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Abstract 

Weirs have been used as many shapes in plan; (trapezoid, triangle, arc ….). Nowadays using numerical 

approaches and ease of access to personal computers and expensive laboratory researches made these 

approaches reasonable. Arced weir is analyzed in this research numerically. In this research k-ε model were 

used, this model is one of the widely used model in turbulence simulations. The k-ε model made a good 

approximation in many types of flows. Higher discharge coefficient is achieved by increasing the length of 

this type of weir. In this research the results of head and downstream mound are presented using numerical 

simulation. In all models weir height and vertex angle were 10 cm and 180ᵒ respectively. The discharge 

range was 0.16 to 0.015 m3/s. Absolute average errors of total heads over the weir and mound was 3% and 

4% percent respectively. Hence, all results indicated a good agreement between numerical simulation and 

laboratory experiments. Numerical simulation can be used as an appropriate approach to estimate the 

discharge coefficients of arced weirs.  
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1.  INTRODUCTION 
 

Weirs are used as a part of deviation systems or flood control, by controlling the height of the flow in 

canals and reservoirs. By increasing the water level in the reservoir, the amount of water that is higher than the 

top of the weir crest is directed outward. Weirs have different shapes in plan; (triangles, trapezoidal, rectangular, 

and semicircular). Another category of weirs is based on the type of edges and the height of water on the crown, 

which is divided into two groups of sharp, broad edges. Based on this classification, if the depth of water on the 

crown exceeds 5 times the thickness of the crest in the direction of flow, the weir classified as sharp edge [1] & 

[2]. In this research weir is sharp edge. One of the few studies on arced weirs in the plan was done by Kumar et al. 

[3]. they introduced arced weirs as a convenient tool for easy and accurate measurement of discharge also they 

considered the vortex of 90 degrees as the optimum option in arced weirs. Arced shape in other kinds of weirs 

studied, for example discharge of arced labyrinth weirs as much as twice as classical labyrinth weirs [4]. 

Another study showed that when weirs inclined in to reservoir, it had twice larger discharge than classical 

one in channel [5]. Another aspect in weirs that was interested was Discharge efficiency. Discharge efficiency of 

arc labyrinth weirs were higher than conventional ones located in channels [6]. Variation in discharge coefficient 

in frontal weirs represented based on Reynolds numbers [7]. 

Based on researches, if the downstream level of fluid is higher than upstream level, submergence 

occurred and this phenomenon made less discharge coefficient in weir. According to this subject, an equation for 

discharge coefficient with respect to submergence ratio was presented [8]. 

Some researches focused on computing techniques to evaluating hydraulic of labyrinth weirs [9] & [10]. By 

increasing the length of the arced weir, the discharge increased when other effective parameters were kept constant 

[11]. 

The aeration of nape was investigated by some researchers. As the air pressure decreases, the flow 

curvature increases and the discharge coefficient increase. In this context, Bos, represents an equation for aeration 

of the weir [12]. The aeration of the arced labyrinth weir better than the normal weirs. (normal weir with equal 

length) Especially in triangular labyrinth weir by increasing sill slope, aeration will increase [13]. 

Flow over the weir based on general head-discharge equation could be calculated as below [14] : 

(1) 

 

Q =
2

3
× Cd × L × (HT)3/2 × √2g   

 



Long-Term Behaviour and Environmentally Friendly Rehabilitation Technologies of Dams (LTBD 2017) DOI:10.3217/978-3-85125-564-5-057 

 

438 

 

At the above equation, HT is total head over the crest of weir, g is gravity, L is weir’s length and Cd is 

discharge coefficient. Flow characteristics and geometry of the weir have effects on Cd [15]. It can be seen Cleary 

few investigations have been done on curved weirs so far. The lack of researches on estimating the discharge 

coefficients of arced weirs and high expense of laboratory tests made us to investigate the numerical simulation 

of arced weirs.  

 

2. AVAILABLE EXPERIMENTAL DATA 
 

The research carried out involves numerical analysis of the flow over the arced weir and its verification 

using laboratory data. Sangafsidi et. al.’s [11] data were used for verification. The reservoir model has two 

approaches with 10 m length, 2 m width, 0.9 m depth and weir height is 0.10 m (Figure 1). Discharges range was 

0.016-0.15 m3/s. 

 

 
 

Figure 1. complete set up of reservoir [7] 
 

  In addition data measurements were done under natural aeration and steady state condition. In this 

study, two groups of laboratory results were focused first H0/p and k/p. Here, H0 is the upstream head, k is the 

height of downstream mound and p is the weir height. (figure 2).  

 

 

 
Figure 2. upstream total head (H0) and downstream mound (k) 

 

3.  NUMERICAL SIMULATION 
 

3.1. GOVERNING EQUATION 
 

In this research, FLOW 3D software was used for numerical simulation. This software is widely used 

today to solve the problems of hydraulic structures. This software is specially developed to solve fluid motion 

problems. Some of the governing equations are introduced briefly. The mass continuity equations and momentum 

equations are among the most important of these. The general mass continuity equation is [16]:  
  

(2) 𝑉𝐹

∂ρ

∂𝑡
+

∂

∂𝑥
(𝜌𝑢𝐴𝑥) + 𝑅

∂

∂𝑦
(𝜌𝑣𝐴𝑦) +

∂

∂𝑧
(𝜌𝑤𝐴𝑧) + 𝜉

𝜌𝑢𝐴𝑥

𝑥
= 𝑅𝐷𝐼𝐹 + 𝑅𝑆𝑂𝑅  

 

Mound 

height 
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In this equation Vf is the fractional volume open to flow, ρ is fluid density, RDIF is turbulent diffusion 

term and RSOR is a mass source. The relations (3), (4) and (5) of the motion equations are about the velocity of the 

fluid in the directions (u, v, w) and are expressed in three main directions. These relations are the same Navier-

Stokes equations with a few variations. 

 

 

(3) 

𝜕𝑢

𝜕𝑡
+

1

𝑉𝐹
{𝑢𝐴𝑥

𝜕𝑢

𝜕𝑥
+ 𝑣𝐴𝑦𝑅

𝜕𝑢

𝜕𝑦
+ 𝑤𝐴𝑧

𝜕𝑢

𝜕𝑧
} − 𝜉

𝐴𝑦𝑣2

𝑥𝑉𝐹

= −
1

𝜌

𝜕𝑝

𝜕𝑥
+ 𝐺𝑥 + 𝑓𝑥 − 𝑏𝑥 −

𝑅𝑆𝑂𝑅

𝜌𝑉𝐹

(𝑢 − 𝑢𝑤 − 𝛿𝑢𝑠)        

(4) 

𝜕𝑣

𝜕𝑡
+

1

𝑉𝐹
{𝑢𝐴𝑥

𝜕𝑣

𝜕𝑥
+ 𝑣𝐴𝑦𝑅

𝜕𝑣

𝜕𝑦
+ 𝑤𝐴𝑧

𝜕𝑣

𝜕𝑧
} + 𝜉

𝐴𝑦𝑣𝑢

𝑥𝑉𝐹

= −
1

𝜌
(𝑅

𝜕𝑝

𝜕𝑦
) + 𝐺𝑦 + 𝑓𝑦 − 𝑏𝑦 −

𝑅𝑆𝑂𝑅

𝜌𝑉𝐹
(𝑣 − 𝑣𝑤 − 𝛿𝑣𝑠) 

(5) 

𝜕𝑤

𝜕𝑡
+

1

𝑉𝐹
{𝑢𝐴𝑥

𝜕𝑤

𝜕𝑥
+ 𝑣𝐴𝑦𝑅

𝜕𝑤

𝜕𝑦
+ 𝑤𝐴𝑧

𝜕𝑤

𝜕𝑧
}

= −
1

𝜌
(

𝜕𝑝

𝜕𝑧
) + 𝐺𝑧 + 𝑓𝑧 − 𝑏𝑧 −

𝑅𝑆𝑂𝑅

𝜌𝑉𝐹

(𝑤 − 𝑤𝑤 − 𝛿𝑤𝑠)                  

 

In these equations (Gx, Gy, Gz), are the accelerations, (fx, fy, fz), are viscous accelerations and (bx, by, 

bz) are the amount of flow losses in the porous medium or porous plates defined by the user, and finally the last 

sentence is defined for entering the mass into geometry [16]. 

 

3.2.  TURBULENCE MODEL 
 

A sophisticated and widely used model consists of two transport equations for the turbulent kinetic 

energy kT and its dissipation εT, the so-called k-ε model [17] has been used in this paper.  An additional transport 

equations are solved for the turbulent dissipation, εT and turbulent kinetic energy kT [16]: 

 
𝜕𝜀𝑇

𝜕𝑡
+

1

𝑉𝐹
{𝑢𝐴𝑥

𝜕𝜀𝑇

𝜕𝑥
+ 𝑣𝐴𝑦𝑅

𝜕𝜀𝑇

𝜕𝑦
+ 𝜔𝐴𝑧

𝜕𝜀𝑇

𝜕𝑧
} =

𝐶𝐷𝐼𝑆1.𝜀𝑇

𝑘𝑇
(𝑃𝑇 + 𝐶𝐷𝐼𝑆3 × 𝐺𝑇) + 𝐷𝐼𝐹𝐹𝜀 − 𝐶𝐷𝐼𝑆2

𝜀𝑇
2

𝐾𝑇
 (6) 

 

𝑘𝑇 =
1

2
(𝑢′2

̅̅ ̅̅
+ 𝑣′2

̅̅ ̅̅
+ 𝑤′2

̅̅ ̅̅ ̅
) (7) 

 

Where  u', v', w' are the x, y and z components of the fluid velocity associated with chaotic turbulent 

fluctuations, kT is the specific kinetic energy and u, v, w are the x, y and z components of the fluid velocity, DIFFε 

is the diffusion of dissipation, VF, Ax, Ay, Az are FLOW3D’s FAVOR functions, CDIS1, CDIS2, and CDIS3 are 

all dimensionless user-adjustable parameters, GT is The buoyancy production term, R is related to the cylindrical 

coordinate system (in this research Cartesian coordinate used) and PT is the turbulent kinetic energy production 

[16] : 
 

CSPRO is a turbulence parameter, whose default value is 1.0, μ is the molecular dynamic viscosity, ρ is 

the fluid density and R and ξ are related to the cylindrical coordinate system.  

𝑃𝑇 = 𝐶𝑆𝑃𝑅𝑂(
𝜇

𝜌𝑉𝐹
) {2𝐴𝑋(

𝜕𝑢

𝜕𝑥
)

2

+ 2𝐴𝑦(𝑅
𝜕𝑢

𝜕𝑦
+ 𝜉

𝑢

𝑥
)

2

+ 2𝐴𝑧(
𝜕𝑤

𝜕𝑧
)

2

+ (
𝜕𝑣

𝜕𝑥
+ 𝑅

𝜕𝑢

𝜕𝑦
+ 𝜉

𝑣

𝑥
) [𝐴𝑋

𝜕𝑣

𝜕𝑥
+ 𝐴𝑦 (𝑅

𝜕𝑢

𝜕𝑦
− 𝜉

𝑣

𝑥
)]

+ (
𝜕𝑢

𝜕𝑧
+

𝜕𝑤

𝜕𝑥
) (𝐴𝑧

𝜕𝑢

𝜕𝑧
+ 𝐴𝑋

𝜕𝑤

𝜕𝑥
) + (

𝜕𝑣

𝜕𝑧
+ 𝑅

𝜕𝑤

𝜕𝑦
) (𝐴𝑧

𝜕𝑣

𝜕𝑧
+ 𝐴𝑦𝑅

𝜕𝑤

𝜕𝑦
)} 

(8) 
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The diffusion of dissipation, Diffε, is [16]: 

𝐷𝑖𝑓𝑓𝜀 =
1

𝑉𝐹
{

𝜕

𝜕𝑥
(𝑣

𝜀
𝐴𝑥

𝜕𝜀𝑇

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝑣

𝜀

𝐴𝑦𝑅
𝜕𝜀𝑇

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝑣

𝜀
𝐴𝑧

𝜕𝜀𝑇

𝜕𝑧
) + 𝜉

𝑣𝜀𝐴𝑥𝜀𝑇

𝑥
} (9) 

 

3.3. NUMERICAL SPECIFICATIONS 
 

The models were created using Auto CAD software and were exported to FLOW 3D. Cartesian 

coordinate and hexahedral elements were used to represent fluid and solid geometries. Hence, six boundaries have 

to be defined for each model (figure (4)). In this research time-step was controlled by stability and convergence. 

In FLOW3D time step calculate automatically (in the range of 0.000025-0.0152 s). Upstream total head was 

measured at 4p from the crest of the weir to avoid the water surface curvature, [6]. The numerical model 

specifications are presented at table 1. 

 
Figure 3. geometry of the model and initial condition 

The upstream boundary is defined as volume flow rate, downstream end of model is represented as 

outflow and other boundaries are presented in table 1 and figure 4. 
 

 
Figure 4. Boundary conditions 

 

In figure 4: Q is volume flow rate, W is wall, p is pressure, O is outflow. 

 

Table 1. meshing and boundary conditions 
 

mesh 
Computational block 1 

Total number of meshes 800000-1000000 

Boundary conditions  

Downstream Outflow 

Left boundary Volume flow rate 

Right boundary Volume flow rate 

Equations 

Free surface model VOF 

Turbulence  model k-ε 

Time interval 0.01 
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4. RESULTS AND VERIFICATION 
 

4.1.  MOUND HEIGHTS 
 

Figure 5 and 6 show the numerical simulation of water surface profile at the downstream of arced weir. 

The mound height of the experimental report is also added for comparison (mound configuration illustrated in 

figure- 2). It is clear, that the crest of the mound simulated with acceptable accuracy.   

 

 
 

Figure 5. Numerical & Laboratory mound at Q=0.091 cmps 

 

 
 

Figure 6. Numerical & Laboratory mound at Q=0.156 cmps 

 
Figure 7 showed simulated and experimental results for the mound height in dimensionless manner. All 

numerical data have A.A.E (Absolute average error) and RSQ. equal to 4.47 percent and 0.993, respectively. 

Hence one can concluded that the downstream height of the mound can be simulated numerically with acceptable 

accuracy. As the mound height has significant effect on discharge coefficient of the weir in the submerged 

condition, flow- 3D software can be used as an appropriate tool to find the discharge coefficient of the arced weirs. 
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Figure 7. all results from numerical and laboratory tests 

 

4.2.   UPSTREAM TOTAL FLOW HEAD 
  

Figure (8) showed the total head of of weir for Q= 0.091 m3/s. The error of the numerical simulation is 3%.  
 

 
 

Figure 8. Total head against length (all dimension in meter) 
 

 

Figure 9. comparing between upstream heads of numerical simulation and laboratory 

tests 
 

It should be mention that for all numerical simulation, A.A.E (absolute average error) is less than 3 % (Figure 9). 

0/0

0/5

1/0

1/5

2/0

2/5

3/0

0/00 0/50 1/00 1/50 2/00

K
/P

H0/P

Numerical

Laboratory

0

0/5

1

1/5

2

2/5

-1 0 1 2

to
ta

l h
e

ad
 (

m
)

length (m)

Numerical
Laboratory

0/0

0/2

0/4

0/6

0/8

1/0

1/2

1/4

1/6

1/8

0/12 0/62 1/12 1/62 2/12

H
0

/P

H0/P

̊
Numerical

Laboratory



Long-Term Behaviour and Environmentally Friendly Rehabilitation Technologies of Dams (LTBD 2017) DOI:10.3217/978-3-85125-564-5-057 

 

443 

 

5. CONCLUSIONS 
   
  Arced weirs could be used as measuring device. In numerical simulation all results indicated that mound 

height had less than 5% differences from laboratory runs and total upstream head had 3% error.  Finally by 

comparing results between laboratory and numerical simulation, good agreement was seen and because of time 

consuming and higher price of laboratory runs, we suggest that numerical simulation could be the sufficient 

substitution. 
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