservation:

ouy  Oup Ous

o, ox, Tom, O ©)

Momentum equation:
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Pressure:
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P = Patm + pg(n — X3) + pg + J 7dx3 (6)
X3

where x; is the coordinate in three dimensions and u; is the component of velocity in the i direction.

2.1.2. Turbulence model

Recently, large eddy simulation (LES) has been proven to improve the accuracy of the existing large-scale river channel
numerical model (Khosronejad & Sotiropoulos 2014; Bourgoin et al. 2021), which can better capture the local flow
regime and the change of bottom shear stress (Kolahdoozan et al. 2005). Therefore, this study chooses the LES model as
the horizontal turbulence model.

The Smagorinsky model is the first LES turbulence model ever derived (Smagorinsky 1963). If the size of the finite element
allows the reproduction of all mechanisms, including the viscous dissipation of very small vortices, then the smallest turbu-
lence scale will naturally appear in the numerical solution. Modeling is performed only in smaller vortex formations, where
turbulence is suppressed by the mesh.

The classic Smagorinsky model is computed as:

Ut = CSZAZ ZS,‘]'S,',‘ (7)

where v; is the turbulent viscosity and Sj; is the strain rate tensor of the filtered velocities, with:

- 1 6ui 611,’
Si =5 (87@ + 87@) ®)
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where C; is a dimensionless coefficient to be calibrated and A is the mesh size derived in 3D from the surface or the volume of
an element. In this study, C; = 0.1 (Deardorff 1970; Kolahdoozan et al. (2005); Alemi et al. 2020).

Based on the assumption that the small scales tend to isotropy, the standard Smagorinsky model relies on the small and
isotropic mesh elements. The eddy viscosity is evaluated as the product of a length scale C;A proportional to the mesh
size, and a velocity scale CsA|S;| (Bardina et al. 1980).

The vertical diffusivity of velocities is then automatically computed by TELEMAC-3D using the selected mixing length
model taking or not taking the effects of density into account (Dorfmann & Zenz (2016). The mixing length model expresses
the turbulent viscosity as a function of the mean velocity gradient and the mixing length:

U= Lﬁﬁ /2DijDii (9)

where D;; = (1/2)((0u;/9x;) + (0u;/0x;)) and L is the length scale of the model.

2.1.3. Model setup

The numerical model will be modeled completely according to the size of the physical model, and the completely open-source
computing software TELEMAC-3D will be used for numerical simulation (Figure 1). In TELEMAC modeling systems, the
meshes used are based on the sigma coordinate system in the vertical direction (Phillips 1957; Decoene & Gerbeau
2009). This mesh structure is made of prisms. To prepare the mesh for the 3D domain, a 2D mesh made of triangles that

. Water intake

Main channel

/

Upstream

intake

Figure 1 | lllustration of numerical model mesh.

Downloaded from http://iwaponline.com/ws/article-pdf/23/3/1026/1196809/ws023031026.pdf

bv auest



Water Supply Vol 23 No 3, 1031

covers the computational domain (the bottom) in a plane is first constructed. The second step consists of replicating this mesh
vertically on a number of surfaces called planes. A mapping from (Z,, Z;) to (0,1) is used as follows:

x*:x3_zb:x3_zb
37 Zs—2Zy h

(10)

where Z;,, and Z; are the bottom elevation and surface elevation, respectively, # being the water depth.

2.1.4. Boundary condition

The upstream uses a flow inlet, the lateral water intake is set as a fixed flow outlet, and the downstream uses a water level
outlet. In the simulation working conditions of dynamic flow velocity changes and dynamic water depth changes, the bound-
ary files are given by the Fortran file. The simulation process of water depth change takes into account the influence of tidal
flats (Le Hir et al. 2000), and at the same time, does not consider the influence of wind, salinity, and temperature. Therefore,
there is no difference in the vertical distribution of the inlet flow velocity.

2.1.5. Mesh sensitivity analysis

The v, from A; to A5 were extracted and used as the monitoring points for mesh independence analysis (monitoring points A;
to A5 are shown in Figure 3(d)). It can be seen from Figure 2 that with increasing mesh density, the difference shown by the
numerical simulation results becomes very subtle. When the mesh size is 0.02 and 0.01 m, the velocity values obtained at
points A; to As are very close. Considering the accuracy of the calculation results and computer performance, the size of
the mesh is selected as 0.01 m (Table 1).

2.2. Physical model

The experiment was based on the Rong river water intake project in Guangdong Province, and the original river course was
modeled in a laboratory. According to the actual construction measures of the project and the dynamic similarity law, the
water depth and hydraulic layout were determined.

The upstream uses multiple water pumps and flow meters to control the flow, as shown in Figure 3(a), and the downstream
uses gate weirs to control the water depth. To simulate the effect of tides, the upstream and downstream boundary conditions
can be interchanged in the experiment. The water depth gauge is used to measure the water depth, as shown in Figure 3(b).
The LGY-III automatic speedometer is used to test the water flow rate, as shown in Figure 3(e). The initial inlet and outlet
boundary conditions of the experiment are the same as those of the numerical model. The experimental site is shown in
Figure 3(c). The distribution of experimental measuring points A;-A;s5 is shown in Figure 3(d), and Ao will serve as the
main speed monitoring point in the subsequent simulation conditions.

The selection of the inlet flow of the river channel in the numerical model all comes from the hydrological report of the
actual engineering. In the actual engineering, 125 and 300 m®/s correspond to the daily upstream flow and the maximum
upstream flood flow, respectively. The daily water intake depth and the maximum water intake depth of the water intake
are 3 and 5.4 m, respectively. The maximum water depth in the prototype is 23 m. The scale of the model and prototype

0.14+

Mesh Size (m)

=)
)
1

al velocity (m/s)

S 0.114

Later

0.10+

T T T T T
Al A2 A2 A4 A5

Figure 2 | Mesh independence validation, where v, means lateral velocity.
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. (d)
Measuring
point

(e)Velocimeter

(c)Model layout

(b)Water level tracker

Figure 3 | Experimental device and measuring point distribution: (a) pump control system; (b) water level tracker; (c) model layout;
(d) measuring point; and (e) velocimeter system.

Table 1 | Mesh size

Elements Average mesh size (m)
284,759 0.04
340,307 0.03
371,089 0.02
550,031 0.01

is 1:30. The length of the model is 17 m, and the maximum water depth of the main channel in the laboratory is 0.78 m. In the
laboratory, according to the Froude similarity, 25 and 60 L/s were selected for daily flow and maximum flow, respectively,
and water depths of 0.1 and 0.18 m at the water intake were selected as the rated water intake depth and the maximum
water intake depth, respectively.

2.3. Model scenarios of numerical simulations

Refer to Table 2 for more details.

3. RESULTS

3.1. Model validation

The results of the experiment and numerical simulations are shown in Figure 4. The mesh of the numerical model is comple-
tely generated according to the layout of the physical model. The root-mean-square error (RMSE) and the coefficient of
determination (R?) are introduced to quantitatively estimate the size of the error between simulation and observation
Moriasi et al. (2007). The fitting test shows that the observed value in the physical model test fits well with the calculated
value of the numerical simulation, and the numerical model can accurately simulate the flow field.
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Table 2 | Introduction of simulated conditions

Scenario Description

3.1 Model validation

32 Influence of main channel velocity amplitude, 0.04, 0.08, 0.12, and 0.16 m/s, respectively

33 The flow velocity of the main channel uniformly decreased from 0.12 to 0.04 m/s and then increased to 0.12 m/s, which took 60,
125, and 250 s, respectively

34 Influence of water depth, 0.78, 0.74, and 0.7 m, respectively

3.5 The water depth of the main channel uniformly decreased from 0.78 to 0.7 m and then increased to 0.78 m, which took 100, 250,

and 500 s, respectively
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Figure 4 | Comparison of measured and calculated values of model validation, where vy, is the mainstream velocity and v, is the lateral
withdrawal velocity.

3.2. Influence of main channel velocity amplitude

It can be seen from Figure 5 that although the water intake flow is fixed, the flow velocity distribution in the water intake
channel is different. In Figure 5(a), the maximum flow velocity at the inlet of the water intake is about 0.15 m/s. With the
increase of the mainstream flow velocity (vn,), the maximum flow velocity at the inlet changes greatly and the flow velocity
distribution in the lateral channel becomes more uneven. In Figure 5(d), in the lateral channel, the flow velocity on the side
far from the secondary flow center is significantly greater than that on the side close to the secondary flow area, and the maxi-
mum flow velocity at the entrance of the water intake can reach 0.25 m/s. The separation zone near the surface is larger than
that near the bed. The diversion width also gradually decreases, from 0.18 m in Figure 5(a) at the very beginning to about
0.16 m in Figure 5(d). When vy, is lower, the secondary flow is mainly concentrated in the upper and middle layers. As vy,
increases, the secondary flow area in the lower layer is more obvious; meanwhile, it can also be seen from the flow velocity
profile that as vy, increases, vy in the center of the secondary flow will decrease to less than 0.05 m/s.

3.3. The influence of velocity changing ratio of the main channel

Figure 6 shows the average changing process of the mainstream flow velocity (vy) with time. The variation range of vy, is
0.12-0.04 m/s and then to 0.12 m/s. The speed change rate of vy, in the three graphs gradually decreases. In the figure, v;
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Figure 5 | Lateral velocity contours (left) and flow streamlines (right) under different amplitudes of main channel velocity.
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and 7} do not overlap, that is to say, the velocity at the middle time is not the inflection point of the velocity during the change,
and the value of ¢} is always slightly smaller than »;. Under the steady flow of v, = 0.18 m/s, v, at this time is about 0.148 m/s.
During the dynamic change of vy, the value of vy at any time is greater than 0.148 m/s. In the case of rapid changes in the
flow velocity of the main channel such as in Figure 6(a), whether it is #; or ¢}, its value is far from the dotted line. As the speed
change rate of v, slows down, in the middle of the change process, 7; and v}, tend to overlap, and their values will be closer to
vy under a fixed flow state.

3.4. Influence of main channel water depth

The influence of the water depth of the river channel on the secondary flow is obvious. In Figure 7(a), the diversion width is
the largest, and the secondary flow is the smallest, mainly concentrated in the middle and upper layers. The maximum vel-
ocity in the y-direction is about 0.32 m/s. As the water depth decreases, as shown in Figure 7(b) and 7(c), the secondary flow at
the bottom layer will become stronger. The flow velocity in the lateral water intake channel is significantly accelerated. From
the velocity contour of Figure 7(c), it can be seen that the velocity distribution of the upper, middle, and lower layers is the
same, and the maximum velocity in the y-direction can reach 0.45 m/s. Observed from the streamline diagram, the structure
of the secondary flow is slightly different, which should be caused by the trapezoidal structure here.

3.5. The influence of water depth changing ratio in the main channel

In the three pictures of Figure 8, the dotted line represents v, at Ao when # = 0.1 m. It should be stable with time. The rate of
water depth change shown in the three pictures is gradually slowing down, and the velocity value at the lowest water depth
(= 0.1 m) is not the velocity inflection point value during the entire change process. When the water depth changes to the
lowest point, the flow velocity at Ay is still slightly lower than the flow velocity under the stable water depth. In the process of
rapid water depth changes such as Figure 8(a), 1 appears below the dotted line, that is, the value of #/; at this time has
exceeded the velocity under the stable water depth. As the rate of change slows, »; and v} gradually converge, and both
will be above the dotted line. The change is more like a V-shaped curve, which means the velocity value at A should be sym-
metric during the change of the water depth from large to small and then to large. This pattern cannot be seen when the water
depth changes rapidly. It can be deduced that as the water depth changes slowly enough, v; and o} should be the coincident
point, and the value of velocity should be equal to the value when the water depth is stable at 0.1 m.
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Figure 6 | The curve of uniform change of velocity with time in y-direction (v,) at Ao, where v; means the v, at the middle time, and v; means
vy at the inflection point in the process of change.
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Figure 7 | Lateral velocity contours (left) and flow streamlines (right) under different amplitudes of main channel water depth.

4. DISCUSSION

The flow velocity amplitude of the main channel and the water depth near the lateral entrance have a significant impact on
the secondary flow of the intake. As shown in Figure 9(a), when the flow velocity of the main channel is low or the water
depth is high, the diversion width of the bottom layer is usually larger than that of the top layer, and the variation trend
of diversion width in the upper, middle, and lower layers is the same. The inflection point of the main river flow velocity
and water depth change is not the inflection point of the intake flow velocity. Generally, the change of the intake flow velocity
has a certain hysteresis. As shown in Figure 9(b), the development of this hysteresis is affected by the change of the main river
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Figure 9 | (a) The change of diversion width with the main flow velocity and (b) the relationship between y-direction (vy) lag time and the
main parameters.

flow velocity and the speed of the water depth and has some specific laws. The influence of the changing rate of / on v, lag is
stronger than that of changing rate of vy,. Generally, the faster the change, the more unstable the flow in the lateral channel.
For example, the water depth drops from 0.8 to 0.7 m. If this process is fast enough, when the water depth drops to 2z = 0.7 m,
the flow velocity at the water intake will be greater than the flow velocity when the water depth is constant at 0.7 m. This must
be taken into account in actual situations because this phenomenon will be a safety hazard (Unami et al. 1997). If only the
flow velocity under a constant flow state is used as a reference for actual engineering design, there may be a different effect of
water extraction from the design expectations.
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With the increase of the flow velocity of the main river or the decrease of the water depth, the width of the bottom flow will
become smaller, the local flow velocity in the y-direction will increase, and the influence range of the secondary flow will also
expand (Huang ef al. 2002). Considering the movement of sediment, if the excessive flow velocity exceeds the starting flow
velocity of the bottom sediment, the bottom sand will rush into the water intake. In contrast, the flow velocity at the center of
the secondary flow is lower. If the range of the secondary flow is larger, it may cause more siltation at the inlet, which is very
unfavorable for the entire water intake process. Considering that this study is based on actual engineering, the water intake
flow at the intake remains unchanged throughout the year. Therefore, the secondary flow at the intake is completely affected
by the main flow velocity and water depth.

For this study, the complex secondary flow regime at the water intake and the flow regime in the side channels can be more
accurately captured by using the LES model (Bourgoin et al. 2021). Of course, this study also has certain limitations. In the
actual river channel, the tide will not only affect the water depth and flow velocity of the main channel, but also the seawater
intrusion will cause the flow velocity stratification phenomenon in the main channel (He ef al. 2021; Zhao et al. 2022), and
then affect the hydrodynamic characteristics of the water intake (Kuijper & Van Rijn 2011; Krvavica & RuZi¢ 2020). In this
paper, the influence of salinity was not considered in the process of physical experiment and numerical simulation. Mean-
while, other factors such as wave, temperature, and wind force may also indirectly affect the hydraulic characteristics of
the water intake. The next steps are as follows. First, improve the existing numerical model and consider the effects of
wind, salinity, and waves in the numerical simulation. Secondly, study the law of sediment and pollutant transport in the
river during the water intake process, and promote more accurate and practical models in actual projects.

5. CONCLUSION

Ensuring the efficiency and safety of lateral water intakes in tidal rivers is of great significance to the entire water intake pro-
ject. This study uses a combination of physical experiments and numerical simulation to analyze the influences of mainstream
velocity amplitude, mainstream velocity speed change rate, the water depth amplitude, and the water depth speed change rate
on the flow pattern of the water intake. The following conclusions are drawn:

(1) As the main flow velocity increases, the range of the secondary flow gradually becomes larger, the difference in the ver-
tical distribution becomes more obvious, and the shunt width becomes narrower. In this study, the diversion width is
reduced from the initial 0.18-0.16 m. As the water depth decreases, the secondary flow range gradually expands, and
the distribution of the upper and middle layers is more similar. The peak velocity in the lateral channel increases signifi-
cantly, which is about 0.45 m/s in this study. At the lowest water depth, the simulation results show that the diversion
width of the bottom layer will decrease significantly, and is reduced from the initial 0.16 to 0.14 m. The decreasing diver-
sion width will result in a more uneven flow velocity distribution at the lateral intake.

(2) Depending on the changing rate of vy, v, will have a lag time of up to 5 s. The lag time increases with the rate of velocity
change in the main channel. The peak velocity of v, with non-constant flow will be slightly lower than that of v, with
constant flow. Depending on the changing rate of water depth in the main channel, the v, will have a maximum lag
time of 12.5 s. The lag time increases with the rate of water depth change in the main channel. If the water depth changes
too fast, the peak value of v, will be greater than the flow velocity under the constant water depth in a short period. By
comparing the influence of the two factors on the lag time, the effect of water depth change rate is more prominent.

(3) When the main flow velocity or water depth changes rapidly, extreme working conditions should be considered. For
example, in the dynamic change process of the water depth in this study, if sediment erosion and siltation are considered,
in extreme cases, once the flow velocity in the y-direction of the water intake is greater than the initial movement velocity
of the sediment, some of the sediment may be washed into the lateral channel. At the same time, as the range of the sec-
ondary flow increases, more sediment may be deposited at the entrance. Therefore, the slower flow velocity and deeper
water depth of the main river are more favorable water intake conditions. Also in actual projects, a certain threshold
should be set according to the designed water intake conditions, or measures such as submerged vanes (Firozjaei
et al. 2019) and sand traps should be taken to improve the flow regime.

This qualitative law of hysteresis of hydraulic parameters is proposed for the first time in this study. When designing the
water intake flow, the adverse effect of this hysteresis phenomenon on the water intake process has to be considered.
Follow-up research can only be carried out after clarifying the hydraulic mechanism of the water intake, including sediment
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transport, pollutant transport, etc. This study should provide a reference for all water intake projects affected by tidal
channels.
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