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ABSTRACT

Weirs are among the most common and simplest structures for measuring
and regulating flow, installed along the channel axis perpendicular to the
flow direction. The duckbill weir, with its trapezoidal plan section,
increases flow-conveyance capacity by extending the effective crest length
relative to the channel width. In this study, the three-dimensional flow field
over duckbill weirs with central angles of 15, 30, 45, 60, and 75 degrees
was numerically investigated using FLOW-3D under both free- and
submerged-flow conditions. Validation against experimental data showed
that the trend and magnitude of the computed discharge agreed well with
the measured values, with an average error of 2.8%. Comparison of the
water-surface profile prediction errors confirmed the superiority of the
RNG turbulence model over the k-¢ model; the RMSE and AME values were
0.0825 and 0.0631 m for the RNG model and 0.0934 and 0.0887 m for the
k-e model, respectively. Under free-flow conditions, the discharge
coefficient (Cd) decreased as the central angle increased, and this
reduction became more pronounced at higher hydraulic heads; the greatest
reduction occurred for the 75-degree weir, attributed to its longer crest
length and the interference of flow jets in the apex region. Conversely,
under submerged-flow conditions, the 60- and 75-degree weirs exhibited
greater resistance to submergence owing to their longer effective length,
such that at a constant submergence ratio, the discharge over the 75-degree
weir was on average about 30% greater than that over the 45-degree weir.
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Introduction

Efficient water management and reliable
hydraulic structures are vital for national
development, which makes accurate, well-
designed weirs essential. The duckbill weir,
characterized by a trapezoidal plan section,
increases  flow-conveyance capacity by
extending the effective crest length relative to
the channel width, thereby reducing upstream
water-level fluctuations. Over the past two
decades, understanding the complex flow
dynamics over such structures has become an
active topic in hydraulic engineering.
Computational ~ fluid  dynamics (CFD)
simulations using FLOW-3D together with the
RNG k-¢ turbulence model and the volume-of-
fluid (VOF) method can accurately predict
water-surface profiles, velocity distributions,
and energy dissipation under both free- and
submerged-flow conditions. Previous studies
have shown that the performance of weirs with
a finite crest length is strongly governed by the
degree of submergence, with the discharge
coefficient (Cd) decreasing as submergence
increases. However, dedicated numerical
investigations of duckbill weirs—particularly
their three-dimensional flow field and their
transition from free to submerged flow-remain
limited. This study numerically evaluates the
flow behavior, velocity and pressure
distributions, and energy dissipation of duckbill
weirs at different opening angles, aiming to fill
this knowledge gap and to improve design
guidance  through  numerical modeling
validated against experimental data.

Methodology

The numerical model was validated using
experiments conducted in a 12-m-long
laboratory channel. Different weir
configurations (45° and 60° duckbill weirs and
a rectangular weir) were tested, with geometric
and hydraulic parameters such as HT, Lc, P, W,
a, and tw influencing the discharge coefficient.
Under  submerged-flow  conditions, the
discharge reduction coefficient (y) was used to
quantify  weir  performance. A three-
dimensional CFD simulation in FLOW-3D was
employed to solve the Reynolds-averaged

Navier—Stokes (RANS) equations  with
turbulence closure. The wall-function approach
was adopted to model the near-wall regions
efficiently and to avoid excessive mesh
refinement near the walls. A mesh-sensitivity
analysis showed that the results stabilized at
1,531,910 cells. The y+ values ranged between
54 and 79, satisfying the wall-function
requirements, while the Reynolds numbers
varied from 12,389 to 37,489. Compared with
near-wall modeling, the wall-function method
proved computationally efficient. These results
confirm the reliability of the numerical model
and underline the importance of mesh
independence and appropriate turbulence
modeling when simulating flow over complex
hydraulic structures.

Results

This study investigates the discharge
coefficient (Cd) of duckbill weirs with crest
opening angles ranging from 0° to 75°. The
results show that Cd decreases as the opening
angle increases, with the 75° weir exhibiting the
greatest reduction owing to its longer crest
length and the interference of flow jets in the
apex region. A mathematical relationship of the
form Cd = a + b-[he/(hot+P)] was derived using
linear fits for each angle (R? > 0.84) and
validated against the experimental and
numerical data (R? = 0.89). The FLOW-3D
simulations revealed that larger angles (60°-
75°) intensify turbulence and vortex formation
downstream, whereas submergence (t/h > 0.8)
reduces the free discharge by approximately
40%. Under submerged conditions, the 75°
weir maintained y = 1 up to t/h = 0.8,
outperforming the other models. The pressure
and velocity fields confirmed that larger
opening angles induce stronger turbulence and
larger vortices, which in turn affect the
hydraulic performance of the structure. Overall,
the findings highlight the critical role of the
opening angle in optimizing weir performance
and provide a predictive model for Cd under
varying flow conditions.

Conclusion

This study numerically investigated the
flow patterns over duckbill weirs under free-



and submerged-flow conditions using FLOW-
3D with the RNG turbulence model. The results
show that larger opening angles (60°-75°)
enhance turbulence, lateral flows, and vortex
formation downstream, whereas smaller angles
(<30°) increase the downstream pressure due to
the collision of lateral flows. The discharge
coefficient (Cd) decreases as the opening angle
increases, particularly for the 75° weir, where
flow interference is most pronounced. A
mathematical relationship was derived to
predict Cd as a function of the opening angle
and the upstream water level, and was validated
with high accuracy (R2 = 0.89). Larger angles
generate complex three-dimensional vortices
that intensify turbulence and energy transfer.
Under submerged conditions, the 60° and 75°
weirs  exhibited greater resistance to
submergence, such that at a constant
submergence ratio the discharge over the 75°
weir was on average about 30% greater than
that over the 45° weir. The study underscores
the critical role of the crest opening angle in
optimizing weir performance and provides
insight into the flow dynamics and hydraulic
efficiency of duckbill weirs under varying
conditions.
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