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Abstract: In this case study, the method of unsteady flow was used to study the flow characteristics
of a planned urban river course, River A, with complex cross sections, based on the MIKE21
FM hydrodynamic module, which is an important tool for analyzing and solving hydrodynamic
problems. First, the rationality and feasibility of the planning scheme were verified by building a
two-dimensional numerical model, which can provide a scientific basis for the river course planning.
Then, the flow characteristic of the river course was analyzed and summarized, to give several
suggestions and improvement measures for follow-up river planning. Finally, on the basis of the
case study, the general rules of hydraulic factors in river courses with complex cross sections were
summarized, which can facilitate the understanding of the genesis and evolution of river courses.
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1. Introduction

Generally, river courses can be divided into natural river courses and artificial channelized river
courses by genesis [1–3]. Artificial channelized river courses can be further divided into farmland
river courses and urban river courses. Urban river courses usually have regular planned cross sections,
such as a trapezoidal section, rectangular section, compound section and other single-form sections [4].
Hence, in terms of flow characteristics, flow in an urban river course can be considered as constant
uniform flow in an open channel by approximating [5]. However, in particular cases, due to compact
layout of urban land, a river course may have to be rerouted away from the construction land, resulting
in various kinds of cross sections (trapezoidal section, rectangular section, transition section and curved
section) occurring alternatively in a single river course. The River A (see Section 2.1) studied in this
paper is a typical example of urban channelized river with complex cross sections.

Many studies have been conducted on the flow characteristics of a natural river course [6–9].
Xia et al., studied the relationship between cross-sectional velocity and the maximum velocity under
natural conditions by collecting the cross section velocity data of the Mississippi River [10]; Lane et al.,
explored the adjustment between flow processes, sediment transport and river channel morphology
by using computational fluid dynamics and evaluated the extent to which three-dimensional (3D)
models can improve the predictive ability and prediction utility in comparison with two-dimensional
(2D) applications [11]; Yu et al., established a planar 2D flow and sediment mathematical model for
natural branching rivers, based on triangular grids with the finite element method, and the model
was applied to a branching river of Tianxingzhou in a successful way [12]; Jia et al., developed a

Water 2020, 12, 761; doi:10.3390/w12030761 www.mdpi.com/journal/water

http://www.mdpi.com/journal/water
http://www.mdpi.com
http://dx.doi.org/10.3390/w12030761
http://www.mdpi.com/journal/water
https://www.mdpi.com/2073-4441/12/3/761?type=check_update&version=2


Water 2020, 12, 761 2 of 20

three-dimensional (3D) dynamic numerical method of meander migration to simulate the vertical
migration in the Jingjiang reach of the middle Yangtze River and established a method based on the
mechanism of bank failure to simulate the erosion of composite banks [13]. The evolution trend of
natural course is usually influenced by factors such as the degree of deposition, the depth of erosion and
sediment transport. As for the urban river course this article refers to the narrow concept, the influence
of sediment transport does not generally need to be considered under the premise of ensuring a
certain velocity as the section of the river is protected by the revetment. However, the backwater,
the deposition that will lead to the increase of the roughness coefficient in the cross sections of the
urban river course and water depth difference between the two sides of the urban river course should
also be considered, and the effect of erosion should be paid more attention to if the flow velocity of the
river is over the limitation.

Up to now, more existing studies have been focused on the landscape restoration issue of urban
rivers [14–18], while fewer studies have been focused on the flow characteristics of the urban channelized
rivers with complex cross sections. For river courses with complex cross sections, the flow characteristics
should be considered as unsteady flow. Garcia-Navarro et al., described the use of the McCormack
explicit finite difference scheme and the treatment of the boundary problem in the development
of a one-dimensional simulation model that solves the St. Venant equations of the unsteady open
channel flow [19]. Hersberger et al., analyzed the wall-roughness effects on flow and scouring in
curved channels with gravel beds and discussed the optimal macroroughness configuration in terms of
scour reduction [20]. An et al., studied the flow characteristics of a compound channel with different
cross sections and different roughness under the different flow rate based on a numerical simulation
model [21]. The researchers studied and analyzed the changes of water level on both sides of the
curved stretch and the distribution of water level and velocity in the straight stretch under the premise
of single-form sections of the urban river course. In the practical urban river course planning and
designing, the urban river courses with complex cross sections sometimes are designed in particular
cases, and thus we need to pay more attention to the change rules of hydraulic factors of these rivers.

The research object in this study, River A, contains complex cross sections, including a trapezoidal
section, rectangular section and transition section, and in the rerouted area with a total river course
length of 1300 m, there are four right-angle turns and 3-channel culverts and open channels alternatively
arranged, which makes the hydraulic conditions of the river more complex. It is obvious that the
method of constant uniform flow on river hydraulic factors is no longer applicable in this case; in order
to predict and evaluate the influence of the complex cross sections on the hydraulic factors of the river
in a more accurate way, the hydraulic characteristics in the river should be analyzed with the method
of unsteady flow with a two-dimensional numerical model [22,23]. Therefore, the MIKE21 FM model,
which was developed by Hydraulic Research Institute of Denmark, was used to simulate the hydraulic
conditions of the channelized river with complex cross sections, and further to provide a scientific
basis for river course planning and decision-making, and offer some rational guides and suggestions
for follow-up project construction and river operation and management [24,25].

The MIKE21 FM model is applied widely for analysis on flow characteristics. Chen et al., evaluated
floods in urban development scenarios with a secondary development of GIS and the MIKE21 FM
model, which provided a scientific basis for the development of corresponding flooding measures [26].
Uddin et al., studied the flow field structure and the flow direction in the northern Bay of Bengal coastal
waters with the MIKE21 FM model [27]. Kaergaard et al., simulated the evolution of large curvature
coastline by using the MIKE21 FM model [28]. Abily et al., studied the flood runoff depth on industrial
sites by using three evaluation models (the MIKE21 FM, MIKE21 and 3D FVM) to indicate the stability,
difference and limitation of different evaluation models in runoff simulation and calculation [29].
Kimiaghalam et al., analyzed wave current erosion of cohesive banks in north Manitoba, Canada,
by using the MIKE21 FM model [30].

Based on the simulation and calculation conducted using the MIKE21 FM model, from the
perspective of the river course safety, to analyze whether the hydraulic factors of the river course
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with complex cross sections can meet the planning requirements, the following contents should be
mainly analyzed:

(1) Under the designed conditions for once-in-20/50-years floods, judge whether the flow state
in the river is consistent with that in the plan and analyze the change rules of hydraulic factors in
each stretch of the river. Furthermore, evaluate whether the river’s water depth and flow velocity can
meet the planning requirements, verify the rationality and feasibility of the plan, and finally, propose
rational suggestions on slope protection and dredging in local river stretches.

(2) On this basis, analyze the relationship between the flow velocity (along with the river course)
and the water depth, to reveal the causes and change rules of the backwater, and quantitate the level
and length of the backwater in the river; study the rules of hydraulic factors in a single river course,
especially at turns of the river course, to reveal the causes and change rules of the water level difference
between the two sides of the river; summarize the influence of the change of roughness coefficient
and the downstream clogging of the planned river, to reveal the importation of the dredging of the
planned river.

2. Materials and Methods

2.1. River Planning Scheme

River A currently contains a trapezoidal section with an ecological embankment. Currently, the top
section width is around 15 m, the slope coefficient is about 2.0, the river depth is about 2 m, and the
average bottom longitudinal slope is about 0.0005.

College B will be constructed near River A. There was an arrangement contradiction between the
construction location of College B and the current route of River A. In order to ensure the construction
of College B and the flood control in the river, after discussion, the related departments finally decided
to reroute the river as follows (see Figure 1):

(1) Excavate concrete-lined 3-channel culverts (each channel of the culverts has a 3500 × 2500
mm2 rectangular cross section, with a bottom longitudinal slope of 0.001), along the south side of Road
X, the west side of Road Y, and the north side of Road Z; reroute River A to the east side of College B,
and merge the new river course into the downstream of current River A on the south side of College B.

(2) In order to facilitate dredging, every 100 m along the culverts, arrange a concrete-lined open
channel that has a rectangular section, with a length of 30 m, a width of 12 m, a depth of 2.5 m and a
bottom longitudinal slope of 0.001.

(3) Arrange a transition stretch (horn mouth stretch 1) at the junction of River A and Road X, with a
length of 110 m, a top section width changing from 30 m to 12 m, a bottom section width changing from
18 m to 12 m, a depth changing from 3.0 m to 2.5 m, and a longitudinal slope of 0.001; arrange another
transition stretch (horn mouth stretch 2) at the junction of River A and Road Z, with a length of 110 m,
a top section width changing from 12 m to 30 m, a bottom section width changing from 12 m to 18 m,
a depth changing from 2.5 m to 3.0 m, and a bottom longitudinal slope of 0.001. The two transition
stretches shall both be lined with ecological revetment, and the cross section schematic diagram is
shown in Figure S1.

(4) The planned cross sections upstream of the junction of River A and Road X and downstream
of the junction of River A and Road Z are both trapezoidal with ecological protection, and the two
river stretches are both planned to have a top width of 30 m, a bottom width of 18 m, a depth of 3.0 m,
a slope coefficient of 2 and a bottom longitudinal slope of 0.001.

(5) The total length of the rerouted stretch of River A is about 1300 m and the planned design
standard is for once-in-20-years floods. The planned river flow rate for once-in-20-years floods is
29.4 m3/s, and the planned river flow rate for once-in-50-years floods is 34.5 m3/s.

It is generally believed that the river flow is steady uniform flow for a single cross section of the
urban river course, which greatly simplifies the hydraulic calculation work. In the practical urban
river course planning and designing, the rationality and feasibility of the planning scheme with the
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model method (unsteady flow) are rarely verified because of the shortage of model funding and the
limitation of the project cycle. However, the planned cross sections in River A are complex and diverse,
and there are four right-angle turns and several alternately-arranged culverts and open channels in
River A’s rerouted area, which lead to backwater, erosion and water depth difference between the
two sides of the river. Hence, the change rules of the hydraulic factors of the river course cannot be
predicted accurately using a conventional urban river course planning method (steady uniform flow).
Therefore, in order to analyze the flow characteristics of the river more clearly and accurately in this
study, River A was divided into four stretches and each stretch was discussed and analyzed separately
with the MIKE21 FM model. Based on the analysis and summary of flow characteristics of the river
course with complex cross sections, it provides technical support and practical experience for the
successful completion of the subsequent similar planning and designing work.
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Figure 1. River position schematic diagram.

2.2. Model Description

The MIKE21 FM model is a 2D shallow water equation based on numerical solutions and
an incompressible Reynolds-averaged Navier–Stokes Equation integrated along the water depth
(see Formulas 1–4) [31]. Therefore, the model integrates continuity, momentum, temperature,
salinity and density equations, which can use the Cartesian coordinates or spherical coordinates



Water 2020, 12, 761 5 of 20

to simulate changes of water level and flow due to various acting forces and any 2D free surface flow
without considering stratification, by using unstructured grids on a plane [31].
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where x, y and z are the Cartesian co-ordinates in m; u and v are the velocity components in the x and
y direction in m/s; t is the time in s; η is the bottom elevation in m; d is depth of water in m; h = η +

d is the total water depth in m; u, v are the velocity components in the x and y direction in m/s; g is
the gravitational acceleration in m/s2; f = 2Ωsinϕ is the Coriolis parameter (Ω is the angular rate of
revolution andϕ is the geographic latitude) in s−1; ρ is the density of water in kg/m3; ρ0 is the reference
density of water in kg/m3; sxx, sxy, syx and syy are components of the radiation stress tensor in kg/s2; τsx

and τsy are the surface stress in kg/s2
·m; τbx and τby are the bottom stress in kg/s2

·m; pa is atmospheric
pressure in kg/s2

·m; s is the magnitude of the discharge due to point sources in s−1; us and vs are the
velocity by which the water is discharged into the ambient water in m/s; Txx, Txy and Tyy are the lateral
stresses in m2/s2, which are estimated using an eddy viscosity formulation based on the depth average
velocity gradients:
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where A is the horizontal eddy viscosity in m2/s; cs is a constant, which should be chosen within the
range from 0.25 to 1.0; l is a characteristic length in m.

The numerical calculation method used in the MIKE21 FM model is the finite volume method in
cells [32,33]. The finite volume method is to divide a continuous body into triangle and quadrilateral
non-overlapping cells. The normal vector can be obtained by establishing a cell hydraulic model in the
outer normal direction and solving the one-dimensional Riemann problem. This method has a good
property of integral conservation and can be used to handle supercritical flows and discontinuous
solutions accurately.

The numerical calculation accuracy of the MIKE21 FM model is becoming more and more
recognized. Gayer et al., simulated the influence of eddy current and roughness coefficient in the
tsunami model with the MIKE21 FM model, and the calculated results were nicely consistent with the
measured data [34]; Sokolov et al., carried out a simulation analysis with the measured data of the
Baltic Sea collected by the Polish Academy of Sciences and found out that the correlation between
the simulation results and the measured results was up to 0.86 [35]; Pedersen et al., carried out a
simulation analysis with the measured tsunami data along the northern coast of Sumatra and found
out that the simulation results were basically consistent with the measured data after several times of
debugging [36]. Xie et al., determined the model parameters based on flooding data of the Luanhe
River measured in 2012 to make the simulated flood level agree well with the measured flood level
hydrograph [37]. Feng et al., elaborated the modeling process of the ocean flow field in simulation
with the MIKE21 FM module and found that the measured results and the simulation results matched
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within an allowable error range for model verification [38]. Guo et al., simulated the flood evolution of
the Pajiang River flood storage area, and demonstrated that the MIKE21 FM model had high simulation
accuracy and credible simulation results, which could be used for numerical simulation of floods in
more complex flood storage areas [39].

2.3. Calculation Conditions

2.3.1. Model Parameters

River A is proposed to be rerouted, and there are currently no measured data and similar
planning data for reference. In order to do it in a scientific and accurate way, the selection of model
parameters in this study was conducted based on relevant references published by domestic and foreign
researchers [34–40]. On the other hand, relevant model parameters (see Table 1) were determined
by considering the actual conditions of the project and the engineering safety. At the same time,
considering the complex cross sections and various structures along the river course, in order to avoid
the setting of model parameters this study described the relevant complex cross sections and structures
in the actual terrain as much as possible, which can improve the accuracy of numerical calculation;
for example, the local terrain correction methods [38] were selected to describe the 3-channel culverts
and the transition stretches in the digital elevation model, to avoid setting related parameters such as
the water head loss coefficient and the diffusion coefficient.

Table 1. Model parameters table [31].

Model Parameters Recommended Range Module Default Value Value in This Study

Time step 0.01–30 s 0.01–30 s 0.01–0.03 s

Wet and dry
boundaries -

hdry = 0.005
hflood = 0.05

hwet = 0.1

hdry = 0.01
hflood = 0.1
hwet = 0.3

Manning coefficient
(n) 0.01–0.05 m1/3/s 0.03 m1/3/s

Roughness coefficient of
ecological slope section (n): 0.025;
Roughness coefficient of 3-channel

culverts (n): 0.017
Vortex viscosity

coefficient 0.25–1.0 0.28 0.28

Structures - - Described in the terrain DEM

For roughness coefficients, relevant hydraulic studies were referred to [41] (see Table 2).
The roughness coefficient of the trapezoidal stretches with ecological revetment was taken as 0.025 and
the roughness coefficient of the concrete-lined 3-channel culverts was taken as 0.017.

Table 2. Roughness coefficients table [41].

No. Boundary TYPE and Conditions n

1 Thoroughly planed wood boards and freshly cleaned pig iron pipes and cast-iron pipes with
smooth lining and joints 0.01

2 Dirty water supply and drainage pipes; ordinary concrete surfaces; ordinary brickworks 0.014
3 Old brickworks; very rough concrete surfaces; carefully excavated smooth rock faces 0.017
4 Canals in solid clay; loess with continuous silt layers; well-maintained large canals in earth 0.0225

5 Ordinary large earth canals; well-maintained small canals in earth; natural rivers under
excellent conditions 0.025

6
Earth drains under particularly bad conditions; natural rivers under poor conditions (with
much wild grasses and stones, irregular and curved riverbeds and many collapses and deep

pools, etc.)
0.04

There are still no mature methods for selecting roughness coefficients. If the roughness coefficient
value is too small, the water flow resistance may be underestimated and the drainage capacity of the
proposed river course may be overestimated, which may result in overflow and other disasters [41].
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2.3.2. Terrain Processing and Meshing

Terrain processing and meshing are important and challenging technical issues in the simulation
analysis. Terrain data are the basic data for the model. The quality of the terrain data directly
determines the reliability of the model’s results. There are complex cross sections in the planned
river course, which need to be described in the terrain. Therefore, there are high requirements for
the fineness of the terrain. Based on the previous modeling experiences and related references [42],
particular attention should be paid to the effects of terrain interpolation in areas with large terrain
fluctuations. According to the planned river, the terrains should be specially treated at the junctions of
the side slope to the river bottom, culverts, open channels and transition stretches.

At the same time, the areas with significantly changing terrain elevation should be meshed
separately to avoid divergence in the model calculation. It should be noted that the solution to this
terrain was completely based on the section size and elevation of the river section (see Figure S2), so as
to predict actual flow characteristics of the planned River A in a more scientific and accurate way.

2.3.3. Boundary Conditions

Two boundary conditions needed to be set in this project: the water level boundary condition and
the flow rate boundary condition. The water level boundary was set at about 840 m in the downstream
away from the junction of River A to Road Z, and the flow rate boundary was set at about 540 m in
the upstream away from the junction of River A to Road X. The specific values should be based on
different simulation scenarios (see Section 2.4).

2.4. Scenario Settings

In order to simulate and analyze the changes of hydraulic factors in River A in a better way, this
study set four simulation scenarios (see Table 3). The simulation scenarios 1 and 2 are planned design
working conditions that are used to analyze and summarize the changes of hydraulic factors, propose
pointed opinions on planning and verify the rationality of the planned river course further, to provide a
scientific basis for river planning. The simulation scenario 3 is check and comparison working conditions
that are used to simulate and analyze the changes of the hydraulic factors in the culvert and those in
other river stretches due to the changes of the roughness coefficient in this stretch, when the culvert’s
clogging leads to an increase in the roughness coefficient. Furthermore, based on the results obtained
with simulation scenario 3, targeted suggestions for follow-up management of the river can be proposed,
to ensure successful implementation of the long-term river pollution control system of China [43,44].
The simulation scenario 4 is design check working conditions that are used to simulate and analyze the
changes of the hydraulic factors in the river when the whole stretch of the river is concrete-lined, which
can provide a scientific basis for the comparison and selection of river planning schemes.

Table 3. Simulation scenarios.

Scenario Roughness Coefficient Water Level Boundary Flow Rate Boundary

1 The roughness coefficient of the
ecological revetment section was
taken as 0.025 and the roughness

coefficient of the culvert was taken
as 0.017

Water depth for
once-in-20-years floods

(1.46 m)

Flow rate for
once-in-20-years floods

(29.4 m3/s)

2
Water depth for

once-in-50-years floods
(1.58 m)

Flow rate for
once-in-50-years floods

(34.5 m3/s)

3 0.025 Water depth for
once-in-50-years floods

Flow rate for
once-in-50-years floods

4 0.017 Water depth for
once-in-50-years floods

Flow rate for
once-in-50-years floods



Water 2020, 12, 761 8 of 20

3. Results and Discussion

Based on the simulation results, and taking into account the influence of backwater in the
river, from the downstream to the upstream of the river, the downstream trapezoidal stretch, the
transition stretch (horn mouth stretch 2), the culvert and the open channel stretch, the upstream stretch
(horn mouth stretch 1 and the upstream trapezoidal stretch).

3.1. Downstream Trapezoidal Stretch

(1) According to the simulation results of Scenario 1, the water depth and flow velocity of the
downstream trapezoidal stretch are clarified as Figure 2. As shown in Figure 2a, the upstream water
depth of the bottom is lower than that in the downstream and the water depth at the bottom of the
river is higher than the water depth on both sides in a single cross section (see Figure S3); the water
depth on the right side averages 0.61 m and changes within the range from 0~1.26 m; the water depth
on the left side averages 0.83 m and changes within the range from 0~1.57 m; the water depth at the
bottom of the river averages 1.45 m and changes within the range from 0.90~1.57 m.Water 2020, 12, 761 9 of 20 
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As shown in Figure 2b, the flow velocity on the right side averages −0.08 m/s and changes within
the range from −0.26~0.19 m/s; the flow velocity on the left side averages −0.07 m/s and changes within
the range from −0.40~0.19 m/s; the flow velocity at the bottom of the river averages −0.09 m/s and
changes within the range from −0.37~0.14 m/s.

As shown in Figure 2c, the flow velocity on the right side is larger than that on the left side in a
single cross section in the upstream, while the flow velocity on the left side is larger than that on the
right side in a single cross section in the downstream. The flow velocity on the right side averages
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−0.72 m/s and changes within the range from −1.52~0 m/s; the flow velocity on the left side averages
−0.73 m/s and changes within the range from −1.48~0 m/s; the flow velocity at the bottom of the river
averages −1.0 m/s and changes within the range from −1.31~0 m/s.

As shown in Figure 2d, the current flow velocity on the right side (the current flow velocity is the
combination of the horizontal flow velocity and the vertical flow velocity) is greater than that on the
left side in a single cross section in the upstream, while the flow velocity on the left side is greater than
that on the right side in a single cross section in the downstream; the flow velocity on the right side
averages 0.73 m/s and changes within the range from 0~1.54 m/s; the flow velocity on the left side
averages 0.73 m/s and changes within the range from 0~1.47 m/s; the flow velocity at the bottom of the
river averages 1.0 m/s and changes within the range from 0.07~1.33 m/s.

From the above results, it can be seen that the water depth in the downstream trapezoidal stretch
gradually increases from upstream to downstream, and the maximum water depth at the bottom of
the river is 1.57 m. The planned water depth in this stretch is 3 m. Therefore, the water depth meets
the planning requirement of the design standard for once-in-20-years floods; the flow velocity of the
river does not vary dramatically, and the average flow velocity at the bottom of the river is 1.0 m/s,
which meets the flow velocity requirement. The Froude number is about 0.3, which indicates that the
flow is slow and meets the planning requirements; the average water depth on the right side of the
river is lower than that on the left side, which leads to horizontal circulation in the river, thus causing a
water depth difference of about 0.22 m between the two sides of the river. The water depth difference
is below the designed safe super elevation and meets the planning requirements; there are some flow
velocity differences between the upstream and downstream, and between the left and right sides of the
river. In the next design stage, local bank reinforcement on the right side in the upstream and on the
left side in the downstream should be considered, to prevent local erosion and deposition in the river.

(2) Simulation scenario 2 was analyzed in the same way. The variations of the hydraulic factors in
the downstream trapezoidal stretch were basically the same as those in scenario 1 (see Figure S4).

Based on the statistical analysis, the water depth in the downstream trapezoidal stretch gradually
increases from upstream to downstream, and the maximum water depth at the bottom of the river is
1.71 m. The planned river depth in this stretch is 3 m. Therefore, the water depth meets the planning
requirement that no overflow occurs in once-in-50-years rains. The average water depth on the right
side is about 0.18 m lower than that on the left side. The water depth difference in this scenario is lower
than that in scenario 1. This is mainly because the dominant effect of vertical flow velocity in scenario
2 is stronger than that in scenario 1, thus weakening the vertical circulation effect of the river.

(3) The simulation conditions of the downstream trapezoidal stretch in scenario 3 are the same as
those in scenario 2, but different from those on the upstream culverts. According to the above analysis,
the water flow in the entire stretch is slow, so the hydraulic conditions in the downstream trapezoidal
stretch are not affected by the changes in the hydraulic conditions of the upstream culvert, which will
not be analyzed in this study.

(4) The comparison of the simulation results between scenario 4 and scenario 2 is shown in Figure 3.
The water depth difference in the downstream trapezoidal stretch changes within the range from
−0.14~0 m. The current flow velocity difference changes within the range from 0~0.75 m/s. The local
flow velocity difference is less than 0 m/s.

By analysis, it can be seen that the roughness coefficient in this stretch decreases from 0.025 to
0.017, which means that the ecological revetment in the river’s planned section is replaced by concrete
revetment. The current flow velocity in the river increases but the water depth decreases, as shown in
Figure 3. The water depth difference, as shown in Figure 3a, increases gradually from upstream to
downstream, until it increases to 0 m/s at the downstream water level boundary and the maximum
water depth decreases by 0.14 m. In Figure 3b, the current flow velocity difference between the two
locations 2O and 3O is less than 0 m/s, but the current flow velocity difference between the two locations
1O and 4O is relatively larger, which indicates that the dredging of the river stretch at 2O and 3O should

be improved and that the river revetment of the river stretch at 1O and 4O should be strengthened.
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3.2. Transition Stretch (Horn Mouth Stretch 2).

(1) Based on the simulation results of scenario 1, the water depth and flow velocity results in the
transition stretch are shown in Figure S5.

As shown in Figure S5a, the water depth at the bottom of the river from upstream to downstream
first decreases and then increases. The water depth at the bottom of the river is higher than that at the
both sides in a single cross section (see Figure S6); the water depth on the right side averages 0.53 m
and changes within the range from 0~1.33 m; the water depth on the left side averages 0.47 m and
changes within the range from 0~1.11 m; the water depth at the bottom of the river averages 1.40 m
and changes within the range from 1.30~1.50 m.

From the results shown in Figure S5b, it can be seen that the flow velocity at the bottom of the
river is greater than that on both sides in a single cross section; the flow velocity on the right side
averages −0.14 m/s and changes within the range from −0.27~0.45 m/s; the flow velocity on the left
side averages −0.19 m/s and changes within the range from −1.26~0.30 m/s; the flow velocity at the
bottom of the river averages −0.17 m/s and changes within the range from −0.85~0 m/s.

From the results shown in Figure S5c, it can be seen that the flow velocity at the bottom of the
river is greater than that on both sides in a single cross section; the flow velocity on the right side
averages −0.75 m/s and changes within the range from −2.25~0 m/s; the flow velocity on the left side
averages −0.55 m/s and changes within the range from −1.48~0 m/s; the flow velocity at the bottom of
the river averages −1.77 m/s and changes within the range from −2.82~−0.83 m/s.
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From the results shown in Figure S5, it can be seen that the current flow velocity distribution in
the transition stretch is as follows: the flow velocity at the bottom of the river gradually decreases from
upstream to downstream, and the flow velocity at the bottom of the river is higher than that on the
both sides (see Figure S7); the flow velocity on the right side averages 0.77 m/s and changes within
the range from 0~2.31 m/s; the flow velocity on the left side averages 0.60 m/s and changes within
the range from 0~1.85 m/s; the flow velocity at the bottom of the river averages 1.78 m/s and changes
within the range from 0.84~2.83 m/s.

According to the results above, the water depth in the transition stretch from upstream to
downstream first decreases and then increases. It is because the gradually growing cross sections of the
transition stretch cause a decrease in flow velocity (see Figure S7a). In the beginning, the water depth
in the stretch decreases; when the water depth of the transition stretch reaches 1.38 m, backwater in the
transition stretch occurs due to the backwater effect of the downstream trapezoidal stretch and the
water depth increases. The level and length of the backwater are about 0.04 m and 60 m, respectively
(see Figure S6a); the maximum water depth at the bottom of the river is 1.50 m. The planned water
depth in this stretch is 3 m. Therefore, the water depth meets the planning requirement of design
standard for once-in-20-years floods. The average water depth on the right side of the river is 0.06 m
higher than that on the left side, and the difference is below the design safe super elevation and meets
the planning requirement.

(2) Simulation scenario 2 was analyzed in the same way, and the changes of hydraulic factors in
the downstream trapezoidal stretch were basically the same as those in scenario 1 (see Figure S8).

According to the results above, from upstream to downstream, the water depth at the bottom of
the river in the transition stretch first decreases and then increases and the maximum water depth at
the bottom of the river is 1.79 m. The planned water depth in this stretch is 3 m. Therefore, the water
depth meets the planning requirements that no overflow occurs in once-in-50-years rains; the average
water depth on the right side of the river is about 0.05 m higher than that on the left side and the water
depth difference under this scenario is still lower than that in scenario 1; the maximum flow velocity in
this stretch is 3.26 m/s. Concrete revetment rather than ecological grass revetment should be adopted
for the section lining.

(3) Compared to scenario 2, the simulation conditions in the transition stretch in scenario 3 are
similar, so the basic hydraulic conditions in the transition stretch are not affected by the changes of
hydraulic conditions in the upstream culverts, which will not be analyzed in this study.

(4) The comparison of the simulation results between scenarios 4 and 2 is shown in Figure 4.
The water depth difference in the transition stretch changes within the range from −0.23~−0.11 m,
the current flow velocity difference changes within the range from 0~0.43 m/s and the local current
flow velocity difference changes within the range from −1.8~0 m/s.

By analysis, it can be seen that due to the roughness coefficient in this stretch decreasing from
0.025 to 0.017, the current flow velocity increases, the water depth decreases and the water depth and
flow velocity at a single position change in opposite directions (shown in Figure S9). The water depth
decreases by 0.23 m at maximum in Figure S9a, and the current flow velocity difference between 1O
and 2O in Figure 4b is less than 0 m/s. The two locations should be managed and dredged in the future;
especially in location 1O, deposition will easily occur when the flow velocity changes.
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3.3. Culverts and Open Channels

(1) Based on the simulation results of scenario 1, the water depth and flow velocity are shown in
Figure 5. The four locations marked with red circles in Figure 5a are culverts and the six locations
marked with black circles in Figure 5d are open channels. Because the hydraulic conditions in the
sections are relatively complicated, in order to analyze in a convenient way, three channels of the
culverts have been defined as the left side, middle side and right side, along the flow direction,
and the water level, flow velocity and flow rate are analyzed in their vertical directions, respectively
(see Figures S10 and S11).

In Figures S10 and S11, the water depth in the 3-channel culverts from upstream to downstream
increases with slight fluctuation; the water depth changes within the range from 1.30~1.74 m; the height
of the culverts in this stretch is 2.5 m. Therefore, the water depth meets the planning requirement
of water depth of the culverts. The flow velocity in the 3-channel culverts decreases from upstream
to downstream, and the flow velocity changes within the range from 1.33~2.79 m/s, which meets
the planning requirements of flow velocity control. The red number represents the changes of the
hydraulic factors in the turning position of the culverts, and the black number represents the changes
of the hydraulic factors in the open channels, as below:
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In turn 1 of the culverts, the current flow velocities in the 3 channels are in the sequence
V left < V right < V middle, the water depths are in the sequence H left < H right < H middle, and the flow
rates are in the sequence Q left < Q right < Q middle. The middle culvert channel in this stretch has
relatively larger flow velocity and flow rate, which should be protected from scouring; the left culvert
channel has lower flow velocity and flow rate, which should be dredged in time; the horizontal flow
velocity (relative flow velocity between the two sides) in the culvert suddenly increases and the vertical
flow velocity suddenly decreases, which indicates that the horizontal circulation effects in all culverts
are enhanced and the height difference between the two sides at the turns of culvert increases.

In the open channels 1 and 2, the current flow velocity suddenly decreases. The flow velocities
are in the sequence V left < V middle < V right and the flow rates are in the sequence Q left < Q middle < Q

right. Therefore, dredging in the two open channels need to be enhanced, especially in the left channel
of the culvert between two open channels; the current flow velocity in the open channel suddenly
increases, and the average backwater level is about 0.04 m, which meets the planning requirements of
safe super elevation for height.

In turn 2 of the culverts, the current flow velocities in the 3 channels are in the sequence
V left < V right ≈ V middle, and the flow rates are in the sequence Q left < Q middle < Q right; therefore,
in-time dredging is still necessary in the left culvert channel. The horizontal flow velocity in the
section suddenly decreases and the vertical flow velocity (relative flow velocity between the both sides)
suddenly increases, which indicates that the horizontal circulation effects in all culverts are enhanced
and that the height difference between the two sides at the turns of culverts increases.

In the open channels 3, 4, 5 and 6, the current flow velocity suddenly decreases, the flow rate
basically remain the same, and the water depth suddenly increases; the average backwater level is
about 0.05m, which meets the planning requirements of safe super elevation.

In turns 3 and 4 of the culverts, the flow rates in the 3 channels are almost the same. The current
flow velocities are in the sequence V right < V left ≈ V middle, and the water depths are in the sequence H

middle ≈H left < H right. Therefore, the right culvert channel needs to be dredged in time. The horizontal
flow velocity (relative flow velocity between the both sides) suddenly increases, and the vertical flow
velocity suddenly decreases, which indicates that the horizontal circulation effects in all culverts are
enhanced and that the height difference between the two sides at the turns of culvert increases.

In addition, in turns 1, 2, 3, and 4 of the culverts, the water depths on the concave side are higher
than those on the convex side, as shown in Figure 6.
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Figure 6. Enlarged water depth map of the four turns of 3-channel culverts (simulation scenario 1).
(a) Enlarged water depth map of the locations marked with red circles 1 in Figure 5a; (b) Enlarged
water depth map of the locations marked with red circles 2 in Figure 5a; (c) Enlarged water depth map
of the locations marked with red circles 3 in Figure 5a; (d) Enlarged water depth map of the locations
marked with red circles 4 in Figure 5a.

(2) Simulation results of scenario 2 were analyzed in the same way. This study conducted analysis
on the water level, flow velocity and flow rate in the vertical direction of the 3-channel culverts (see
Figures S12 and S13) and the water depth map at the four turns (see Figure S14).

As shown in the figures, the water depths in the 3-channel culverts increase from upstream to
downstream, changing within the range from 1.48~1.90 m. The height of the culverts in this stretch is
2.5 m. Therefore, the water depth meets the planning requirement of water depth of the culverts; the
flow velocity decreases from upstream to downstream, changing within the range from 1.45~2.85 m/s,
which meets the planning requirements of flow velocity control. The water depth on the concave
side is higher than that on the convex side in the 3-channel culverts, and the changes of the hydraulic
factors in the culverts and the open channels are also basically consistent with the results in scenario 1.

(3) The culverts should be dredged regularly in follow-up maintenance. The long-term clogging
of the culverts might result in inconsistency between the actual hydraulic conditions and the planning
hydraulic conditions. The local poor discharge capability in the stretch may cause overflow. Therefore,
this planning compared the simulation scenario 3 with the simulation scenario 2, by changing the
roughness coefficient of the culverts from 0.017 to 0.025, to predict changes of the water level, current
flow velocity, and flow rate (see Figure S15).

As shown in Figure S15, the changes of the water depth, the flow velocity and the flow rate in the
culverts gradually decrease from upstream to downstream; the flow velocity change in the middle
culvert is the largest, with the maximum change of 0.64 m/s; the flow rate change in the left culvert is
the largest, with the maximum change of 1 m/s3; and the water depth change in the 3-channel culverts
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basically remains the same, with the maximum change of 0.34 m and the maximum water depth of
2.24 m, Therefore, the water depth does not meet the planning requirement of the safe super elevation
(at least 0.3 m). Hence, regular dredging is rather necessary. It is also shown that the setting of the
six open channels is not only convenient for dredging, but also can be used to adjust the flow rate in
the culverts.

(4) The simulation conditions in scenario 4 are the same as those in scenario 2, but the downstream
hydraulic conditions are inconsistent. In order to study the influence of the downstream hydraulic
factors on the hydraulic factors in the culverts and the open channels, this study compared the
simulation results of scenarios 4 and 2 and the analysis results are shown in Figure S16.

As shown in Figure S16, the water depth, flow velocity and flow rate in the culverts do not change
dramatically, the water depth difference changes within the range from −0.026~ −0.002 m, the flow
velocity difference changes within the range from 0.002~0.028 m/s and the flow rate difference changes
within the range from −0.013~0.006 m/s3. Therefore, when the roughness coefficient of the downstream
stretch changes from 0.025 to 0.017, the water level in the culverts decreases slightly, but the flow rate,
water depth and flow rate in the culverts and open channels do not change significantly. From the
drainage function perspective, the concrete lining in the downstream stretch is beneficial to rapid
discharge; however, from the overall appearance and return of investment perspective, this planning
study still recommends the ecological slope lining for the downstream stretch.

3.4. Upstream Stretch (Horn Mouth Stretch 1 and the Upstream Trapezoidal Stretch)

(1) According to the simulation results of scenario 1, the water depth and flow velocity in the
upstream stretch are shown in Figure S17. According to the results in Figure S17a, the water depth
distribution at the bottom of the river first increases and then decreases from upstream to downstream
(see Figure S18); the water depth on the right side averages 0.71 m and changes within the range
from 0~1.72 m; the water depth on the left side averages 0.81 m and changes within the range from
0~1.31 m; the water depth at the bottom of the river averages 1.58 m and changes within the range
from 0.56~1.75 m.

It can be seen from the results in Figure S17b that the horizontal flow velocity on the right
side of the upstream stretch averages −0.07 m/s and changes within the range from −0.26~0.18 m/s;
the horizontal flow velocity on the left side averages −0.09 m/s and changes within the range from
−0.62~0.19 m/s; the horizontal flow velocity at the bottom of the river averages −0.1 m/s and changes
within the range from −0.38~0 m/s.

It can be seen from the results in Figure S17c, the vertical velocity on the right side of the upstream
section averages −0.73 m/s and changes within the range from −2.44~0 m/s; the vertical velocity on the
left side averages −0.90 m/s and changes within the range from −2.29~0 m/s; the vertical flow velocity
at the bottom of the river averages −1.1 m/s and changes within the range from −2.33~−0.47 m/s.

It can be seen from the results in Figure S17d that the current flow velocity at the bottom of the
river increases from upstream to downstream (see Figure S16). The overall flow velocity on the left
side is greater than that on the right side; the flow velocity on the right side averages 0.74 m/s and
changes within the range from 0~2.46 m/s; the flow velocity on the left side averages 0.91 m/s and
changes within the range from 0~2.30 m/s; the flow velocity at the bottom of the river averages 1.1 m/s
and changes within the range from 0.47~2.35 m/s.

It can be seen from the above results that the water depth at the bottom of the river in this stretch
first increases and then decreases from upstream to downstream. It is because the section area at the
horn mouth stretch decreases, which results in a sudden increase in the current flow velocity and
decrease in the water depth; because the water depth is affected by horn mouth stretch 1 and the
downstream stretch, backwater with a level of about 0.27 m and a length of about 420 m is generated
in the upstream trapezoidal stretch (see Figure S18). The water depth at the bottom of the river is
1.75 m at maximum and the planned water depth in this stretch is 3 m, which meets the planning
requirements to endure once-in-20-years floods. The average horizontal flow velocity (relative flow
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velocity between the both sides) is less than 0, which indicates that the horizontal flow flows from left
to right. The horizontal circulation in the cross section results in a water depth difference of about
0.1 m between the two sides, which meets the planning requirements of safe super elevation; at the
same time, the flow rate on the left side is larger than on the right side. Therefore, deposition can easily
form on the right side, which needs in-time dredging.

(2) Simulation scenario 2 was analyzed in the same way. The changes of hydraulic factors in the
upstream stretch are similar to those in scenario 1 (see Figure S19).

Based on the analysis, in the upstream stretch, the water depth increases first and then decreases
from the upstream to the downstream. The maximum water depth at the bottom of the river is 1.91 m
and the planned water depth is 3 m. Therefore, water depth meets the planning requirement of design
standard for once-in-50-year floods. The average water depth on the right side is about 0.02 m higher
than that on left side, and the water depth difference in the scenario is still lower than that in scenario 1.

(3) The simulation conditions in this stretch for scenarios 3 and 2 are the same, but the downstream
hydraulic conditions are inconsistent. In order to study the influence of the downstream hydraulic
factors on the hydraulic factors in this stretch, this study compared simulation results in scenario 3
with those in scenario 2. The analysis results are shown in Figure S20.

As shown in the figure above, the water depth difference in the upstream section changes within
the range from 0~0.24 m, the maximum water depth at the bottom of the river is 2.15 m, the horizontal
flow velocity difference changes within the range from 0~0.04 m/s, the average vertical velocity
difference mainly changes within the range from 0~0.30 m/s, and the current flow velocity difference
mainly changes within the range from −0.35~0 m/s. The clogging of the downstream culverts might
increase the risk of deposition in the upstream stretch. Therefore, the river planning should be studied
as a whole, and the river management should not only strengthen the management of this stretch but
also pay attention to the dredging of the downstream trapezoidal stretch.

(4) The comparison of simulation results between scenarios 4 and 2 is shown in Figure S21.
The water depth difference in the upstream section changes within the range from –0.1~0 m, the
maximum water depth at the bottom of the river is 1.81 m, the horizontal flow velocity difference
mainly changes within the range from −0.002~0 m/s, the average vertical flow velocity difference
mainly changes within the range from −0.18~0 m/s, and the current flow velocity difference mainly
changes within the range from 0.01~0.20 m/s.

By analysis, due to the roughness coefficient in the section decreasing from 0.025 to 0.017,
the current flow velocity in the section increases and the water depth decreases. The water depth
and flow velocity in a single location change reversely, which may facilitate the discharge of the river.
Therefore, the concrete revetment and ecological revetment for the stretch both meet the planning
requirements. From the perspective of landscape ecology and return of investment, this planning still
recommends the ecological revetment.

4. Conclusions

In this study, the planned river course was divided into four stretches for separate analysis and
discussion. Each stretch has its own unique characteristics, and the change rules of hydraulic factors
also vary from stretch to stretch. Based on a summary of the rules and feasibility verification of the
planning scheme, this study proposed some suggestions and improvement measures for planning
(see Sections 3.1–3.4).

For River A, the main suggestions and guidance for follow-up river planning can be summarized
as follows:

(1) The simulation scenarios 1 and 2 are used to analyze and summarize the changes of hydraulic
factors, propose pointed opinions on planning, and further verify the rationality of the planned river
course, which provides a scientific basis for river planning. Based on the analysis of the rationality and
feasibility of the verified planning scheme, the planners should take pertinent measures to protect the
stretches that are prone to erosion and deposition and water level differences at turns. At the same
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time, the river sections with excessive velocity call for revetment. On this basis, similar planning
projects in the future can be quickly responded to and the planners can take measures to prevent these
issues. Meanwhile for rivers with other cross section forms, it can provide useful know-how and guide
the planners in the future.

(2) The simulation scenarios 3 and 4 are used to simulate and analyze the changes of the hydraulic
factors in the culvert and those in other river stretches due to the changes of the roughness coefficient
in this stretch. For the downstream trapezoidal stretch and upstream trapezoidal stretch and transition
stretch, the roughness coefficient in this stretch decreases from 0.025 to 0.017, which means that the
ecological revetment in the river’s planned section is replaced by concrete revetment. The current
flow velocity in the river increases, but the water depth decreases, and the local velocity of the river
decreases. For culverts and open channels, the roughness coefficient in this stretch increases from 0.017
to 0.025. The current flow velocity in the river decreases, but the water depth increases, and the water
depth cannot meet the planning requirement of the safe super elevation (at least 0.3 m). Hence, regular
dredging is rather necessary to ensure constancy of the roughness coefficient, and culverts should
not be designed where open channels can be designed. For the upstream trapezoidal stretch, the
clogging of the downstream culverts might increase the risk of deposition in the upstream trapezoidal
stretch. Therefore, the river planning should be studied as a whole, and the river managers should
not only strengthen the management of this stretch but also pay attention to the dredging of the
downstream stretch.

Therefore, in the follow-up river planning, we should consider the overall situation, and not
only pay attention to the study and analysis of the hydraulic factors of the planned river, but also
pay attention to the dredging and management of the downstream river, and we should consider the
changes of the hydraulic factors in the river stretches due to the changes of the roughness coefficient in
this stretch.

At the same time, on the basis of this river planning research, the general rules of hydraulic factors
in a river course with complex cross sections can be summarized as follows:

(1) In a single vertical section of the river course, water depth and current flow velocity change
in the opposite directions, that is to say, when the current flow velocity changes, the water level will
change reversely, causing a water depth difference in the vertical direction, thus resulting in backwater.

(2) In the trapezoidal and transition sections of a single river course, the flow velocity in the
middle of the river course is greater than that on both sides, and the water depth in the middle is
also greater than that on the two sides; in the rectangular section of a river course, the water depth
and the flow velocity are basically the same as that on both sides; the water depth difference between
the two sides is obvious at turns and the water depth on the concave side is greater than that on the
convex side; at the junction between the culvert and the open channel, when the water flows from
culvert to open channel its flow velocity decreases suddenly, while the water depth increases suddenly,
which results in an increase in water head loss, thus resulting in backwater.

(3) The horizontal flow velocity and vertical velocity abruptly change at turns of the river course,
enhancing the horizontal circulation in the river course, thus resulting in an increase in the water depth
difference between the two sides of the river course.

(4) For river courses with complex cross sections, the flow characteristics should be considered as
unsteady flow. When the flow is slow, the changes of hydraulic factors in the downstream stretch will
affect the hydraulic factors in the upper stretch; therefore, the management of the river should not only
strengthen the management of local stretch but also pay attention to the dredging of downstream stretch.

On this basis, when we analyze the hydraulic factors of a natural river course in the future, we can
compare and analyze the hydraulic factors of the urban river course and natural river course, and then
find more general rules of change. Further, the urban river course and natural river course have
different evolution trends in the same river section. As the form of revetment is different, the erosion
degree of the river on both sides is different, even if the same form of revetment can eventually lead to
different evolution trends of the river due to the differences in flow, river upstream conditions and
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human activities. Based on the detailed research and analysis on the hydraulic factors of River A,
the general rules of the urban river course are summarized, which establishes a solid foundation for
understanding the genesis and evolution of the river course in the future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/3/761/s1:
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scenario 1), Figure S4: Hydraulic factors map of the downstream trapezoidal stretch (Simulation scenario 2),
Figure S5: Hydraulic factors map in the transition stretch (simulation scenario 1), Figure S6: Water depth map in
the vertical and cross sections in the transition stretch (simulation scenario 1), Figure S7: Current flow velocity in
the vertical and cross sections in the transition stretch (simulation scenario 1), Figure S8: Hydraulic factors map in
the transition stretch (simulation scenario 2), Figure S9: Reverse changes of water depth and flow velocity in a
single position, Figure S10: Comparison of water depth and flow velocity in the left, middle and right culverts
(simulation scenario 1); The cyan-blue curve represents the changes of the hydraulic factors in the left culvert, the
red curve represents the changes of the hydraulic factors in the middle culvert, and the blue curve represents the
changes of the hydraulic factors in the right culvert, Figure S11: Comparison of flow velocities in the left, middle
and right culverts (simulation scenario 1), Figure S12: Comparison of the water level and flow velocity in the
left, middle and right culvert channels (simulation scenario 2), Figure S13: Comparison of the flow rates in the
left, middle and right culvert channels (simulation scenario 2), Figure S14: Enlarged water depth map at the four
turns of the 3-channel culverts (simulation scenario 2), Figure S15: Comparison of hydraulic factors in scenarios
3 and 2, Figure S16: Comparison of hydraulic factors in scenarios 4 and 2, Figure S17: Hydraulic factors map
in the upstream stretch (simulation scenario 1), Figure S18: Comparison of the water depth and current flow
velocity in the upstream stretch (simulation scenario 1), Figure S19: Hydraulic factors map in the upstream stretch
(simulation scenario 2), Figure S20: Comparison of hydraulic factors in scenarios 3 and 2, Figure S21: Comparison
of hydraulic factors in scenarios 4 and 2.
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