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Abstract: At the multigate sluice structure on a fluvial river, undesired sediment deposition affects
the normal operation of the reservoir in question. Physical and numerical models are hybridized
to help explore flow and sedimentation patterns. Field and laboratory investigations show that the
deposition is attributable to the formation of large recirculation zones at low and medium discharges.
As a potential countermeasure, an array of guide vanes is recommended to cope with the concern.
Their attack angle with the flow is a dominant parameter that needs to be evaluated. Tests in the
fixed-bed model demonstrate that the vanes bend the reservoir flow towards the sluice and suppress
the circulation zones along both banks. The favorable range of attack angle is 15–20◦. With the
examination of sedimentation of both bed and suspended loads, the numerical modeling indicates
that the sediment-removal efficiency increases with an increase in attack angle. By weighing the
flushing efficiency and the risk of local scouring at the vanes, the 15◦ vane layout is recommended.
This study is expected to provide a reference for guide-vane design in similar situations.

Keywords: multigate sluice; sediment deposition; physical model tests; numerical simulations;
guide vanes

1. Introduction

In low-land flood-prone areas, construction of a sluice structure is a common engineer-
ing practice for regulation of flood discharge and water stage in a river. Being site-specific,
it may also have other functions. The structure consists usually of a number of sluice gates
that cover part of the river width. In most cases, the water head is in the range of 5–20 m.

Two distinct features characterize the multigate sluice structure in an alluvial plain [1,2]:
(i) the flow often conveys a significant amount of sediment in form of both bed load and
suspended load, and (ii) the reservoir is bent, rather than straight, in planform, generating
thereby a main current with flow circulations upstream of the structure and resulting in
varied sediment-carrying capacity in cross-section. Even asymmetrical operation of the
gates generates uneven velocity distributions [3]. As a result, the sediment has a tendency
to deposit on one side of the reservoir. With the elapsing of time, the sediment deposition
may affect the sluice operation if countermeasures are not properly taken.

As an effective instream training solution, guide vanes modify flow fields and control
sediment transport in rivers [4–7]. They are often vertically placed in the riverbed, either
submerged or non-submerged, depending on the local flow situations. Aligned with an
attack angle to the approach flow, they induce a secondary flow component, which changes
the magnitude and direction of bed shear stresses and leads to a redistribution of flow and
sediment [7,8].

The first known installation, proposed by Odgaard and Kennedy [9], is to reduce
the bank erosion in a river bend, where the vanes are laid out so that vane-generated
secondary currents eliminate the centrifugally induced ones, which is the root cause of
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bank undermining [10,11]. Likewise, they divert flow away from eroded banks and stabilize
the lateral migration. In a curved flume, Odgaard and Wang [12,13] performed experiments
with submerged vanes of small, slender, and airfoil shapes. These were shown to modify
near-bed flow patterns, redistribute sediment transport, and thereby mitigate channel
erosion. To redirect the flow through a bend, vanes are arranged typically in one array or
multiple arrays if necessary [14,15]. Many successful applications of the vanes have been
made to counteract unfavorable flow and sedimentation patterns [5,16–18].

In the connecting straight channel downstream of the bend, guide vanes also facil-
itate obtaining a relatively uniform flow [19]. The vanes deflect the flow from the bend,
re-distribute the main current, and alleviate the uneven sedimentation in cross-section.
They are effective in sediment redistribution at diversions [20] and water intakes [8,21].
Strategically placed, the vanes prevent the sediment, especially for bed load, from entering
the structures. By modification of flow fields, guide vanes are also an efficient approach for
sediment removal. For example, for reservoirs and water intakes facing loss of function
with severe deposition, installation of vanes can mitigate its occurrence [21–23].

Their efficiency is dictated by several factors, including layout and configuration.
Many applications have a simple, rectangular, flat-panel design. Parallelogram and tapered
plates and even curved vanes are also used in some cases [4,11]. The vane size, number, and
spacing are governed by river width and bend curvature [5,24,25]. Typically, the submerged
vane height is 0.2–0.4 times the local water depth. For the non-submerged vane, its crest
is usually at the same elevation as the water surface. To minimize the flow interference
from the neighboring vanes, both the vane length and lateral spacing are 2–3 times the
height. The vane thickness is 0.05–0.50 m, depending on the material. The structure is
installed at an attack angle of 10–20◦ with the flow [4,26]. However, site-specific conditions
may require adjustments to these dimensions. Odgaard [4] summarized the state-of-the-art
design guidelines and practical applications. With an appropriate design, it is conceivable
that—in addition to evening out the flow in cross-section—flow separations are mitigated
in the bend.

This study deals with an existing sluice structure located downstream of a river
bend, with six bulkhead gates and an abutment on each side. The structure suffers from
unbalanced sedimentation in the reservoir. Guide vanes are recommended to address
the issue. To evaluate their performance, a physical fixed-bed model is first built in the
laboratory, which is then complemented by numerical modeling of a movable bed. The
combination of the two approaches enables an identification of the flow and sediment
transport pattern in the reservoir. The main purposes of this study are (1) to understand
flow patterns and sediment movement under typical sluice operation conditions and (2) to
evaluate the vanes as a potential countermeasure for sediment deposition mitigation. The
goal is the recommendation of a reliable solution essential for maintaining its normal
operations and extending its life span.

2. Reservoir and Sluice Structure

The sluice facility in question was commissioned in 1960 and comprises six bulkhead
gates connected on each side with an abutment to the riverbank. After almost four decades
in service, it was refurbished during 2007–2008, with replacements of all the gates and
hoisting equipment and reinforcement of the concrete structure. Figure 1 shows a photo
of the facility seen from upstream; Figure 2 illustrates its layout with dimensions. At the
sluice site, the river is ~120 m wide. The multigate sluice is centrally placed and occupies
approximately half the river width.
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Figure 1. Sluice structure centrally placed in the river course, with six bulkhead gates and connect-
ing abutment on each side (looking downstream). 
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Figure 2. Layout of the sluice structure. (a) cross-sectional view (looking downstream); (b) plan view. 
Including all the piers, the concrete sluice structure is 60 m long. 

Figure 1. Sluice structure centrally placed in the river course, with six bulkhead gates and connecting
abutment on each side (looking downstream).

As shown in the cross-sectional profile, the gate threshold is placed at elevation
+0.00 m. The gates are founded on a platform sloping at rise:run = 1:4 both up- and down-
stream. The river has a roughly trapezoidal cross-section, with the bank slope rise:run = 1:3
on each side. Seen from upstream, the gates are numbered 1–6 from left to right. The
gates are mounted along the same axis along the structure, equipped with wire hoists
for operation. Five piers are 1.60 m thick, and two piers adjacent to the central pier are
somewhat thicker—2.40 m. The gates, all 10 m high, have the same net width—bg = 8.00 m.
Including all the seven piers, the sluice structure is 60 m long.

Based on underwater laser-scanning data in 2015, the river bathymetry is shown in
Figure 3. The river course is relatively uniform in cross-section and bends ~41◦ to the
left in the reservoir area. Immediately downstream of the sluice, the riverbed is lowest in
elevation, corresponding to the location of the stilling basin. In the reservoir, the lowest
bed elevation ranges between 0 and +2 m MSL. The design retention water stage (DRWS) is
+11.37 m MSL, at which the water-surface width varies between 90 and 150 m and the water
depth amounts to 10–11 m at maximum. During a year, the river runoff varies significantly.
The multiyear average river discharge is ~38 m3/s, and the discharge during a wet season
can be as high as 400 m3/s.

Based on multiyear flow data, the discharge variations and the flow frequency are
shown in Figure 4. The representative operation conditions of the sluice are at low and
medium flow discharges (denoted as cases 1 and 2).

The flow carries fine sediment in the form of both bed load and suspended load. Field
measurements are conducted to determine its composition, which shows that the grain
size is D = 0.002–0.90 mm and the median grain size is D50 = 0.014 mm (Figure 5). In light
of the grain-size distribution, the sediment material is classified as sand (0.05–2 mm), silt
(0.005–0.05 mm), and clay (<0.005 mm) [27]. On average, the suspended load of cohesive
silt and clay accounts for ~85% and the bed load of non-cohesive sand is ~15%.

Table 1 summarizes the operational parameters of the three typical cases examined, in
which Z = water level (m ASL), with subscripts u and d denoting up- and downstream,
Q (m3/s) = river-flow discharge, S (kg/m3) = suspended load concentration, e (m) = gate
opening height, and b (m) = total net flow width at the sluice, depending on the number
of opened gates (N). The first two cases are the design conditions for the proposed guide
vanes, while case 3 is for checking their local scouring risk. Governed by the operation
requirements, three gates are opened at low discharges (N = 3). At medium and high
discharges, all the gates must be operated (N = 6). Once opened, all the gates have the same
e value.
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Table 1. Typical flow and sediment cases of the sluice structure.

Case Q (m3/s) S (kg/m3) Zu (m) Zd (m) e (m) B (=N × bg) (m)

1 32 0.026 7.75 6.49 0.5 24 (=3 × 8)

2 135 0.040 7.97 7.75 2.0 48 (=6 × 8)

3 380 0.128 10.28 9.73 4.0 48 (=6 × 8)

Due to the river bend, the inflow into the reservoir tends to follow the right bank.
Driven by this, a zone of flow circulation is formed on the left side of the reservoir. Field
investigations show that over the years of the sluice operations, a significant amount of
sediment settles undesirably on the reservoir’s left side. Deposition also occurs in the
close vicinity of the structure. At high discharges, all the gates are at the fully opened
positions, thus leading to effective flushing of the sediment into the reservoir. However, the
daily operation conditions are at low and medium discharges, which carry an appreciable
amount of sediment. In the long run, a proper countermeasure is necessary to guarantee
the normal operation of the sluice structure.

3. Guide-Vane Layout

To counteract the undesired reservoir sedimentation, necessary measures are re-
quired. River training approaches are commonly used, which include construction of spur
dikes [28–30], rock vanes, and bendway weirs [31,32], various types of revetments [33],
and dredging [34]. Each approach has its advantages and limitations. The choice is also
dictated by the local conditions. For example, the presence of riparian structures precludes
the use of spur dikes. All these approaches are discussed in the course of the pre-study.
However, limited by the practical situation, they are excluded for use at the site.

Guide vanes are instead chosen as the alternative. The layout of guide vanes refers to
their positions and configuration (form, length, width, and height) and is usually associated
with a number of factors, including reservoir bathymetry, its shape in planform, and
riparian structures. Field investigations show that the main current downstream of the river
bend runs obliquely towards the right bank and generates, depending on flow discharge,
flow circulations of significant size. The guide vanes are oriented in such a manner that the
main reservoir current is effectively deflected to follow the direction towards the gates. In
addition, the vane configuration should be as simple as possible.

Figure 6 shows the sketch of the layout. Based on field investigations, an array of
parallel vanes is suggested, running along a cross-section downstream of the bend. The
vanes are vertically placed and straight in planform, with equal distance between and
both ends slightly rounded. A (X, Y) coordinate system is set up, with X running along
the central sluice pier’s centerline (positive upstream) and Y along the cross-channel axis
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of the bulkhead gates (positive towards right bank). Let a, b, h, c and α denote vane
length, thickness, height, distance between two neighboring vanes and angle (positive
anticlockwise) that the vanes form with X. The exact positioning of the vanes in the reservoir
and the geometric parameters are finalized in the physical model tests.
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Figure 6. Schematic layout of guide vanes, placed in an array downstream of the bend. (a) Plan view;
(b) cross-sectional view, looking downstream.

It should be pointed out that, from the hydraulic point of view, the proposed position
of the guide vanes may not be the most favorable. However, the practical conditions here
limit the possibility to place them further upstream or somewhere else. A curved vane
shape or a varying vane width is not examined in the study.

4. Hybrid Modeling

To cope with the sedimentation issue, the study incorporates a hybrid approach of
physical and numerical simulations. In an early stage, a physical model of a fixed bed is
constructed to examine the reservoir flow patterns and assess guide-vane layouts. With
difficulties in reasonably reproducing boundary conditions for suspended sediment, a 2D
numerical model of a movable bed is set up to map sediment motions. Their combination
identifies the sedimentation patterns and evaluates the use of guide vanes as a means for
alleviating the sediment deposition.

4.1. Physical Model Tests

The fixed-bed model is based upon the Froude law of gravity similitude. The reservoir
bathymetry is acquired via echo-sounding from a remotely controlled vehicle. The reservoir
length is 820 m. The sluice outflow being affected by the tailwater, a 380 m river reach
downstream is also included.

The model scale is λ = Lpt/Lm = 40, where L = length and subscripts pt and m refer to
prototype and model. Figure 7 shows a photograph over the model. Measured along the
river centerline, the model is ~30 m long and ~4 m wide in cross-section. At the upstream
inlet, a honeycomb is installed to calm the inflow. At the outlet, a flip gate regulates
tailwater levels in the light of the discharge-water stage relationship at the location. The
sluice structure is manufactured with accuracy. Each gate opening is 0.2 m wide. Including
all the piers, the sluice structure is 1.5 m long in the Y direction.
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Figure 7. Laboratory model of the sluice with six bulkhead gates constructed in scale λ = 1:40, with a
30 m length measured along the river centerline and a 4 m width in cross-section. (a) View from the
right bank; (b) sluice structure, looking downstream.

From prototype to model, the conversion scales for Manning’s roughness coefficient
(n), flow pressure (p), time (t), flow velocity (u), and flow rate (Q) are λn = λ1/6, λp = λ,
λt = λ0.5, λu = λ0.5, and λQ = λ2.5, respectively. The errors in terrain production are, on
average, below ±4 mm vertically and ±7 mm horizontally. Efforts are made to achieve
corresponding surface roughness so that Manning’s criterion is approximately followed.

Figure 8 shows the experimental setup. The water is supplied from a circulation
system. A calibrated 90◦ sharp-crested weir measures flow rates, with a relative error below
±(2–3)%. From up- to downstream, six cross-sections, denoted as CS1–CS6, are defined to
facilitate the documentation. Measured along the river centerline, Table 2 lists their distance
(denoted as L0) to the Y axis. All except CS1 are parallel to Y. Near the left bank at each
cross-section, a point gauge monitors the water levels (denoted as Z). The measurement
inaccuracy is in the order of ±0.2 mm. The water levels at CS4 and CS5 correspond to Zu
and Zd.

Under the roof of the laboratory building, a particle image velocimetry (PIV) system,
comprising nine industrial digital cameras at ~10 m height above the floor, is set up to
capture surface flow velocities. The measurement error is 0.10 cm/s. The tracers are
customized plastic particles 2.5 cm in diameter. Instantaneous flow images are captured at
10 Hz frequency, and the duration for data collection is 10 s. The time-averaged results are
used when the flow fields are compared.
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Figure 8. Experimental layout, with an inlet honeycomb to calm the inflow and an outlet flip gate
to regulate the tailwater at a given flow rate. Near the left bank at each of CS1–CS6, a point gauge
monitors the water level, a velocimeter records flow velocities, a 90◦ sharp-crested weir measures
flow rates, and a PIV system, mounted under the roof, captures the surface flow velocity across
the model.

Table 2. Location of cross-sections CS1–CS6, measured along the river centerline.

Cross-Section CS6 CS5 Y Axis CS4 CS3 CS2 CS1

L0 (m) 280 100 0 110 220 330 700

Scale effects of viscous and surface-tension forces are always an issue of discus-
sion in physical modeling of free-surface flows [35,36], defined by Reynolds number
R = (UH)/υ and Weber number W = U/(σ/ρH)0.5, where U (m/s) = depth-averaged ve-
locity, H (m) = flow depth, ρ (kg/m3) = water density, σ (N/m) = surface-tension coef-
ficient, and υ (m2/s) = water kinematic viscosity. Along the main stream in the model,
R = (0.5–2.0) × 104 and W = 3.5–5.0 in case 1, and R = (2.0–9.0) × 104 and W = 4.0–5.5 in
case 2. In the flow circulation zones, they are lower. As indicated by Heller [35,37,38] and
Peakall and Warburton [35,37,38], if R > (0.4–4.0) × 104 and W > 3.3–10, their effects become
insignificant. Even though there is no consensus on a single critical condition, either the
R or W criterion is not always satisfied throughout the reservoir. At the bulkhead gates,
both numbers are well above the threshold conditions. This implies that the viscous and
surface-tension forces play certain roles in the results of the flow modeling. A surfactant is
thus used to reduce the surface-tension effect in the tests.

4.2. Numerical Simulations

In solutions of river flow and sedimentation issues, a variety of codes can be used, e.g.,
Delft3D [39], MIKE21 [40] and Telemac-Mascaret [41]. As reported in [42] and [43], some
other recently developed models are also available for simulation of the hydro–sediment–
morphodynamic processes. In the present study, Delft3D is adopted to simulate both
the flow and morphological changes. Its governing equations include mass continuity,
flow momentum, sediment transport, and bed deformation. Instead of the k-ε turbulence
model, the k-ω model is used to reasonably reproduce the reservoir flow with circulations.
The suspended load transport is expressed by an advection–diffusion (mass balance)
equation, and the bed-load transport is calculated with the van Rijn formula [44]. The
bed-form changes are simulated with the specification of the bed-stability coefficient and
the bed resistance. For a detailed description of the mathematical formulation, refer to the
Delft3D website (https://oss.deltares.nl/web/delft3d, accessed on 1 January 2011) and
some published results, such as [45,46].

https://oss.deltares.nl/web/delft3d
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As known, sediment transport modeling suffers from uncertainty due to the complex-
ity of the hydrodynamics and the variety of the governing factors. Most of the sediment
transport formulae are a function of bed shear stress developed using specific data sets [47].
The van Rijn formula is calibrated based on both field measurements and flume studies.
Previous studies show that it is suitable for situations where suspended load dominates [48].

For suspended load transport, the 3D equation reads

∂S
∂t

+
∂(uS)

∂x
+

∂(vS)
∂y

+
∂[(ω − ωs)S]

∂z
=

∂

∂x

(
εs,x

H∂S
∂x

)
+

∂

∂y

(
εs,y

H∂S
∂y

)
+

∂

∂z

(
εs,z

H∂S
∂z

)
− FS (1)

where x, y and z = coordinates, u, v, ω (m/s) = longitudinal, transversal and vertical
velocity components, t (s) = time, ωs (m/s) = sediment settling velocity, εs,x, εs,y and
εs,z (m2/s) = eddy diffusivity of sediment fraction and Fs = function of riverbed deforma-
tion. Fs is dependent on sediment erosion and deposition, given by

γ0
∂Zb
∂t

= Fs (2)

Fs = Db − Eb (3)

Db =

{
ωsSb

(
1 − τ

τd

)
τ ≤ τd

0 τd < τ
(4)

Eb =

{
M
(

τ
τe
− 1
)

τ ≥ τe

0 τ < τe
(5)

where Zb (m) = change in bed elevation, γ0 (kg/m3) = bulk weight of bed material,
Db (kg/(m2s)) = sediment flux of deposition, Eb (kg/(m2s)) = sediment flux of erosion,
τ (N/m2) = bed shear stress, τd and τe (N/m2) = critical stresses of deposition and erosion,
M (kg/m2s) = bed scouring rate, and Sb (kg/m3) = near-bottom sediment concentration.

In light of the van Rijn formula [44], the bed load in the form of fine sand is entrained
into the flow by imposing a concentration Sb (kg/m3) at a reference height above the
bottom (delimiting bed load and suspended load), which is dependent on current-related
effective roughness height. Sb (kg/m3) is calculated by:

Sb = 0.015ρs
D50T1.5

aD∗0.3 (6)

where ρs (kg/m3) = density of sediment material, D∗ = dimensionless particle parameter,
and T = dimensionless bed shear stress.

According to the van Rijn formula [44], the transport rate of bed load, qb (kg/(m·s)), is
expressed as

qb = 0.006ρssD50Ms
0.5M0.7

e (7)

The transport rate of suspended load, qs (kg/(m·s)), reads

qs = fcsHUSb (8)

where Ms = sediment mobility number, Me = excess sediment mobility number, f cs = a
shape factor, H (m) = water depth, and U (m/s) = depth-averaged velocity.

The computations are performed in prototype size, with the same river length (1200 m)
as in the physical model studies. Starting with a coarse mesh, global and local refinements
are made to achieve a fine mesh. Several meshes of varied cell size are evaluated to ensure
grid independence, which is checked through steady-state calculations. Figure 9 shows the
horizontal mesh, with an enlarged view at the multigate sluice. Irrespective of local water
depth, the sluice piers are treated as dry cells. The guide vanes are represented by an array
of infinitely thin objects that prohibit flow exchange between the two adjacent cells. The
vane crest can be below, at, or above the water surface. In the plan, the domain is covered
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by 15,350 cells, comprising 307 streamwise and 50 transverse. Smaller cells, 1.5 m in size,
are used in the sluice to account for large velocity gradients.
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Boundary conditions are defined in terms of both flow and sediment, which are based
on in situ measurements. At the upstream boundary, Q and S are given; at the downstream
one, Zd is specified (Table 1). For the riverbed and banks, a nonentry condition specifies a
zero-normal gradient of sediment content. Table 3 summarizes the other model parameters,
i.e., ωs, τd, τe, M and γ0.

Table 3. Parameter values adopted in the model.

Parameter Data Range Source

ωs (m/s) 0.0002 Field measurements
τd (N/m2) 0.06–0.10 [49]
τe (N/m2) 0.10–0.20 [50]

M (kg/m2s) 0.0002–0.02 [50]
γ0 (kg/m3) 1460 Field measurements

To achieve numerical stability, the time step ∆t = 0.01 s is chosen. In a coupled
process, the flow, sediment, and morphology are updated from one time step to another.
The simulation terminates when the solution becomes independent of iterations. For
computing a steady-state case, the wall-clock time is ~12 h.

5. Results and Discussion
5.1. Comparisons with Prototype Measurements

To appraise the modeling accuracy, both numerical and physical, the results of sluice
flow discharge and water stage are compared. With the ACDP technique, field measure-
ments are also made on several occasions to determine river discharges under varying
operation conditions. Analysis of the field data leads to Manning’s npt = 0.022–0.026, which
is used in the numerical model. To satisfy λn = npt/nm = λ1/6, nm = 0.012–0.015, which is
achieved through repeated surface finishing in the physical model.

For three e and N combinations, Figure 10 compares the sluice discharge capacity, i.e.,
the Q variations as a function of ∆Z, where ∆Z (m) = Zcs4 − Zcs5 = Zu − Zd. It shows
that the model tests and the numerical simulations give comparable results and their
agreement with the field data is generally good. At e = 0.5 and N = 3, the results are slightly
underestimated. At e = 2 and N = 6, the modeling leads to some overestimation. At e = 4
and N = 6, the results are much closer to each other. As shown in Figure 11, the modeled
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reservoir water levels at CS1–CS4 in cases 1 and 2 are compared with the field data. The
modeled results fit the field data well, with errors below ±3–5 cm (in prototype dimension),
which indicates good performance of both models. The study also demonstrates that it
is essential to satisfy the roughness criterion (λn), which would otherwise give rise to
significant errors in water stage.
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5.2. Existing Reservoir Flow Patterns

The reservoir sedimentation is intrinsically dependent upon the flow patterns. One of
the major tasks in the experiments is to delineate them at varying flow rates, a prerequisite
for laying out the guide vanes. Figure 12 shows the surface water trajectories for the cases.
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readily released through the sluice, with insignificant deposition. 

Figure 12. Flow patterns upstream of the sluice structure: (a) case 1; (b) case 2; (c) case 3. The flow
runs from right to left.

In case 1, the relatively uniform flow gradually converges downstream of the bend,
forming a narrow, jet like mainstream that runs along the right bank. Driven by this main
current, a large zone of counterclockwise circulations is generated to its left, occupying
the overwhelming part of the reservoir in cross-section. The zone measures at maximum
~90 m in width and ~335 m in length. Close to the sluice along the right bank, there are
also secondary thin zones of clockwise flow circulations. The flow pattern corresponds to
openings 2, 3, and 4 in operation. Different gate combinations lead to slightly different flow
patterns immediately upstream of the gates. However, the overall patterns remain.

With an increase in discharge (case 2), the main flow after the bend takes up a major
part of the reservoir width and runs nearly centrally in cross-section. As a result, the large
circulation zone that appears in case 1 becomes suppressed. Two zones of comparable sizes
are instead formed close to the sluice. The left counterclockwise zone is somewhat larger
than the right clockwise one: their length is 170 and 140 m, respectively. In case 3, the flow
occupies virtually the whole reservoir width, while two zones of flow circulation remain in
the corners, however much smaller.
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Obviously, appreciable differences exist among the flow cases, exhibiting the influences
from the river bend, reservoir bathymetry, and flow magnitude. At large flows (e.g., case 3),
all the gates operate at large or full openings and the incoming suspended load is readily
released through the sluice, with insignificant deposition.

In a circulation zone, the tangential velocity decreases towards its center and the
velocity is generally low, which creates conditions for sediment deposition. Accordingly,
prescribed by the frequent occurrences of low and medium inflows (e.g., cases 1 and 2),
sediment becomes deposited on the left side of the reservoir. The laser-scanned bathymetry
in 2015 (Figure 3) demonstrates a deeper streamwise channel, indicative of deposition
to its right. The experimental findings corroborate in a qualitative manner the field
deposition pattern.

5.3. Configurating Guide Vanes

The second aspect in the model tests is to outline and assign dimensions to the
guide vanes. Because the sediment is efficiently flushed at high flows, the design is
based on the low and medium flows (cases 1 and 2). With a number of test combinations
and comparisons, it is decided that the cross-channel axis of the vane array is placed at
X = 220 m, i.e., along the CS3 section, and the vane number is set to be seven with c = 10.0 m.
The spacing between two neighboring vanes is so determined that their flow fields should
not interfere much with each other. By trial and error, it is chosen that a = 10.0 m, b = 0.5 m,
and the vane crest is put 2.0 m below the DRWS. The vane orientation (α) is a primary
parameter that needs to be evaluated.

The first step is to find the acceptable α range (α ≥ 0). All the vanes are given the
same angle. In the model, the vanes are installed in such a way that is easily adjustable
to another angle. Figure 13 showcases the flow patterns in the presence of the vanes at
α = 0◦ and 30◦ (case 2). At α = 0◦, the vanes follow virtually the flow direction, and their
effect is limited. With a step-up in α, they bend the flow in a more efficient way and the
flow is more directed away from the right bank and towards the middle of the sluice. The
two zones of flow circulations also become suppressed in size. The layout at α = 30◦ is,
for example, more effective than the one at α = 20◦. However, the α = 30◦ vanes generate
local flow separations and moderate vortex wakes in the middle portion of the river. In
consideration of potential deterioration at high discharges, the angle α = 30◦ is seemingly
the upper limit of the vane arrangement.
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ure 14 presents the resulting flow patterns at α = 15°. Obviously, the flow patterns are, in 
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Figure 13. Modified flow patterns with the guide vanes (case 2). (a) α = 0◦; (b) α = 30◦.

The choice of α is a trade-off between attaining a favorable flow pattern in the reservoir
and avoiding unacceptable risk of erosion around the vanes. In the second step, repeated
tests show that α should preferably be in the range of 10–20◦. For both cases, Figure 14
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presents the resulting flow patterns at α = 15◦. Obviously, the flow patterns are, in a
noticeable manner, improved, with the flow directed towards the gates and the zones
of circulation suppressed to much smaller dimensions. In case 1, for example, the left
circulation zone shrinks from ~335 to ~195 m in length and from ~80 to ~45 m in width. In
similar river studies, Odgaard [4] stated that the typical α range is 10–20◦ and the use of
larger angles should be handled with caution.
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At a given flow rate, the flow patterns are similar within the α = 10–20◦ range. It is not
easy to discern which angle is more favorable. Limited by laboratory conditions, it is not
possible to experiment with suspended load in the model. To be convincing in the choice of
vane layout, sediment deposition (amount) should be taken into consideration, which is
the task of numerical modeling.

5.4. Sedimentation Patterns and Flushing Efficiency

To elucidate the erosion and deposition patterns, numerical simulations of the movable
bed are performed, ranging from α = 0◦ to 30◦ at an interval of 5◦. With the gradual change
in orientation, changes in reservoir sedimentation are easily observed.

The modeling indicates that at α = 0–5◦, the reservoir is still subjected to siltation,
implying that the deposition on the left side is not removed. Local deposition, though not
significant, occurs at the trailing edge of the vane. A similar pattern was also observed by
Odgaard [4] through laboratory tests. The orientation is not effective.

At α = 15–20◦, the results show that improvements induced by vanes become sig-
nificant, in which the siltation in the reservoir is mitigated, especially in the previous
circulation zones. Figure 15 compares, at α = 15◦, the bed-elevation changes in the form
of isolines. In either case, the results refer to the initial bed elevations minus the resulting
bathymetry. The 2015 underwater laser-scanning data (Figure 3) are the initial condition.
Positive values denote erosion and negative ones deposition. The vane-induced erosion is
~1 m at maximum, which is positive. The two flow circulation zones, with an appreciable
reduction in size, as also demonstrated in the physical tests, shift from deposition to ero-
sion, and the eroded depth is on average ~0.35 m. Local deposition in the vane vicinity is
observed, which is somewhat enhanced with an increase in angle.
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Figure 15. Riverbed changes in the reservoir with the installation of seven guide vanes, all aligned
at α = 15◦. (a) case 1; (b) case 2. Compared with the 2015 river bathymetrical data, a positive value
denotes erosion and a negative one deposition.

At α = 25–30◦, the vanes generate similar reservoir erosion and deposition pattern,
as at α = 15–20◦. However, the flow seems to be overly deflected. As a result, deposition
occurs behind the first vane nearest the right bank, with a thickness of ~1.20 m at maximum.
The most undesirable is that flow separation and severe local scour take place around the
four vanes on the right, which is unfavorable to the vane foundation and stability. The
situation is even checked at the high river discharge (case 3), showing that the trend is
enhanced and becomes more obvious, which is undesirable.

The sediment flushing efficiency, i.e., the ratio of bypassed to incoming sediment flux
(qt) including both bed load (qb) and suspended load (qs), is an essential index in the context.
For both cases, Figure 16 plots the qt changes as a function of α. The results show that the
flushing efficiency, similar at low and medium flows, becomes enhanced with an increase
in guide-vane angle. Up to about α = 20◦, the increment is almost linear. At α = 30◦, the
flushing efficiency amounts to 65–70%.
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the overwhelming portion is suspended load. It is essential that the guide vanes function
satisfactorily for suspended sediment.
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portion of sediment is suspended load.

Considering the effectiveness of sediment mitigation and also the structural stability
of the guide vanes, they are preferably not aligned more than α = 20◦ with the approaching
flow direction. The layout of α = 15◦ is thus recommended, suitable at both medium and
low discharges at which the flushing efficiency amounts to 50%. The designer should make
sure that the vanes do not lose structural stability at high flow discharges.

6. Conclusions

In the bent reservoir with the multigate sluice, the unfavorable sedimentation is an
issue of concern, especially at low and medium river discharges. To counteract the problem,
installation of guide vanes is proposed. By virtue of field, physical, and numerical modeling,
the study deals with its typical flow and sediment transport features. Both bed load and
suspended load are modeled in the numerical simulations. The main conclusions are
as follows.

In the reservoir, anticlockwise flow circulations are generated, whose formation is due
to the river bend and the asymmetric gate operation. The circulation zones are characterized
by low flow velocity, leading to significant sediment deposition, which is unfavorable for
sluice operation.

The guide vanes modify the flow patterns and suppress the flow circulations in the
reservoir. This deflects the flow away from the outer bank of the bends and mimics the
straight reach. Its effectiveness is considerably affected by the angle of attack with the
flow. The fixed-bed model study shows that the vane layout at a 10–20◦ angle with the
approaching flow with the incoming flow generates favorable flow patterns.

Numerical modeling of the movable bed quantifies the efficiency of the guide vanes.
Taking into consideration flushing efficiency and risk of local scouring at the vanes, a
configuration of around 15◦ is recommended. The corresponding flushing efficiency is
about 50%. Structural stability should be guaranteed at high flood discharges.

The hybrid approach enhances the understanding of flow and sediment features in
the reservoir and provides reference for applications in similar situations. In the project,
the same angle is used for all the vanes. If necessary, the angle of each vane can be adjusted
separately to obtain more favorable flow conditions. Even curved vanes are an option.
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