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Abstract: A transition reach is usually necessary to connect two channels with different cross-sections
to facilitate a gradual variation of the water depth and a mean flow velocity profile. A modified weir–
orifice structure named differential weir-orifice (abbreviated DWO) is proposed here and applied
to the transition reach of a fishway. Considering the preferred flow velocity and body shape of
specific migrating fish, the design guidelines of a DWO plate are firstly discussed in terms of basic
hydraulics. Then, by means of hydrodynamic numerical simulation and scale model tests, the design
of a non-prismatic transition reach in a proposed large fishway is studied and optimized with a
DWO. The simulation results indicate that the velocity profile in conventional weirs varies in the
range of 2.5 to 3.2 m/s, and the head drop of each stage is up to 0.4 m, which is not suitable for fish
migration. However, the flow could be improved by adopting the DWO: the split ratio of each weir
gradually increases from 13% to 40%, with weir height decreasing along the reach, which allows
the water drop of each stage to decrease by 35% to 50%. This causes the velocity over the weir to
reduce in the range of 1.2 to 2.1 m/s, while the velocity in the orifice flow remains limited to 0.8 to
1.3 m/s. The flow velocity profile in the DWO also presents a bimodal distribution, with different
flow layers increasing the suitability for fish migration. Moreover, the DWO also performs well in
decreasing the vertical turbulent intensity together with the turbulent kinetic energy, reduced by
about 33% at the weir crest. The energy at the bottom orifice is only about 28% of that at the weir
crest. This indicates that the turbulent kinetic energy profile could be adjusted by the DWO, part of
which is transferred from the weir crest to the bottom orifice. The model test results also show that
the water surface experienced only gradual variation along the DWO. The adjusting functionality of
the DWO can enable the fishway to be more effective, promoting an ecohydraulic design solution for
fishway structures.

Keywords: differential weir–orifice; transition reach; fish migration; hydraulic modeling; turbulent
kinetic energy

1. Introduction

As the water resource crises worsen, the design and construction of sluices, dams,
and other water-retaining structures have been expanding on rivers worldwide. Drainage
infrastructure for large water conservancy projects was usually designed as overflow
weirs with a bottom hole to meet the demands of both surface and bottom discharge [1].
Considerable research has been conducted on the related hydraulic properties, and the
submerged influence correction has been explained in detail [2,3]. However, the hydraulic
characteristics of weirs with a bottom orifice in small-scale open-channel flows, as in the
case of fishways, show distinct features as compared to conventional weir structures. In
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particular, the relationship between the stage-discharge and the split ratio (weir flow to
orifice flow) used to characterize similar structures in open channels [4–6] can be extended
to the case of fishways.

As the only transport channel for freshwater fish and other hydrobionts, rivers are
critical in maintaining the integrity of natural ecosystems. However, most rivers worldwide
have been dammed [7–10], which not only brings social and economic benefits but also
causes the fragmentation of river ecological environments and induces changes in the
habitat of fish, which has been observed in the Nakdong River in Korea, the Yangtze
River in China, the Tocantins River in Brazil, et al. [11–14]. Building a fishway is one
way to restore river connectivity and provide conduits for the passage of fish and other
hydrobionts [15], in some cases bidirectionally [16]. Fishways are defined as structures
deliberately created to facilitate safe and timely fish movement past an obstacle [8,10,17].
Therefore, the objective of an ideal fishway is to make the dammed reach transparent to the
movement of native species and to provide suitable migration routes, allowing unfettered
access to free-flowing reaches above and below the obstacle.

Therefore, for the purpose of supplying a comfortable migration route for fish, the
hydraulics, fish swimming capacity, physiological limits, and ecological, environmental
conditions in the rest pools, inlets, and outlets of fishways are all key elements of fishway
design [8,18]. In order to adapt to fish migration in various river hydraulic conditions, many
types of fishways with various designs were built and classified as technical structures (pool-
type, vertical slot, and Denil fishways, surface collector bypasses, pool and weir fishways,
weir and orifice fishways, lateral-system fish ladders, mixed-system fish ladder, nature-like
structures (nature-like bypass channels and fish ramps), and special-purpose structures (eel
ladders, fish locks, and fish lifts) [10,18–22]. However, because local boundary conditions
and hydraulics are complex, some fishway designs fail to provide an effective passage
for a broad range of fish migration [23]. Among various emerging problematic issues, we
list local large-flow velocity, intense turbulent vortices, sharp water-level drops [24,25],
and ignoring the different migrating habits of fish at different life stages [26,27]. For
example, there is only weir overflow in the conventional pools and weir fishways, which
is detrimental to the movement of benthic fishes [28]. All of these problems indicate that
fishways can be characterized by different levels of eco-friendliness to fish.

Pool and weir fishways, lot fishways, overflow weir fishways, submerged orifice
fishways, and vertical slot fishways can provide safe environments for fish to both travel
backward and rest [14,29,30], which is one of the reasons they are widely used. The design
criteria for pool and weir fishways design are mostly based on salmonid swimming and
behavioral characteristics and should be adapted to different local species for optimal
performance, see, e.g., Mallen-Cooper, M. and Brand, D.A., 2007 [31]. The overflow weir
fishway is equipped with multiple weirs, and the flow evolves in multiple water drops to
reduce its stage, which contributes to maintaining a continuous water surface and adapting
to the migration of fish with strong swimming ability. The submerged orifice fishway is
suitable for fish migration in the middle and lower layers of channels; however, these fishes
must pass through multiple orifices to reach the upper reach of the fishway [32–34]. In
addition to structural fishways, new methods for piping fish upstream over dams were
also proposed, as they are inferred to be able to offer a much higher lift than conventional
fishways [35].

In order to adjust to the flow, there have also been some types of multistage weir plates
with orifices used in fishways [29,36,37]. Typically, these have been one of three types of
weir–orifice fishways with rectangular cross-sections: (1) No overflow at the weir crest, and
only one orifice flow located at one side at the top. All the weirs are equally high, such as
the UHE Sao Domingos. (2) Overflow occurs at the weir crest. One orifice is located at the
bottom of the weir, and the other orifice is on the other side of the weir top. The heights
of all the weir plates are the same, such as at Peixe Angical Dam and the weir and orifice
ladder of the Canoas II UHE. (3) No overflow at the weir top. There are six orifices in the
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weir plate, which are divided into two rows and three columns. The heights of all the weir
plates are the same; see the Engenheiro Sérgio Motta UHE as an example [29,36,37].

Fish ladders with weir and orifice structures (abbreviated WOs) were researched
and described from sites worldwide [29]. The hydraulic characteristics of pool-type fish-
ways were investigated by numerical simulation. Both the streamline characteristics and
Reynolds stress distribution were presented [36]. Pebbles with various densities were laid
at the bottom to adjust to the characteristics of the flow field [37]. However, the heights of
the weirs in conventional weir structures or WOs are almost identical along the fish ladder,
which results in a lack of flexibility and fails to adjust to complex boundary conditions, such
as the transition reach connecting two contrasting cross-sectional channels of the fishway.
As opposed to the case of general fishways, the transition reach is usually designed as a
non-prismatic channel. Thus, the heights of the multistage weir plates and the sizes and
numbers of the bottom orifices need to be designed to as varying step by step along the way,
based on a reasonable split ratio, to meet the specific requirements of fish migration [38,39].
To support further research on these topics and overcome the current design challenges,
it is necessary to explore the improved WO to ensure smooth transition sections and to
satisfy the migration needs of the fish.

In this study, we focused on a new modified weir–orifice structure. Different from
conventional WOs with constant height and shape, the new modified weir and orifice
structure provides a sequence of stage weir plates with bottom orifices that vary step by
step along the channel. It is named the differential weir and orifice structure (abbreviated
DWO). The DWO was also designed to ensure the smooth variation of the water surface
and the connected bottom orifice flow, satisfying the needs of fish migration. The hydraulic
behavior of the modified WO structure (i.e., DWO) and the eco-friendliness to migrating
fish need to be assessed reliably. Therefore, it is crucial to focus on its ecohydraulic
characteristics and conduct validation experiments and field monitoring [40–43]. The
design method and the hydraulic elements of the DWO structure are explored in this paper,
aiming to provide velocity distribution, turbulence characteristics, and the recirculating
flow structure that are designed to favor fish passage, using both numerical simulations
and scale-model laboratory tests based on a large fishway project in China.

2. Material and Motivation
2.1. Hydraulic Properties of the Multistage Weirs and Multistage Orifices in Fishways

An overflow weir is a structure that discharges flow over the top of the weir. Figure 1
shows the typical overflow pattern of the weir, which is composed of two-stage sharp-
crested weirs. When there is a high water head drop in the local reach of a river caused by
a dam, multistage weirs are usually adopted in fishways to connect the high water head
drop by means of multistage overflow. Close to the weir, the flow velocity decreases while
the water level upstream increases at the same time. From the vertical view, in approaching
the top of the weir, the velocity increases rapidly because the cross-sectional area of the
flow gradually shrinks. The flow over the top of the weir has a continuous head drop that
is transferred partly into kinetic energy as the potential energy decreases and partly into
turbulence kinetic energy or energy loss [30,31]. The lower part of the weir is a quasi-static
area that fills with a transverse spiral flow, which is beneficial to fish rest and other benthic
hydrobionts, i.e., forming a natural ecological environment. Normally, the intervals of
multistage weirs are small, and multistage waterfalls would be formed as a transition of
local water head drops. The velocity at the top of the weir and the water-level difference
over the weir are the critical factors for migrating fish to pass through.
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forms at about 0.5D to 1.0D away from the orifice, where D denotes the bore diameter. 
Then, the distribution of the streamlines begins to expand again, and the velocity of the 
orifice decreases gradually downstream. There is continuous bottom flow formed in the 
multistage orifice outflow, in which the streamline distribution contracts, expands, and 
contracts again, alternately. Downstream, away from the orifice outflow reach, the water 
depth increases, and the velocity decreases gradually, which supplies a suitable environ-
ment for fish habitation and the growth of aquatic organisms. As the orifice velocity is 
attributed to the water depth in front of the weir, the water depth of the fishway should 
not be so high that it prevents fish from passing because of the high orifice velocity. There-
fore, the size and velocity of the orifice are critical parameters that affect fish migration 
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Figure 1. Sketch of conventional multistage weir outflow. The flow velocity close to the weirs
decreases while the upstream water level increases. Supplying a continuous free surface is one of the
advantages of multistage weirs.

The orifice outflow is the bottom flow, and the typical orifice flow patterns of the two
stages are shown in Figure 2. Multistage orifices are also usually adopted in channels or
fishways to connect the water head drop caused by a dam. Under submerged outflow
conditions, the streamline distribution in front of the orifice contracts, and the flow velocity
increases gradually. The water head in front of the orifice is attributed to the size and
position of the orifice. Downstream of the orifice, affected by inertia, a contraction section
forms at about 0.5D to 1.0D away from the orifice, where D denotes the bore diameter. Then,
the distribution of the streamlines begins to expand again, and the velocity of the orifice
decreases gradually downstream. There is continuous bottom flow formed in the multistage
orifice outflow, in which the streamline distribution contracts, expands, and contracts
again, alternately. Downstream, away from the orifice outflow reach, the water depth
increases, and the velocity decreases gradually, which supplies a suitable environment for
fish habitation and the growth of aquatic organisms. As the orifice velocity is attributed to
the water depth in front of the weir, the water depth of the fishway should not be so high
that it prevents fish from passing because of the high orifice velocity. Therefore, the size
and velocity of the orifice are critical parameters that affect fish migration [44–48].
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Figure 2. Sketch of multistage orifice outflow. Submerged outflow through the orifices leads to
the contraction of the streamline distribution upstream and increase in the flow velocity gradually
near the orifice. Discontinuous water surface and lack of eco-friendliness are the disadvantages of
this structure.

2.2. Modified Weir–Orifice Structure (DWO) and Its Features

The DWO is a modified WO structure composed of a differential weir and orifice that
adapts well to the transition reach with varying cross-sections and water depths along the
channel. The flow pattern of the DWO combines the advantages of the two current typical
outflows, i.e., weir outflow and orifice outflow, which can smooth the flow transitions
by forming a continuous water surface and connecting the bottom outflow. The form
and size of the weir–orifice plate at each stage are different, as shown in Figure 3. The
different boundaries around the weir and orifice cause them to form two different flow
patterns with different characteristics and discharging capacities. Additionally, there are
still some common properties between the weir overflow and orifice outflow, and the
outflow capacities of both depend on the upstream water level. Moreover, from an energy
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point of view, both present progress in that potential energy is converted into kinetic energy
gradually in the discharging flow, which means that the outflow progress of the DWO
structure can cause a series of local head losses.
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Figure 3. Flow state of the differential weir–orifice (DWO). The DWO structure forms two different
flow patterns, i.e., weir flow at the top and orifice flow near the bottom, and two circular currents
upstream and downstream from the weir plate. The discharge of the weir overflow and bottom
orifice flow are both affected by the orifice diameter e and weir height P. The streamline is smoother
than that of the two structures shown in Figures 1 and 2.

2.3. Focus Issues

To obtain the tranquil flow and suitable velocity for fish migration, we had to solve
three focus issues. Initially, the number of stages and the weir heights of a multistage DWO
needed to be calculated to smoothly connect the downstream and upstream water levels of
a certain difference and cause the fish to migrate step by step. In addition, the proper split
ratio of the weir overflow discharge to the orifice outflow needed to be calculated according
to the purpose of the vertical symmetry of the flow field. Finally, the shape, amount, and
size of the orifice needed to be designed to supply the suitable velocity for migrating fish
to pass through.

For the purpose of these three critical issues, it was necessary to conduct theoretical
analysis and simulation research according to the needs of both hydraulics and ecology.
The following two steps were performed:

1. We analyzed the diversion relationship (between the weir and orifice) of the DWO
and investigated the calculation method based on hydraulic theory. Then, the design
principle of the DWO structure applied to a fishway was obtained, and the hydraulic
design methodology considering the habits and biological demands of migrating
fishes could be proposed.

2. We used a proposed fishway project as an example and designed a DWO structure
to connect the two reaches upstream and downstream with a high head drop. Then,
the hydraulic properties of the DWO and their potential effects on fish migration
were studied by means of 3D hydrodynamical numerical simulation and a hydraulic
physical-scale model experiment. A series of experiments were conducted, including
two cases: Case S1 for the conventional multistage weir scheme and Case S2 for the
modified multistage DWO scheme. In addition, the hydraulic characteristics of the
two cases, such as the longitudinal water-level (surface) profile, velocity field, flow
regime, and turbulence energy distribution, among others, were studied, assessed,
and compared. Finally, the optimization technology parameter of the DWO structure
fishway could be given.

3. Basic Principle and Design Methodology
3.1. Hydraulic Principle of DWO Structure Design

For the purpose of investigating the hydraulic characteristics of the DWO outflow, a
hydraulic physical-scale model was designed and built to simulate the outflow of the DWO
in the laboratory, based on basic hydraulic principles and similar conditions. The outflow
of the DWO should not only follow the movement laws for both weir flow and orifice
flow but also be restricted by the common boundary and flow conditions. The calculation
process is shown in Figure 4 and described as follows.
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1. The calculation of the weir overflow: the discharge capacity of the submerged weir
flow can be derived using the following energy equation:

Qw = σs1m1b1
√

2gh3/2 (1)

where Qw denotes the discharge of the overflow weir, m1 denotes the weir discharge
coefficient, b1 is the weir width, h is the weir top head, g denotes the acceleration of gravity,
and σs1 is the weir flow submerged coefficient.

h = H − P (2)

where H denotes the water depth before the weir and P is the weir height.

2. The calculation of the orifice outflow: the discharge capacity formula of the orifice
submerged outflow can also be obtained by using the following energy equation:

Qo =
n

∑
i=1

µci Ai
√

2g∆z (3)

where Qk denotes the flow discharge passing through the orifice at the bottom of the weir
plate, n denotes the number of orifices, i denotes the sequence of orifices, and µci denotes
the discharge coefficient of the orifice, which is usually taken as 0.65 to 0.75 for the bottom
hole. Ai denotes the hole area of the index i orifice; ∆z is the head difference between the
upstream and downstream of the weir plate.
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3. The calculation of the DWO outflow: by combining the characteristics of two discharg-
ing structures, i.e., a weir and bottom orifice, the DWO discharges flow by both the
weir overflow and the bottom orifice outflow synchronously at each different stage.
According to the principle of mass conservation, the flow discharge should satisfy the
following formula:

Q = Qo + Qw (4)

where Q denotes the whole flow discharge of the DWO, Qw is the weir overflow discharge
of the DWO plate, and Qo is the bottom orifice flow discharge of the DWO plate. In
addition, the discharge ratio coefficient in Equation (4) might be adjusted by the interaction
between the orifice and the weir.

By using the gate outlet discharge formula, Qo (the DWO plate) can also be expressed
as follows:

Qo =
n

∑
i=1

σs2µcib2iei
√

2gH =
n

∑
i=1

σs2µcib2iei

√
2g(h + P) (5)

where σs2 denotes the submerged coefficient of the bottom outflow, which reflects the
submergence degree of the orifice outflow; b2i and ei denote the width and height of the
bottom hole, respectively; and H denotes the local water head, which depends on the
sequencing number of its stage plate.

4. The association between the weir overflow and orifice outflow in the DWO structure:
the commonality between the weir flow and orifice flow is that their flow capacities
are both attributed to the water depth H before the DWO plate and the water head
difference ∆z between upstream and downstream of the plate. In addition, their flow
capacities are affected by each other as the boundary condition of each stage plate
changes. ∆z depends on the water level downstream and is usually attributed to the
total water head drop of the reach and the number of multistage weirs.

Taking the split modulus β as the index indicates the split ratio of the weir flow
discharge to the orifice flow discharge. According to Equations (1) and (5), the formula for
determining β can be obtained as follows:

β =
Qo

Qw
=

n
∑

i=1
σs2µciei H0.5

σS1m1b1(H − P)1.5 = f (e, H) (6)

where the meaning of the parameters in Equation (6) is the same as in the preceding formulae.
Based on theoretical analysis and the formulae above, the split hypothesis of the weir

flow and orifice flow was obtained. The weir flow, dominated by gravity, controls the
surface flow movement and accounts for a large portion of the flow discharge of the DWO,
where Q varies with H3/2. However, the orifice flow depends on the pressure of the outflow,
i.e., the control of the bottom flow, and its discharging capacity is less than the weir flow,
where Q is proportional to H1/2. On the basis of the weir flow, setting an appropriate orifice
flow is helpful for reducing the water head difference and velocity at the weir top, and the
velocity of orifice flow can also be controlled in the limited range. Considering the flow
discharge and the fish passage conditions, the minimum difference between the velocity
passing through the DWO and the velocity the fish prefer was taken as the key parameter,
and the proper split modulus β was controlled as 0.18 and 0.34. The results above are based
on the experimental data and theoretical analysis [49] and can meet the basic requirements
of both the preferred velocity and space. The theoretical derivation and analysis of the
optimal split ratio of the DWO fishway are referred to in other papers.

5. The routine of calculating the split ratio of the weir flow to orifice flow: when the flow
discharge Q, height of the weir P, and width b and height e of the orifice were given,
the split ratio of the upper and bottom flow in the DWO had to be determined by trial
calculations. The whole routine was as follows:
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(i) We assumed that the weir overflow Q′w accounted for 90% of the total flow
Q, and then the initial weir crest head h′ was calculated according to the weir
flow Equation (3);

(ii) According to the relationships among the weir height P, the weir crest water
head h, and the water depth in front of the orifice H, the water depth H′1 in
front of the weir was determined;

(iii) Using H′1 and Equation (5), the bottom orifice flow discharge Q′o was calculated;
(iv) We checked whether the sum of Q′w and Q′o followed the mass conserva-

tion principle, i.e., Equation (4). If the error was less than the error limit ε,
which usually takes the value of 0.001, then the Q′w and Q′o were obtained.
Otherwise, if the error was larger than ε, we set the weir flow discharge as
Q′′w=Q − Q′o, and repeated Steps (ii), (iii), and (iv) until the error met the
requirement. The calculation process is shown in Figure 4.

By using the MATLAB platform and after putting the relative parameters into the
program, the flow discharges of the weir flow Qw and orifice flow Qo could be obtained
given the discharge Q and the water head drop ∆z between two stages. Once the split
modulus β met the requirement in Step (iv), the hydraulic design of the weir overflow and
bottom orifice flow could be achieved.

3.2. Hydraulic Design Methodology of DWO Structure in the Fishway

By setting up a differential multistage weir–orifice (DWO) in a fishway, the split
ratio of the top to bottom outflow in each stage could be easily adjusted by means of the
weir height and orifice size. Therefore, the flow velocity and water depth could meet the
requirements of fish passage in different vertical layers of the flow field [50].

3.2.1. Design Essentials in Transition Reach of Fishway

Firstly, it was necessary to reasonably allocate the water head difference in each stage.
According to the total head difference in the transition reach, the stage number of the DWO
component should be set reasonably to avoid an excessive drop between the two stages,
which causes a velocity that is difficult to meet the requirement, but an extremely small
difference will also cause complex boundaries and unnecessary construction.

Secondly, the water head difference should meet the conditions of migrating fish
passage. The weir height and water head drop between the stages would affect the velocity
and depth at the weir top, which should be set reasonably to meet the preferred conditions
that fish would prefer to pass through. The size of the orifice is associated with the fish size
or fish fullness, while the velocity of orifice outflow should be controlled at the preferred
velocity of the fish and less than the burst ability of fish swimming. According to the main
requirements for the passage of fish that should be met, specifically, the diameter of the
orifice should be greater than 1.5 times the median fish width, and the velocity of the orifice
flow should be less than 2.4 m/s [51]. The number and layout of orifices also affect the
split ratio and the characteristics of the flow field near the bottom, so it must be arranged
reasonably to satisfy the preferred conditions of the fish passage and rest.

3.2.2. Hydraulic Design Method

1. According to the head drop of the entire fishway, the grade head difference and weir
heights of all the levels of thin-walled weirs could be designed preliminarily; therefore,
the water head of the weir top and the split ratio at all of the levels of the DWO were
further determined.

2. Based on this, the bottom orifice size of the thin-walled weir was designed pre-
liminarily, and the orifice velocity was adjusted at the same time according to the
requirements for fish crossing.

3. The holes were designed as follows. Firstly, according to the habit of fishes that prefer
to swim along the sidewall at the channel bottom, there are holes set in both the left
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and right sides at the bottom of the submerged weir for fish passage. Then, the size
and position of the other holes were designed according to the needs of flow splitting.

4. According to Figure 4 and Equations (1)–(5), the hydraulic design of the DWO was
carried out, and the related indexes, such as the weir height and orifice size and
position, could also be adjusted according to the demand of fish passage. Moreover,
increasing the roughness of the fishway bottom could also be one of the methods to
control the water depth and velocity near the bed.

4. Case Study and Result
4.1. Project Description and Research Method

Based on the theoretical analysis and calculations above, the hydraulic characteristics
of the DWO structure in the transition reach of the fishway were researched by means of a
numerical simulation and model experiment. Taking a large proposed fishway project as a
case, the layout of the fishway is shown in Figure 5.
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Figure 5. Layout sketch of the river and of a proposed fishway project in southern China. Only part
of the fishway in the right bank is shown in the figure. There is an auxiliary dam built at the inlet of a
natural flood diversion ditch upstream from the main dam. The fishway, designed as vertical slot
structure, passes through the auxiliary dam and is connected to a meandering ecological fishway
by a non-prismatic channel (transition reach). The beach and channel comprise the meandering
ecological fishway.

To supply a passageway for fish migration in the river that is cutoff by a dam, the
fishway project would be built on the left bank of the river. To adapt to various water-level
conditions of the river, two fishways with two inlets in different locations were designed
in the project, only one of which was considered in this study, as shown in Figure 5.
The fishway consists of three reaches. The first reach is the vertical slot fishway with a
rectangular cross-section of 5 m (width) × 3.5 m (depth) that starts from the dam upstream.
The third reach is the ecological fishway downstream of the dam, with a meandering
channel of over 1300 m long, which was designed to imitate a natural river.

The middle reach that connects the vertical slot fishway and ecological fishway is
the transition reach. It was designed as a non-prismatic channel, the inlet of which has
a rectangular section similar to the vertical slot fishway, while the outlet has a trapezoid
cross-section similar to the ecological fishway. Therefore, the sidewall of the channel was
designed as a twisted surface, and the bottom slope is 6.7‰ in the transition reach. In the
channel, the depth and the bottom width decrease along the channel, while the sidewall
slope and top width of the channel both increase correspondingly. In the outlet, the depth
of the channel is only 1.5 m, and the bottom width decreases from 5.0 to 1.5 m, while the
side slope is up to 1/3. The total water head drop of the transition reach was designed to
be 2.5 m so as to connect the two types of fishway, i.e., the vertical slot fishway and the
ecological fishway. In order to eliminate the steep hydraulic slope, 11 stages of submerged
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weir plates at equal distances were designed in the transition reach, where the heights
of the weir plates decreased from 2.5 to 0.3 m. The multistage weir plates play a role in
reducing the local head drop of each weir significantly, i.e., the water depth difference
before and after the weir decreases significantly, making the flow more tranquil according
to the design. The transition reach is 100 m long, and the layout is shown in Figure 6.
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prismatic channel in which the bottom width was designed as decreasing along the longitudinal
direction while the side slope increases accordingly. The cross-section of the entrance is a rectangle,
while that of the export is a trapezoid. There are eleven weirs, and their heights decrease along the
flow direction, which causes water depth to diminish correspondingly.

Most of the freshwater fishes living in the river in which the project is located are
migratory fish stocks, including Squaliobarbus curriculus, Elopichthys bambusa, Ctenopharyn-
godon idella, Aristichthys nobilis, Megalobrama terminalis, and Cirrhinus molitorella, among
others. According to related research, the burst swimming speed of these fishes is about
1.3 to 2.7 m/s, and the ideal velocity (preferred velocity) for migration is about 0.6 to
1.5 m/s [49]. Therefore, the maximum flow velocity in the fishway should be limited to the
burst swimming speed of the migrating fish.

Based on the project conditions, the following research was conducted. Firstly, ac-
cording to the research results of the DWO described above, the optimized structure of
the DWO was designed based on the concerning problems and focus issues. Then, a
3D hydrodynamic mathematical model and a hydraulic scale model of the fishway were
established. Moreover, through numerical simulation and model test research, the two
different structures were compared and evaluated. The feasibility of the application of the
DWO structure in a non-prismatic channel was also verified.

4.2. Focus Issues in the Transition Reach of the Fishway

In the hydraulic model experiments of Case S1, i.e., the multistage conventional weir
scheme in the transition reach, it was found that the hydraulic slope in the transition reach
was too steep and up to 2.5%, where the water depth changes from 3.2 m (upstream) to
0.7 m (downstream). The local hydraulic slope between the two weir plates was up to 4%.
The head drop before and after each weir plate was generally around 0.4 m, and the local
drop could even be as much as 0.5 m. It was also shown that the flow regime downstream
of each weir was mostly turbulent and disordered. The main reason for this might be that
the vertical velocity profile distribution was extremely uneven. The velocity near the weir
crest was up to 2.5 to 3.2 m/s, while the velocity was very low in the middle and bottom
layers, where backflow even occurred. Compared to the swimming ability of the migrating
fish listed above, obviously, the velocity of the weir crest was too high, which might be one
of the largest obstacles to migrating fish. Therefore, it was necessary to try to adjust the
flow structure so as to improve the ecohydraulic efficiency of the fishway.

4.3. Optimized DWO Scheme Based on the Case

To solve the transition problems caused by the large water head drop of about 2.5 m
within a short distance of about 100 m, a modified differential weir–orifice (DWO) scheme
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was proposed. Based on the boundary characteristics of the transition reaches, the hydraulic
design was conducted according to the method described in Section 3, and the modified
scheme (DWO) was obtained by means of hydraulic simulation and hydraulic model test
verification. In designing the structure of the DWO, there were several steps to complete,
including reducing the water head drop of each stage weir by means of adjusting the split
ratio of the weir flow discharge to the orifice flow, reducing the overflow velocity of the
weir crest, and placing rough boulders in the bottom and improving the flow regime of
the pool. The detailed adjustment scheme of the DWO is shown in Figure 7 and described
as follows.
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Figure 7. Sketch of DWO and roughness boulders (unit: cm). The elevation view of the DWO 1, 4, 7
and 11 are shown in panels (a–d), which includes three orifices in each weir plate. The DWO structure
can be divided into three typical regions (including three weirs), as shown in (e–g). The roughening
blocks are arranged symmetrically with the central axis of the channel, and the blocks upstream
and downstream from the orifice are also arranged symmetrically. The roughening boulders were
sampled as cubic blocks in the hydraulic model, as shown in the figure.

1. Weir plate: a new weir plate was inserted between every two original weirs, with the
same interval of 5.0 m, for a total of 21 weir plates. The water head drop of each weir
was designed as 0.1 m, and the water depth on the weir crests ranged from 0.35 to
0.45 m. In addition, orifices were set in each weir bottom, with split ratios (weir to
orifice) ranging from 0.65 to 0.82.

2. Orifice arrangement: at the bottom of each submerged weir, there were three orifices
set up for fish passage, among which two side holes (left and right) were designed
close to the foot of the sidewall. The middle orifice was staggered along the central
axis of the channel, as shown in Figure 7a–c. The width and the height of the bottom
orifice were both about 0.36 m according to the split ratio and the size of the fish body,
which is over 1.6 times the normal width of the migrating fish. As the bottom width
decreases along the transition reach, there are only two orifices on the left and right
sides of the weir, which should be behind weir 10 (see Figure 6). The layout of the
submerged weirs and bottom orifices is shown in Figure 7a–d. The proportion of the
orifice flow out of the total flow is about 18% to 35%.

3. Roughening boulder: roughening boulders were added to the bottom of the channel
in the transition reaches so as to reduce the flow velocity by increasing the resistance,
the general diameters δ of which were about 0.35 to 0.45 m. In building the physical
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model, the shape of the roughening boulder was simplified to a cube. Boulders can
not only increase the drag force and decrease the flow velocity but could also be used
as a rest shelter for migrating fish, which is meaningful from the ecology point of
view. The roughening boulders were arranged symmetrically according to the central
axis of the channel. Meanwhile, they were also arranged symmetrically in front of
and behind the orifice of DWO. The layout of the roughening boulders between the
weir plates at different stages is shown in Figure 7e–g. Based on the relevant research
and the former findings of several authors [37,49,52], some key indexes of the boulder
arrangement for the channel were obtained according to the experimental test and
simulation results. Respectively, the relative roughness δ/H should range from 0.11 to
0.26, the relative longitudinal spacing l1/B from 0.10 to 0.16, and the relative lateral
spacing l2/B from 0.10 to 0.27, where H and B denote the water depth and bottom
width of the entrance in the transition reach, respectively, and l1 and l2 denote the
longitudinal spacing and lateral spacing between the boulders, respectively, as shown
as Figure 7e–g.

4.4. Numerical Simulation Research on Hydrodynamic Characteristics of the DWO Fishway
4.4.1. Three-Dimensional Hydrodynamic Mathematical Model

1. Model principle: in order to investigate the hydrodynamic characteristics of the
combined DWO components in the fishway, a three-dimensional turbulent flow
simulation was used. The hydrodynamic mathematical model of the transition reach
was established by CFD calculation utilizing the k-ε equation (RNG k-ε turbulence
model), which is reasonably accurate and stable. The volume of fluid (VOF) method
was used to capture the free surface of the flow. The flow governing equations were
solved by discrete iteration in the computational domain. The model was mainly
used to simulate the flow field in the transition reach for the fishway, the velocity
distribution, as well as the flow regime characteristics of the area, which are affected
by the DWO. The baffle mode was added to monitor the fluid flow rate so as to obtain
the split ratio of the weir overflow discharge to the bottom orifice flow discharge.

2. Numerical simulation range and boundary conditions: the simulation range includes
a short end reach of the vertical slot fishway (rectangular cross-section) of about
10 m, the whole transition reach (non-prismatic body) of about 100 m, and part of
the ecological fishway (trapezoidal cross-section) of about 10 m as the outlet of the
model. There were two boundary conditions (schemes) to simulate, Case S1 and Case
S2. The S1 condition had multistage weirs (11 stages) without orifices, and the flow
field was compared to that of Case S2. Case S2 had a multistage DWO (21 stages).
The 3D shapes of the simulated channel boundaries and the DWO are shown in
Figures 8 and 9. The upstream open boundary conditions of the model were the water
depth and flow rate. Here, the chosen flow condition not only had high intensity
in practice but also met the boundary conditions of the upstream fishway, i.e., the
discharge was about 3.6 m3/s, and the inlet water depth was 3.0 m, accordingly. The
open boundary of the downstream fishway adopted a water depth of the outlet of
about 0.75 m, determined by the inlet water depth of the ecological fishway with the
broad and shallow channels. The wall boundary also fits the condition of no slip.
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Figure 9. Local grid of the DWO. The white parts are DWO plates and roughening blocks, and the
size of a single grid cell is 0.1 m × 0.1 m × 0.1 m.

3. Mesh generation and validation: the computational domain grid was established
using a uniform cubic mesh, and a local mesh was also processed finely by means of
the Favor technology according to the boundary characteristics [45,46], as shown in
Figure 9. The size of a single grid cell was about 0.1 m × 0.1 m × 0.1 m. There was a
total of 3,136,000 elements.

4. Verification of the modeling: in order to ensure the accuracy of the numerical simula-
tion, the numerical model of the fishway was validated based on the data of Case S1.
The simulation results of the water surface line were compared with the test results of
Case S1 obtained from the hydraulic scale model built before numerical simulation, as
shown in Figure 10. It is indicated that the general trend of the water surface line of
the simulated data was consistent with that of the experimental data to a large extent;
both maintained almost the same drop at each stage (of about 0.4 m), and they had the
same energy slope. The proper roughness of the channel was selected by adjusting the
resistance parameter, i.e., improving the bottom boundary conditions by establishing
roughness boulders (Figures 8 and 9). Finally, the value of the Manning roughness
was about 0.03.
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was significant; Case S1 presented a single peak with a strong deviation in the velocity 
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Figure 11. Velocity contours of the cross−section (X/L = 0.21, upstream). L is the length of the transi-
tion reach, and X is the distance of cross−section selected away from the inlet. (a) There is mainly 
upper overflow of the weir crest without bottom flow in S1, and the velocity is about 2.2 to 2.8 m/s. 
The bottom circumfluence could be affected by roughening blocks. (b) The bottom flow velocities 
passing through three orifices are all about 0.6 to 1.0 m/s, and the upper overflow velocity is reduced 
to 1.2 to 2.3 m/s. The velocities of the weir flow and orifice flow are both suitable for fish migration 
in S2. In the figure, x, y, and z denote the longitude, transverse, and vertical coordinates (unit: m). 
The x− velocity is the longitudinal flow velocity (unit: m/s). 

Figure 10. Water depth of Case S1 obtained by two methods. The model experimental data and
numerical simulation data both show an apparently fluctuating and discontinuous water surface line.
They are in a good agreement due to similar resistance.

4.4.2. Hydrodynamics Characteristics of DWO

1. Characteristics of Flow Field and Velocity Profile

According to the data of the 3D numerical simulation, it was found that the hydro-
dynamic characteristics of the flow fields in Case S1 and Case S2 differed. To reflect the
velocity profile distribution of the two schemes, three typical cross-sections were chosen in
the upper, middle, and lower positions of the transition reach. The velocity profile contours
of these typical cross-sections are given in Figures 11–13.
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Figure 11. Velocity contours of the cross−section (X/L = 0.21, upstream). L is the length of the
transition reach, and X is the distance of cross−section selected away from the inlet. (a) There is
mainly upper overflow of the weir crest without bottom flow in S1, and the velocity is about 2.2 to
2.8 m/s. The bottom circumfluence could be affected by roughening blocks. (b) The bottom flow
velocities passing through three orifices are all about 0.6 to 1.0 m/s, and the upper overflow velocity
is reduced to 1.2 to 2.3 m/s. The velocities of the weir flow and orifice flow are both suitable for fish
migration in S2. In the figure, x, y, and z denote the longitude, transverse, and vertical coordinates
(unit: m). The x− velocity is the longitudinal flow velocity (unit: m/s).

A comparison of these figures shows that when the flow passes through the multistage
weirs in Case S1 and Case S2, the spatial distributions of velocity both changed and adjusted
rapidly. The form difference in the weir plates of the two schemes contributed to the
different flow structures. In Case S1, with conventional weirs, there was only overflow
at the top in the vertical profile, and the overflow velocity of the weir crest ranged from
2.5 to 3.2 m/s generally, as shown in Figures 11a, 12a and 13a. However, the velocities of
the middle and bottom layers were minor, and there was even a static water region near
the bottom. The difference between the vertical velocity profile distributions of the two
schemes was significant; Case S1 presented a single peak with a strong deviation in the
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velocity profile, as shown in Figure 14. The location and size of cross-Section 3 are shown
in Figures 6 and 7.
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of Case S1 and the DWO of Case S2 in panel (a,b). As the height of the downstream weir is very small, 
the depth is also largely decreased, which causes the turbulence intensity of the flow to increase. 
However, the water surface fluctuation and the velocity of the overflow at the weir top in S2 are both 
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Figure 14. Velocity profiles of cross-section 3 under the two case boundary conditions. The curve of 
the flow velocity profile was obtained according to the numerical simulation data in Section 3, as 
shown in Figure 6. It is seen that because part of the flow discharging at the weir crest is transferred 
to the bottom, the velocity distribution in the vertical is relatively uniform (red line) and more suit-
able for fish migration in Case S2. However, the overflow velocity of the weir crest is too large (black 
line) for fish migration in Case S1. 

In the modified differential weir-orifice (DWO) scheme of S2, the double passage for 
the discharging flow contributes to adjusting the flow structure, and the vertical profile of 

Figure 12. Velocity contours of the cross-section (X/L = 0.41, middle stream) for the conventional weir
of Case S1 and the DWO of Case S2 in panel (a,b). The velocity is larger, up to 2.5 m/s, because the
circumfluence is concentrated at the weir top in S1, but the velocity at the weir top in S2 is only about
1.2 to 1.5 m/s. The velocity profile in the cross-section is more uniform than that in S1 and also more
suitable for fish migration. The meanings of all the variables and symbols in the figure are the same
as above.
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Figure 13. Velocity contours of the cross-section (X/L = 0.75, downstream) for the conventional weir
of Case S1 and the DWO of Case S2 in panel (a,b). As the height of the downstream weir is very small,
the depth is also largely decreased, which causes the turbulence intensity of the flow to increase.
However, the water surface fluctuation and the velocity of the overflow at the weir top in S2 are
both less than those in S1. The meanings of all the variables and symbols in the figure are the same
as above.

In the modified differential weir-orifice (DWO) scheme of S2, the double passage for
the discharging flow contributes to adjusting the flow structure, and the vertical profile of
the flow velocity presents a more equal distribution, with two peaks in the top and bottom,
respectively, as shown in Figures 11b, 12b, 13b and 14. The velocity of the orifice flow is
generally at 0.8 to 1.3 m/s, and the velocity of the weir crest overflow is also significantly
reduced by the split flow of the bottom orifice, which is generally at 1.2 to 2.3 m/s and
reduced by 23% to 40%. As a result, the flow velocities in the top and bottom passages both
meet the requirements for fish passage (as mentioned above). In the middle layer of the
vertical flow field, there is a low-intensity frictional circumfluence, and the absolute value
of the velocity there ranges from 0.3 to 0.5 m/s, which is suitable for fish to rest. In addition,
in the flow field, there are several local low-speed areas intermittently distributed at the
bottom, which are the wake vortexes caused by the roughening blocks (Figures 11–13).
Therefore, from the ecological point of view, these blocks can also imitate a natural shelter
for the fish when they need to rest after swimming, providing comfort.
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Figure 14. Velocity profiles of cross-Section 3 under the two case boundary conditions. The curve of
the flow velocity profile was obtained according to the numerical simulation data in Section 3, as
shown in Figure 6. It is seen that because part of the flow discharging at the weir crest is transferred to
the bottom, the velocity distribution in the vertical is relatively uniform (red line) and more suitable
for fish migration in Case S2. However, the overflow velocity of the weir crest is too large (black line)
for fish migration in Case S1.

2. Vertical distribution characteristics of the turbulent kinetic energy

Turbulent kinetic energy is one of the important indexes reflecting the turbulent
characteristics of the flow field. Using numerical simulation data, the vertical distribution
contours of the turbulent kinetic energy of the selected typical section in Cases S1 and
S2 are shown in Figures 15 and 16. It was found that the turbulence characteristics are
obviously different in the flow fields between S1 and S2. The turbulent kinetic energy of
the weir top in the DWO scheme is reduced by about 41% to 23% compared to that in
Case S1. The reason the spatial distribution of the turbulent kinetic energy of S1 and S2
significantly differ is whether or not there is bottom flow, which is attributed to the two
different flow structures. The flow in the S1 scheme, with conventional weirs, concentrates
on the top overflow, and the turbulence intensity of the upper flow field is high, which
causes the turbulence energy consumption also to be concentrated. In the Case S2 scheme,
with the DWO, the turbulent kinetic energy is transferred to the bottom layer because
of two discharging flow passages in the top and bottom. Although the turbulent kinetic
energy at the orifice is slightly higher than the nearby area, it is only 26% to 28% of that in
the top layer. The orifice flow is relatively gentle and more suitable for fish passage. This
shows that the turbulent kinetic energy profile can be adjusted by the DWO.
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Figure 15. Turbulent energy contours of the cross−section (X/L=0.21, upstream) for the conventional 
weir of Case S1 and the DWO of Case S2 in panel (a,b). The water depth upstream is higher, the flow 
turbulence in the upper layer has less influence on the lower layer in Case S1, and the vertical gra-
dient of the turbulent energy is significant, seen in the left figure. However, the spatial distribution 
difference of the turbulent energy decreases in Case S2, and therefore, the vertical gradient is lower, 
as shown in the right figure. The meanings of all the variables and symbols in the figure are same 
as above. The unit of turbulent energy is m2/s2. 

Figure 15. Turbulent energy contours of the cross−section (X/L = 0.21, upstream) for the conventional
weir of Case S1 and the DWO of Case S2 in panel (a,b). The water depth upstream is higher, the
flow turbulence in the upper layer has less influence on the lower layer in Case S1, and the vertical
gradient of the turbulent energy is significant, seen in the left figure. However, the spatial distribution
difference of the turbulent energy decreases in Case S2, and therefore, the vertical gradient is lower,
as shown in the right figure. The meanings of all the variables and symbols in the figure are same as
above. The unit of turbulent energy is m2/s2.



Water 2022, 14, 1711 17 of 24Water 2022, 14, x FOR PEER REVIEW 17 of 24 
 

 

 
Figure 16. Turbulent energy contours of the cross-section (x/L=0.41, middle stream) for the conven-
tional weir of Case S1 and the DWO of Case S2 in panel (a,b). It can be seen that as the water depth 
is lower than upstream, the flow turbulence in the upper layer starts to affect the lower layer. The 
upper turbulent strength in Case S1 is larger than that in Case S2, and the bottom turbulent energy 
in the DWO (Case S2) is larger than that in the conventional weir (Case S1). The turbulent conditions 
in both the upper and bottom layers in S2 are more suitable for fish migration than those in S1. The 
meanings of all the variables and symbols in the figure are the same as above. 

4.4.3. Adjustment to the Water Level and Flow Regime 
Comparing the water surface lines of the two schemes in Figure 17, it was found that 

the flow drop at all levels of the Case S1 scheme (black line) was significant and formed a 
multistage water head drop, where the water level decreased stepwise, obviously, and the 
mean value of the head drop in each stage was as much as 0.35 m. However, in the Case 
S2 scheme of the DWO, the water surface presented a smooth continuous curve with minor 
fluctuation (red line shown in Figure 17). The mean value of the head drop in each stage 
was about 0.13m, which was reduced by 55–65% on average. The water head drops at all 
stages were relatively gentle in the DWO scheme, and the fluctuation intensity under the 
weir was sharply weakened. The turbulent intensity in the flow field was also decreased, 
and the transverse circulation region was compressed, which means that the flow regime 
in the DWO scheme was relatively more tranquil and stable. 

 
Figure 17. Comparison of water surface profiles between the two schemes. The water head drop in 
Case S1 ranges from 0.3 to 0.4 m, which is difficult for migrating fish. However, the flow drops in 
Case S2 have been reduced to 0.10 to 0.16 m, forming a minor undulating water surface, which is 
more suitable for fish migration. 

By analyzing the changes in the local streamlines in front of and behind the DWO 
plate in Figure 18, it can be seen that the streamlines were relatively concentrated in the 
upper and lower flow layers in the flow field. The weir crest overflow leading to the 
streamline distribution near the weir crest presented a trend that contracted upward 
firstly in front of the weir and then expanded gently behind the weir. The orifice flow 
caused the streamline distribution near the bottom to contract downward firstly in front 
of the orifice and then expand upward after passing the orifice. There was a large region 
of frictional transverse circumfluence in the weir pool. As the velocity of the circumfluence 

Figure 16. Turbulent energy contours of the cross-section (X/L = 0.41, middle stream) for the conven-
tional weir of Case S1 and the DWO of Case S2 in panel (a,b). It can be seen that as the water depth
is lower than upstream, the flow turbulence in the upper layer starts to affect the lower layer. The
upper turbulent strength in Case S1 is larger than that in Case S2, and the bottom turbulent energy in
the DWO (Case S2) is larger than that in the conventional weir (Case S1). The turbulent conditions
in both the upper and bottom layers in S2 are more suitable for fish migration than those in S1. The
meanings of all the variables and symbols in the figure are the same as above.

4.4.3. Adjustment to the Water Level and Flow Regime

Comparing the water surface lines of the two schemes in Figure 17, it was found that
the flow drop at all levels of the Case S1 scheme (black line) was significant and formed a
multistage water head drop, where the water level decreased stepwise, obviously, and the
mean value of the head drop in each stage was as much as 0.35 m. However, in the Case S2
scheme of the DWO, the water surface presented a smooth continuous curve with minor
fluctuation (red line shown in Figure 17). The mean value of the head drop in each stage
was about 0.13 m, which was reduced by 55–65% on average. The water head drops at all
stages were relatively gentle in the DWO scheme, and the fluctuation intensity under the
weir was sharply weakened. The turbulent intensity in the flow field was also decreased,
and the transverse circulation region was compressed, which means that the flow regime
in the DWO scheme was relatively more tranquil and stable.
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Figure 17. Comparison of water surface profiles between the two schemes. The water head drop in
Case S1 ranges from 0.3 to 0.4 m, which is difficult for migrating fish. However, the flow drops in
Case S2 have been reduced to 0.10 to 0.16 m, forming a minor undulating water surface, which is
more suitable for fish migration.

By analyzing the changes in the local streamlines in front of and behind the DWO plate
in Figure 18, it can be seen that the streamlines were relatively concentrated in the upper
and lower flow layers in the flow field. The weir crest overflow leading to the streamline
distribution near the weir crest presented a trend that contracted upward firstly in front of
the weir and then expanded gently behind the weir. The orifice flow caused the streamline
distribution near the bottom to contract downward firstly in front of the orifice and then
expand upward after passing the orifice. There was a large region of frictional transverse
circumfluence in the weir pool. As the velocity of the circumfluence region is less, the flow
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structure is suitable for fish to rest. The stable and tranquil flow in the DWO means a lot to
the security of both the building and the migrating fish. Moreover, the continuous complete
water surface without exposure to any artificial buildings provides a better imitation of the
natural ecological environment for the migrating fish.
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4.5. Results of the Scale Model Test and Its Comparison with the Numerical Simulation
4.5.1. Brief Introduction of the Scale Model

According to the criterion of the gravity similarity and turbulent resistance similarity,
a scale model of the fishway with the DWO was designed and built. The transition reach
model was made of transparent material so as to observe the flow regime. The finished
model of the transition reach is shown in Figure 19, and the local layout is shown in
Figure 20. The modeling range was the same as the numerical simulation range. Limited
by space, the geometric scale of the model was selected as 10, and the velocity scale and
Manning roughness scale were about 3.16 and 1.47, respectively. The flow discharge in the
experiment was controlled by an E-mag electromagnetic flow meter, and the flow velocity
was measured by a Doppler velocity meter (ADV). In order to investigate the hydraulic and
ecological characteristics of the transition reach, the experiments were conducted under
the same conditions as the numerical simulation, and the boundary conditions mainly
included the two schemes of Case S1 and Case S2. The resistance similarity of the model
has been validated.
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Figure 19. Aerial view of the fishway model with the DWO and experimental system. The geometric
scale of the model was 10. The model is 16 m long and made up of polymethyl methacrylate, which
can satisfy the resistance similarity and is transparent in all directions. The pipeline is used to supply
the circulating hydrodynamics, and the discharge is controlled by an E-mag flow meter. The water
level of the outlet is measured by a water gauge, while the velocity is measured by an ADV and
propeller current meter in shallow water.



Water 2022, 14, 1711 19 of 24Water 2022, 14, x FOR PEER REVIEW 19 of 24 
 

 

 
Figure 20. Local 3D simulation model. The interval between the DWO plates is 5 m. The bottom 
roughening boulders are staggered to increase the roughness as well as reduce the velocity, making 
it easier for migrating fish. 

4.5.2. Performance in Regulating the Water Surface 
Under the boundary condition of the S1 scheme, there are 11 stages of conventional 

weirs, and the height difference of the weir plates is about 0.23 m. The experimental results 
indicate that the water surface in the reach of the 11 stage weirs presents multistage water 
head drops and eddies stepwise, and the average value of the head drop of each stage is 
about 0.30 m. Affected by the circumfluence in front of the weir and the hydraulic drop 
crossing the weir, the head drop ratio, which denotes the ratio of the actual water head 
drop to the height difference between two weir plates, is about 1.4 to 1.6, which is very 
close to the results of the numerical simulation. 

By adopting the differential weir–orifice structure (DWO), the bottom orifice flow 
caused the water head drop between every two weirs to be greatly reduced by 60% to 70% 
and evenly to only about 0.11 m, as shown in Figure 21.  

 
Figure 21. Change process of the water level along the transition reach. The water depth of the weir 
crest was reduced to 0.35 to 0.45 m and was quite uniform along the reach, almost presenting a 
horizontal line in the figure, which improved the fishway landscape. The water head drop of each 
stage was basically reduced to about 0.1 m, which contributed to fish migration in the upper layer. 

4.5.3. Velocity Profile of Double Passage Discharging 
Under the boundary conditions of Case S1 with 11 conventional weirs, the measured 

velocity of the weir crest was generally at 1.74 to 2.85 m/s. However, as the DWO was 
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Figure 20. Local 3D simulation model. The interval between the DWO plates is 5 m. The bottom
roughening boulders are staggered to increase the roughness as well as reduce the velocity, making it
easier for migrating fish.

4.5.2. Performance in Regulating the Water Surface

Under the boundary condition of the S1 scheme, there are 11 stages of conventional
weirs, and the height difference of the weir plates is about 0.23 m. The experimental results
indicate that the water surface in the reach of the 11 stage weirs presents multistage water
head drops and eddies stepwise, and the average value of the head drop of each stage is
about 0.30 m. Affected by the circumfluence in front of the weir and the hydraulic drop
crossing the weir, the head drop ratio, which denotes the ratio of the actual water head
drop to the height difference between two weir plates, is about 1.4 to 1.6, which is very
close to the results of the numerical simulation.

By adopting the differential weir–orifice structure (DWO), the bottom orifice flow
caused the water head drop between every two weirs to be greatly reduced by 60% to 70%
and evenly to only about 0.11 m, as shown in Figure 21.
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Figure 21. Change process of the water level along the transition reach. The water depth of the
weir crest was reduced to 0.35 to 0.45 m and was quite uniform along the reach, almost presenting a
horizontal line in the figure, which improved the fishway landscape. The water head drop of each
stage was basically reduced to about 0.1 m, which contributed to fish migration in the upper layer.

4.5.3. Velocity Profile of Double Passage Discharging

Under the boundary conditions of Case S1 with 11 conventional weirs, the measured
velocity of the weir crest was generally at 1.74 to 2.85 m/s. However, as the DWO was
adopted in Case S2, the maximum velocity of the weir crest in Case S2 was decreased by
31%, ranging from 1.5 to 1.85 m/s. The average velocity of the orifice flow in the bottom
also could be controlled from 0.7 to 1.3 m/s, as shown in Figure 22. The reason for this is
that the double-layer discharging flow, i.e., the overflow of the weir crest and the bottom
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flow pass through the orifice, increasing the kinetic energy dissipation and reducing the
total flow intensity. The magnitude and the vertical profile distribution of the velocity from
the experimental data are almost consistent with the numerical simulation results. The
adjusted flow structure in the S2 scheme ensures that both the upper and lower flow layers
in the DWO could behave better in meeting the requirements of migration.
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Figure 22. Change process of the flow velocity along the transition reach in Case S2. The velocities of
the weir flow at the upper layer and the bottom orifice flow both fluctuated along the reach in the
range of 0.4 to 0.6 m/s. The upper velocity in Case S2 was decreased by 0.25 to 0.85 m/s compared
to that in Case S1. Therefore, the layer conditions of the flow structures and their flow intensities
are both suitable for migrating fish and also contribute to living aquatic plants, reoxygenation, and
improved water ecology.

4.5.4. Flow Regime and Ecohydraulic Regulation of DWO

In Case S1, the overflow of the conventional multistage conventional weir failed to
maintain the continuity of the water surface in the channel smoothly, and there were
multistage water head drops with significant magnitudes, as shown in Figures 17 and 23a.
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Figure 23. Water surface of the transition reach in Cases S1 and S2 in the hydraulic model. The
waves on the water surface and the water drops are very obvious, where the local head drop around
each weir plate is high, and the turbulent intensity is very strong (a). In Case S2, the gradient of
the water surface became mild (b). It can be seen that the flow regime in the channel adopting the
DWO became more gentle, without a strong vortex, which supplies the suitable mild dynamics of a
migration environment.

However, by adopting the DWO in the fishway, the overflow regime, with a steep
difference in the water level from that which occurred in Case S1, was entirely improved.
This caused the significant multistage head drops of the water surface to become obvi-
ously gentler and form a continuous water surface such as that of a natural river, which
contributed to maintaining the natural ecological effect of the fishway. As a result, the
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water head drop of flow over the weir was decreased, and the intensity of the bottom
vortex under the DWO weir plate was also weakened, as shown in Figures 23b and 24.
As the water depth decreased along the fishway, the split ratio of each DWO plate also
increased gradually from 13% to 40%, causing the flow structure (with rectangular sections)
to gradually adjust to the form of a natural river (with trapezoidal section), as shown
in Figure 24. The whole transition reach presented a smooth water surface curve with
multistage minor drops and fluctuations. The flow connection between the weir plates
became smoother, which indicates the significant function of the hydraulic regulation of
the DWO.
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Figure 24. Water surface of the transition reach with the DWO in the hydraulic model. The waves on
the water surface decreased, obviously, and the turbulent intensity was reduced evenly by one-third.
After the local head drop around each weir plate greatly decreased, the gradient of the water surface
became mild. Another important point: the water surface was continuous and complete, and the
entire artificial building could be hidden in the water, which caused the fishway to appear similar to a
natural river. It can be seen that the flow regime in the channel adopting the DWO became more gentle,
without a strong vortex, which supplies the suitable mild dynamics of a migration environment.

The bottom orifice flow contributed by not only adding an effective flowing area and
compressing the horizontal circumfluence but also by reducing the amplitude of the vortex
under the weir by more than 50% (from 0.2 to 0.1 m), which is more suitable for the fish
living in the middle and upper layers to pass through the weir. In addition, adopting
a staggered arrangement of the roughening boulders or ecological caisson formed the
staggered local static water region at the bottom, which can provide shelter for fish to rest or
feed. These results indicate that adopting the DWO scheme in the non-prismatic transition
reach can allow the fishway to be more suitable for migration and more ecologically friendly
to migrating fish.

5. Conclusions

A modified weir-orifice structure (DWO) is presented and discussed, providing some
structural guidelines and design suggestions.

The modified structure weir-orifice (DWO) was designed as a double passage of flow
discharge over the top and at the bottom of the weir, following methods derived from
theoretical hydraulics to treat non-prismatic transition reaches. We concluded that the
split modulus β of the DWO weir plates must be controlled in the range of 0.18 to 0.33 to
ensure that the fishways meet the hydraulic conditions required for the passages of various
migrating fish.

Taking a large proposed fishway project as an example, the hydraulic characteristics
of the DWO were investigated by means of a hydrodynamic numerical simulation and
hydraulic scale model test. Both the experimental and numerical results show that the
flow structure of the fishway can be reasonably and effectively adjusted by the DWO.
The vertical distribution of the velocity upstream of the weir could be changed from the
single-peak skewness profile (Case S1) to the double-peak profile (Case S2 with the DWO),
which is more suitable for fish migration. The velocity of the bottom orifice flow was
generally in the range of 0.8 to 1.3 m/s, while the overflow velocity of the weir top in
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Case S2 was between 1.2 and 2.1 m/s, which is significantly reduced by 23% to 40%, as
compared to Case S1. The adjusted flow field ensures the optimal ecohydraulic conditions
for fish migration. In addition, deploying roughening boulders or ecological caissons could
induce staggered local low-velocity regions at the bottom of the flow field, which provides
migrating fish with a temporary resting region and an eco-friendly benthonic environment.

Moreover, our research indicates that adjusting the DWO flow by adding a bottom
discharging ability controls the vertical turbulent kinetic energy distribution from the crest
weir to the bottom layer effectively. The split ratio of the DWO weir plates, representing
the weir flow discharge to the orifice flow discharge, was set to increase gradually from
13% to 40% along the transition reach. Such an increase in the orifice flow discharge causes
the overflow velocity at the weir crest to decrease accordingly, while the local head drop
over the weir crest is reduced from 1.5 to 1.0, and the maximum of each water head drop
was reduced from 0.4 to 0.15 m. Compared to S1, the turbulence kinetic energy caused by
the reduced head drops is weakened significantly, decreasing by about 41% to 23% at the
weir top, and is partially transferred to the bottom layer (still, the turbulent kinetic energy
near the orifice is only about 26% to 28% of that of the weir top). These research results
show that the deployment of the DWO structure in fishways has significant potential to
modulate the hydraulic characteristics of the flow and to provide suitable flow conditions
and an ecologically friendly environment for upstream fish migration.
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