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Abstract. Weir is a building that is formed to change the nature of river flow to accommodate
irrigation needs. The main purpose of a weir is to raise the river water level, drain the channel
through the intake channel, allow water to be tapped, control all flow, etc. If a flow experiences
a large shock, it will cause a hydraulic jump resulting in a transition of flow from supercritical
to subcritical. The analysis can be performed, it was done using the Computational Fluids
Dynamics (CFD) software, FLOW-3D. To model the 3-D weir used in this FLOW-3d, AutoCAD
is used and finally, Flow Sight will be used to display visualization results such as graphics and
videos. This paper investigates the Froude number and depth-averaged velocity on the
trapezoidal weir. Moreover, the numerical modelling of trapezoidal weirs has been compared
with the experimental result and numerical modelling of other types of weirs. The results show
that the Froude number is proportional to the average velocity of this depth because the Froude
number increases with the increase in the average velocity. There is a difference with the flow
that flows after the weir, in a trapezoidal weir the Froude number decrease slightly but after that,
it increases again downstream.

Keywords: Trapezoidal Weir, Froude Number, Flow-3D, open—channel flow

1. Introduction

Weirs are constructions designed to alter the properties of river flows to provide irrigation demands.
The weir's primary role is to raise the water level of the dammed river, allowing water to be tapped and
routed into the channel through the intake structure. Controlling flow, sediment movement, and river
geometry is another role, allowing water to be used safely, effectively, and ideally. When the water
passes over the weir, the difference in water level elevation between upstream and downstream of the
weir will be relatively considerable, resulting in a plunge and a huge energy shift. As a result, the flow
will undergo a normal shock or hydraulic jump, which occurs as the flow transitions from supercritical
to subcritical. The occurrence of a hydraulic jump will result in scouring downstream of the weir,
reducing the weir's stability [1]. In terms of engineering, a weir must be able to meet three basic
requirements: hydraulic performance, structural stability, and environmental effect and safety
considerations. Weirs are commonly used to perform one or more of the following basic functions:
channel stabilization, water level management, flow measurement, environmental enhancement [2]. The
guantity of discharge may be determined by measuring the head of water above the weir and utilizing a
well-established head-discharge relationship. Weirs are classed as rectangular, triangular, trapezoidal,
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parabolic, and other forms based on their forms. The most prevalent types of weirs are sharp-crested
rectangular weirs, V- notch weirs, and broad crested weirs [3]. Trapezoidal weirs are a mix of rectangular
and triangular weirs. These weirs combine the advantages of both weirs and eliminate individual
constraints. The discharge via the trapezoidal weir will be a mixture of the two rectangular and triangular
weirs, resulting in a relative increase in both weirs for a given head. An example of a trapezoidal weir
is depicted in Figure 1. Sharp crested weirs are the most often used flow monitoring equipment in open
waterways because they are generally precise. They are rarely utilized in field channels because of their
significant disadvantage in the formation of afflux and considerable head loss in the form of coefficient
of discharge [4].

Flow Direction

Figure 1 Cipolletti (Trapezoi'dal Weir)

The use of numerical models has improved the capacity to estimate weir flows during the last few
decades. In such instances, a comprehensive three-dimensional (3D) flow model that solves for the three
velocity components under non-hydrostatic circumstances may be required. However, the use of 3D
flow models to mode weir flows appears to be relatively restricted at the moment. Modelling structures
like a weir, stilling basins, water intakes, fish ladders, and other instream structures has been done
extensively with Flow-3D [5]. Studies of flow characteristics aided by Flow-3D have been done by [6]-
[9] wherein their studies, the hydraulic structures such as dam, bridge abutment, as well as piers are
done to study the influence of the structures’ shape with the flow characteristics. In another research
[10], the Flow-3D is applied to understand the impact of tsunami waves on the wall bearing layout.
These studies show that theoretical and experimental studies of free surface flow can be done. The
findings of these studies might be used to model the flow that runs through the trapezoidal weir so that
it can produce experimental results in the form of Froude Numbers and the average depth of distribution
velocity of the trapezoidal weir. Then after getting the results of the two variables can be compared with
previous discoverers that are in line with this topic.

As a dimensionless number, the Froude number can be used to compare with other studies. Froude
number is typically used when friction loss is small or neglected in open channel flows or free-surface
flows in the hydraulic structure such as spillways, weirs or bridge piers. To calculate the Froude Number
of the flow, the formula (1) can be used where it defines the ratio of inertia forces and gravitational
forces:

=
Fr—\/H (1)

Where:
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Fr = Froude Number;

\ = Velocity of Fluid (m/s);

g = Gravitational Acceleration (m/s);
h = Channel Height (m)

Rahimpour et al. [11] set both computational and experimental methods to study flow over a
trapezoidal sharp-edged crest. The discharge coefficient in subcritical flow is connected to the Froude
number, weir sidewall slope, crest length over upstream depth, and weir height over upstream depth of
the side weir, according to the findings. The experimental study was done by Qasim, Abdulhussein,
Hameed, and Matooq [12] study the effect of the weir-gate combination of some composite shapes, like
rectangular, triangular, and also trapezoidal to the flow’s characteristic, such as the discharge coefficient
and Froude Number. The research conducted by Al Shaikhli and Kadhim [13] develop an equation for
flow over rectangular and V-Notch weir by using multi non-linier regression (MNLR) and
computational fluid dynamics (CFD) simulation approaches. Other than that, this experiment compares
the result between experimental result, theoretical result, and of course the regression and numerical
result. Al-Qadami et al. [14] show the numerical modelling for triangular hump weir whereas
Daneshfaraz et al. [15] were studying the numerical modelling for the sloped broad crested weir. A
comparison between the result of the flow characteristics of this study and the aforementioned studies
will be done.

Based on its shape, the trapezoidal or Cipolletti weir is very similar to the VV-Notch weir as both are
categorized as a constricted weir. The difference is Cipolletti weir flow characteristics are highly
affected by the dimension of the base of the weir [16], while VV-Notch weir flow is affected by its opening
constriction [17]. V-Notch weir itself is a sharp-crested weir that has a VV-shaped opening. Both weirs
are usually used for a channel with a relatively small flow discharge. Cipolletti weir is used in a channel
with flow discharge of 200 — 2000 litres/second, while V-Notch is for flow discharge of < 200
litres/second.

In general, this study aims to review the fluid flow with a trapezoidal weir that is analyzed by using
numerical modelling analysis, which was done using one of the computational fluid dynamics (CFD)
software, FLOW-3D. AutoCAD is used to model the 3- dimensional weir that will be used in the
FLOW-3D. Lastly, FlowSight is used as an advanced post-processing software of FLOW-3D that is
useful for showing the visualization results, such as graphs and simulation video, that were simulated in
FLOW-3D.

2. Research Methods
To achieve the objective, there are several steps on this study. Figure 2 shows the research flowchart for

this study.

Literature Study

I

Modelling the Weir and run
the Simulation

S T

Result Analysis

S

Verification and
Comparison with Previous
Research

Figure 2. Research Flowchart
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3. Model and Simulation
3.1. Physical Model.

Geometric model is modelled by using AutoCAD. The geometric model as shown in Figure 3 has length
of 14.8 cm, height of 12 cm. The weir crest has length of 6 cm of bottom side, length of 10 cm of upper
side, height of 5 cm and side wall slope is 2H:5V

10.0
000 - 72'0000

Figure 3. Dimension of Trapezoidal Weir

3.2. Boundary Setup

In Flow 3D modelling there are several boundaries that must be define. The geometric model is imported
in STL format to FLOW-3D. Using the mesh boundary to make rectangular flume with length of 210
cm, width of 14.8 cm, and the height of 40 cm as shown in Figure 4. The dimension of the flume is
adjusted based on the flume in laboratory of civil engineering at Bina Nusantara University.

1,5

Outflow
Specified
Pre.

Ja )

Wall
Volume Flow

' Rate

Figure 4 Boundary Setup

An outflow (O) boundary condition was used for outlet flow. The outflow boundary condition was
located at X — min boundary. The specific discharge (Q) boundary condition was used for inlet flow.
The specific/inlet flow discharge used is 0.00336 m®/s. The specific discharge is obtained from
laboratory experiment. The wall (W) boundary conditions were acted as a flume and flume bed. Assume
the wall boundaries condition do not have friction and no-slip condition. The top of the mesh was acted
as open — channel condition which is 0 Pa gage and friction is 0. Figure 4 represent the annotations of
boundary conditions of sharp crested trapezoidal weir in Flow — 3D application. The size of mesh used
is 0.005 m. It takes 8 hours 41 minutes 3 seconds to render 40 seconds of simulation of trapezoidal weir
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with specification laptop; Processor: Intel Core i7-8565U @ 1.8 Hz with 8 cores; RAM: 8GB; GPU:
Intel UHD Graphics 620.

4. Result and Discussion
4.1. Flow-3D Result for Trapezoidal Weir

By using the computational flow dynamics (CFD) software, which in this paper is FLOW-3D. The flow
over trapezoidal weir can be easily modelled. In Figure 5 and Figure 6, it can be seen the result of the
experiment of the trapezoidal weir by using FLOW-3D. The figure will show the Froude Number and
depth-averaged velocity distribution of trapezoidal weir at t = 40 second

Froude number

4.367
3.647
2928
2.209
1.490
0.771
0.051

Figure 5. Froude Number Distributions of Fluid at t = 40 Second in 3D simulation

depth-averaged velocity

1.407
1.182
0.957
0.731
0.506
0.281
0.055

Figure 6. Depth-averaged Velocity Distribution of Fluid at t = 40 Second in 3D simulation

Based on Figure 5, it can be determined that the Froude Number in this modelling has a range of 0.051-
4.367, While the depth-averaged velocity has a range of 0.055 m/s — 1.407 m/s. Figure 6 depicts the
result shown in the FLOW-3D is matched with the typical flow over a sharp-crested weir. The nappe
shows when the fluid or water flows downstream. It also shows that the condition of the flow is free to
flow since the weir is not in submerged or drowned condition. In the process of plotting the graph, the
point that will be analyzed has to be determined first. In this case, the spline probe is used to specify the
point of the water level. The spline probe was chosen because the Froude Number and depth-averaged
velocity can be analyzed along with the distance of the fluid and also because the spline probe can fit
the model better. The X vs. z coordinates of every point can be seen in Figure 7, the y coordinates can
be neglected since it's quite the same for every point. Which is for y coordinates is about at the centre
of the y axis (~0.07 m).
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Figure 7 x vs. z Coordinates for Every Pbiht of Water Level

Time =40.00 Time = 40.00
s Froude Number Selected vs. Distance for spline Depth averaged velocity vs. Distance for spline
12
D_EF
1 f T -
4 / ~_ G
08

3

086

04 f

Froude Number Selected
)
-
Depth averaged velocity Selected

Distance Distance

(a) (b)

Figure 8. Graphs of Numerical Result of Trapezoidal Weir. (a) Graph Between Froude Number and
Distance (b) Graph Between Depth-averaged Velocity and Distance

From Figure 8, the Froude Number slightly increases from point A — C, it is because the water level is
about the same at that point and which means the fluid velocity is also similar to each other. Then when
the water flows downstream or to point D, the potential energy will change into kinetic energy that
causes the fluid velocity to increase significantly. That is why, the Froude Number also significantly
increases when the water flows from point C to D. Then the water will slow down a little bit when to
water flows to point E, it can happen because when the fluid flows just to reach the downstream, some
energies will be dissipated. It causes the flows to slow down a bit. But the fluid velocity will increase
again at point F, since the water area will decrease significantly at the end of the nappe so that the Froude
Number increases. Lastly, when the water flows to the outflow it will become more stable, hence the
fluid velocity and Froude Number will also decrease, although it is not that significant. From the two
figures before, the characteristic of the flow over trapezoidal or Cipolletti weir can be analyzed
qualitatively. Table 1 shows that to see the more exact value of the Froude Number and depth-averaged
velocity from Figure 7.

Table 1. Value of Froude Number and Depth-averaged Velocity in Every Point at 40th Second

Condition

Point Depth-averaged Velocity (m/s) Froude Number Flow Type
A 0.171 0.148 Subcritical
B 0.173 0.151 Subcritical
C 0.191 0.167 Subcritical
D 1.085 2.167 Superecritical
E 1.045 1.868 Superecritical
F 1.049 2.318 Supercritical
G 0.895 1.672 Superecritical

Based on the value of Froude Number and depth-averaged velocity from Table 1, it can be concluded

that the depth-averaged velocity and Froude Number are quite proportional to each other. When the
depth-averaged velocity is increased, the Froude Number is also increased too, and vice versa. This
happens because Froude Number is the ratio between the inertial force (influenced by fluid velocity)
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with the gravitational forces (influenced by wave velocity). Then the type of flow also can be determined
by looking at the Froude Number value in every point. From point A to C, the flows are categorized as
subcritical flow (Fr < 1) meaning that the flow at point A through point C is quite deep and low velocity.
While the flow from point D to point G are categorized as supercritical flow (Fr > 1) where the flows
are categorized in shallow flow (less than the critical depth) with high fluid velocity.

4.2. Result Comparison

There has been a lot of papers and literature [12] that investigate the flow characteristics over trapezoidal
notch weir. The experiments conditions themselves are very diverse, such as the effect of inclination,
flow over trapezoidal side weir, the effect of the weir-gate combination, and many more. Based on [12],
for the trapezoidal weir-gate itself, there are three models based on its dimension, which give some
results shown in Table 2.

Table 2. Trapezoidal Model Dimensions and The Selected Results from the Experiments [12]

Model Model No hu(cm) y(cm) d(cm) b(cm) H(m) Fru Cd

Trapezoidal 3--3—1 1 5 2 2 8 0.143 0.916
Weir-Gate 3--6—2 2 4 3 2 9 0.162 0.628
Combination ~ 3--9—3 3 2 4 2 9 0.165 0.403

The depiction of the dimension of the weir-gate also can be seen in the Figure 9.

L=10cm

- 0.561 ~—[p)— 0.5b1 - ‘
B=7.5 cm
Figure 9. Dimension of Trapezoidal Weir-Gate Combination [12]

The slope of every models respectively is 3V:1H, 3V:1H, and 4V:1H. The crest head is also varied
from 1-3 cm. Then, the Froude Number increases when the crest head (hu) increases. But the coefficient
discharge (Cd) decreases when the Froude Number increases From Figure 5, it shows that the Froude
Number above the crest is about 0.9894 showing that the result matched the other experiment done by
other researchers. Other study done by Prakash, Kovoor, Principal, & Udupi [18] analyzed inclined
trapezoidal weir. The result when the inclination is 0° (normal condition) also shows that the head over
the crest proportional with the actual discharge. Then, discharge is proportional with the flow velocity,
and flow velocity proportional with the Froude Number. Which also means the head over crest
proportional to the Froude Number, just like shown in the results above.

Beside comparison between the same type of weir this study also comparing the result with other type
of weirs
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Triangular Hump
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Zero Sloped Broad

Crested Weir [10]

Froude Number
—
in

Crested Weir [10]

{ 8(H): 1(V) Broad

Distance (m)

Figure 10. Comparison of Numerical Result Between Several Types of Weirs

From Figure 10 it can be seen that in every type of weir, the Froude Number is increasing significantly
when the fluid flows down the weir (at distance -0.02m — 0.05 m). But the pattern is a little bit different
from one another when the fluid flows after the weir. At the trapezoidal weir, the Froude Number shows
a little decrement before it increases again downstream. This can be explained due to the energy
dissipation at bottom of the nappe. The velocity will then increase as the cross-section area become
smaller after the nappe.

At triangular hump weir, the Froude Number will gradually decrease, since the fluid becomes more
stable after passing the weir, however it is still categorized as supercritical flow since the Froude Number
is still more than 1. For the sloped broad crested weir, either its zero sloped or 8(H):1(V) sloped, the
Froude Number will decrease significantly just after it passed the weir. The type of flow even changes
from supercritical flow to subcritical flow caused by hydraulic jump. The Froude Number increased
again since the cross-section area of the flow decreases. This pattern is a little bit different from the other
two weirs. This can be explained due to the modelling was using turbulent flow, which can also affect
the result of the Froude Number that happen at the weir. It is also important to remember that the
condition of every result above is different. That is why the comparison is only good to get the flow
characteristic differences. To get a more accurate comparison, the water profiles, volume rate, boundary
condition, and other parameters has to be set in a comparable value. Hence, it comes highly
recommended to do further research.

A comparison with a physical modelling of trapezoidal weir in a cutthroat flume [19] is also conducted.
The Froude number were compared to understand whether the physical and numerical modelling will
meet in a linear line. The result shows that for the numerical modelling of cipoletti weir to meet in the
linear region between the physical modelling, a coefficient needs to be multiplied. This coefficient
shows the different configuration of the structure, where the coefficient used is 2.5. The comparison can
be seen in the Figure 11.

25 -

=
(6] N
\

\

Physical Modelling
o
o (8] -
O
®e
\

0.5 1 15 2 2.5
Numerical Modelling

Figure 11. Comparison of Numerical Modelling and Physical Modelling
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5. Conclusion

The result shows that the model corresponds with the usual flow over the sharp-crested weir with the
Froude Number ranging from 0.051 to 4.367, while the depth-averaged velocity reaches the range of
0.055m/s — 1.407m/s. The flow experiences changes in its velocity and Froude Number along the
channel until it finally reaches its stable form and final velocity value. This conforms with the physical
modelling as well as other types of weirs that are compared in this study. To get accurate results, further
research is needed to get a good comparison of the differences in characteristics.
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