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 In this paper, the flow in the vicinity of rectangular side orifices placed in main 
channels is estimated by means of the FLOW-3D model. To reconstruct the flow 
free surface, the volume of fluid (VOF) approach is utilized. In addition, the 
standard k-ε and RNG k-ε turbulence models are employed to predict turbulence 
flow. According to the results obtained from  the numerical modeling, the RNG k-ε 
turbulence model has higher accuracy than the standard k-ε. The analysis of the 
numerical modeling results proved that this model forecasts the discharge 
coefficient of side weirs with suitable accuracy. On the other hand, the mean 
absolute percent error (MAPE) is calculated equal to 12.204%. Also, the maximum 
pressure is simulated near the main channel bed. Moreover, the minimum 
pressure is estimated near the flow free surface. Regarding the numerical 
simulations, the maximum turbulence energy state occurs near the inlet of the side 
orifice and by increasing the side orifice dimensions the flow field turbulence 
energy value increases. 
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1. Introduction 
 

Due to the importance of side orifices, numerious investigations 
have been done on these hydraullic structuers. For instance, 
Ramamurthy et al. (1986), Ramamurthy et al. (1987),Gill (1987), Oliveto 
et al. (1997), Hussein et al. (2010), Hussein et al. (2011), Bazanehet al. 
(2016), Ebrahimzadeh et al. (2018), Azimi and Shabanlou (2017, 
2018),Shabanlouet al. (2019), studied the flow pattern in main flumes 
placed along the side orifices. In recent decades, the utilization of 

numerical models for simulating the flow pattern has increased 
significantly. Convenient use and reducing expenses are the most 
important benefits of numerical models. Therefore, numerous 
numerical studies regarding the simulation of the flow have been done 
by different researchers. For instance, Qu (2005) by means of the k-ω 
turbulence model and the VOF method presented a numerical 
simulation for forecasting the 3D flow. He compared the pressure 
distribution of the computational field with the experimental data. Karizi 
and Honar (2008) simulated the flow passing over a broad-edged side 
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weir in 2D and 3D cases using FLUENT and also the k-ε turbulence 
model as well as the rigid bed approach. They compared the shear 
stress resulted by the numerical simulation with their own experimental 
studies. In addition to confirming the numerical model capability in 
simulating the flow pattern, they asserted that round-edged inputs 
significantly decrease shear stress induced to outer and inner walls. 
Furthermore, Tadayon (2009) presented a model using different 
turbulence models and the VOF method. He simulated the flow field 
across the side orifice and the flow properties. Aydin (2012) modeled 
the flow field upon a rectangular flume with labyrinth triangular side weir 
using FLUENT. He simulated the flow field surface across the side weir 
using different turbulence models. In addition, Aydin and Emiroglu 
(2013) by means of different turbulence models and the VOF scheme 
estimated the discharge coefficient of labyrinth side weirs. In their study, 
the discharge coefficient of side weirs was predicted by the numerical 
model and compared with experimental measurments. Azimi et al. 
(2014) estimated velocity and free surface in a circular canal equipped 
by a side wier. They showed that flow surface enhanced along the side 
weir. Moreover, Azimi et al. (2015) modeled the discharge coefficient of 
side weirs within circular flumes using an analytical approach and a 
numerical model. Azimi and Shabanlou (2015) predicted the water in 
triangular channels with side weirs. They investigated the effects of the 
Froude number on flow characteristics. Additionally, Azimi et al. (2016) 
simulated the water behavior in circular channels alon a side weir by 
using a numerical model. They provided some linear regression models 
to calculate the discharge coefficient. In addition, Azimi et al. (2017) 
simulated the discharge cofecient of the rectangular side orifices by 
using a computational fluid dynamics model and a hybrid artificial 
intellgence approach. Akbari et al. (2017) predicted the discharge 
coefficient of labyrinth weirs by means of two artificial inteligence 
methods including M5’ and the neural network. The authors showed 
that the M5’ model had better performance. 

Side orifices are utilized to divert and conduct the flow in main 
channels. These structures are widely used in drainage-irrigation 
networks, sewage disposal systems and other hydraulic projects. In 
contrast, thanks to the saving time and laboratory costs, the application 
of numerical models is increasing. Furthermore, the FLOW-3D software 
is one of the most powerful applicable tools in simulating the flow field 
within hydraulic structures. In this study, the computational field near 
rectangular side orifices is modeled. After that, the influence of the 
dimensions of this type of side orifices on the flow pattern in the main 
channel is evaluated. To this end, turbulence of the computational field 
is modeled by the existing models and the changes of the flow free 
surface are reconstructed by the VOF method. 
 
2. Materials and methods 
2.1. Experimental Model 
 

To verify the results from the numerical simulation, the experimental 
measurements reported by Hussein et al. (2011) are employed. 
Hussein et al. (2011)’s experimental model is consisted of a rectangular 
flume with the length, width and height of 9.15m, 0.5m and 0.6m, 
respectively. To adjust the flow inside the channel, a gate was installed 
at the end of the main channel. The range of the measurements is given 
in Table1. In Table1, Qm represents the discharge within the main flume, 
Q is the side orifice discharge, L is the width of side orifice, Ym, is the 
flow depth inside the main flume, V1is velocity inside the main flume, W 
is the bottom height of the side orifice from the flume bed and the Fris 
the flow Froude number. 
 
Table 1. Range of Hussein et al. (2011) experimental measurements. 

Parameter Range 

𝐹𝑟(−) 0.05-0.48 

𝑊(𝑚)  0.05-0.2 

𝑉1(𝑚 𝑠⁄ )  0.12-0.79 
𝑌𝑚(𝑚)  0.154-0.590 
𝐿(𝑚)  0.044-0.133 

𝑄(𝑚3 𝑠⁄ )  0.0009-0.0288 

𝑄𝑚(𝑚
3 𝑠⁄ )  0.1467-0.281 

 
2.2. Governing Equations 
 

To model the computational field the continuity and averaged 
Navier-Stocks equations are used (Azimi et al. 2017). 
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Here,(𝑢, 𝑣, 𝑤), (𝐺𝑥, 𝐺𝑦, 𝐺𝑧) and (𝑓𝑥, 𝑓𝑦 , 𝑓𝑧) are velocity components, 

fractional area to the flow, gravitational forces and gravitational 
accelerations resulted from viscosity in the (x,y,z) directions, 
respectively. In addition, t, 𝜌, RSOR, P and VF are time, fluid density, 
source term, pressure and a fraction of volume associated with the flow, 
respectively. To simulate changes of the free surface, the VOF method 
is employed. In this method, to compute the volumetric component of 
the fluid, the following transmission equation is solved (Azimi et al. 
2017). 
𝜕𝐹

𝜕𝑡
+

1

V𝐹
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𝜕

𝜕𝑥
(𝐹𝑢𝐴𝑥) +

𝜕

𝜕𝑦
(𝐹𝑣𝐴𝑦) +

𝜕

𝜕𝑧
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In this relationship, F denotes the volumetric component of the 
fluid in a computational cell. If the specified cell is filled by water, so 
F=1, if F=0 the cell is empty and if 0<F<1 it means that the cell 
contains both the phases of water and air. 
 
2.3. Boundary conditions 
 

The boundary conditions applied for the model must be matched 
with the experimental model. Furthermore, based on the numerical 
model results, the most optimize boundary conditions are selected for 
the model. Thus, for the numerical model input, the certain velocity 
boundary conditions are taken into account. For the output of the 
mentioned model, the output boundary conditions are applied. The bed 
and sidewalls of the numerical model are also introduced as the wall 
boundary conditions. In addition, the top boundary of the numerical 
model is equivalent to the symmetry boundary conditions. 
 
2.4. Meshing computational domain 
 

Given that changes of the flow free surface are simulated by the 
VOF method, the channel height should be specified so that the 
considered boundary conditions for the air phase have no effect on the 
results. According to the study conducted by Tarek et al. (2004) in 
modeling changes the free surface by means of the VOF method, the 
initial height of the air layer can be greater than one-third of the height 
input flow. Thus, in the mentioned model, the initial height of the air 
layer is considered higher than one-third of the total height of the flow 
at the beginning section. This height is taken into account equal to the 
water height plus the air layer height. In modeling the flow field, the 
whole computational field is meshed by means of a non-uniform mesh 
block composed of rectangular cells. The sensitivity of the numerical 
model to the gridding procedure has always been one of the most 
significant problems in numerical simulations. In Figure1, the 
characteristics of the gridding used in the mentioned numerical model 
are shown. For example, the difference between gridding 3 and gridding 
4 and 5 is insignificant. Thus, #3 mesh is considered for gridding the 
computational field. As shown, by increasing the number of the cells the 
mean absolute percent error of the values simulated by the numerical 
model is reduced dramatically. To estimate the precision of the model 
in predicting different parameters of the flow, the mean absolute percent 
error (MAPE) is obtained from Equation 6. In the equation, (𝑅)(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑)𝑖 
an (𝑅)(𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑)𝑖 dand n are experimental measurements, simulated 

values and experimental measurements, respectively:  
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Fig. 1. Results of mesh independency. 
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2.5. Effects of turbulence models 
 

One of the most important parts of numerical studies is the 
determination of the optimized turbulence model to simulate turbulence 
of the flow. The FLOW-3D comprises five different turbulence models. 
Two of these turbulence models include single-equation turbulence 
models which are of little use in practice because they do not have 
acceptable accuracy in flow field turbulence modeling. The LES 
turbulence model is also applicable by computing systems with 
powerful processors. Thus, only the standard k-ε (two-equation k-ε) and 
RNG k-ε turbulence models are classified as applicable turbulence 
models. FLOW-3D includes the standard k-ε (two-equation k-ε) and 
RNG k-ε turbulence models which in the former two kinetic energy 
differential equations and kinetic energy dissipation rate equations are 
used, while in the latter some equations similar to two-equation 
turbulence models equations like the k-ε model are employed. These 
turbulence models (RNG k-ε) are on the basis of the Reynolds 
normalized groups including a statistical perspective to derive an 
average equation for turbulence quantities. Models based on stress 
parameters less rely on empirical parameters. The RNG k-ε turbulence 
model is a sample of the turbulence models with the Reynolds 
normalized stress equation. In the RNG k-ε turbulence model, 
equations similar to the equations of the k-ε model are employed, but 
constant values of the RNG k-ε model are computed explicitly. 
Constants of the k-ε turbulence model are computed empirically. In this 
paper, the influence of the standard k-ε and RNG k-ε turbulence models 
on the numerical simulation outcomes is examined. In Table2, the 
MAPE values of the predicted discharge coefficient results for the 
standard k-ε and RNG k-ε turbulence models are listed. Based on the 
modeling outcomes, the results of the RNG k-ε turbulence model are 
close to the experimental data. Thus, the RNG k-ε turbulence model is 
applied in the following for modeling the computational field turbulence.  

Table 2. Turbulence models sensitivity. 

MAPE Turbulence Model 

9.34 Standard k-ε 
6.71 RNGk-ε 

 
2.6. Validation of numerical model results 
 

In the following, the numerical model results in simulating the 
discharge coefficient of side orifices are compared with the 
experimental measurements reported by Hussein et al. (2011). 
According to the numerical simulations, the average value of MAPE for 
the numerical models is obtained to be 12.204%. Then, the side orifice 
discharge coefficient predicted by the numerical model is compared 
with various experimental values and the results are given in Table 3. 
Based on the computed criteria, the numerical model simulates the 
discharge of side weir with reasonable precision. 
 
2.7. Flow pattern 
 

In the following, the effects of the side orifice dimensions (L) and 
the bottom height of the side orifice from the flume bottom (W) on the 

turbulent flow properties are studied. First, the effects of the mentioned 
parameters on the dynamic viscosity are evaluated.  In Fig. 2, the 
changes of the flow field dynamic viscosity in the vicinity of the orifice 
for the models L=0.044 m, W= 0.1 m; L=0.044 m, W= 0.2 m; L=0.089 
m, W= 0.1 m and L=0.089 m, W= 0.05 m are extracted. As can be seen, 
the maximum value of the dynamic viscosity is predicted near the free 
surface on the central axis in the main channel. In all models, the 
minimum value of the mentioned hydrodynamic parameter occurs near 
the rectangular side weir inlet. 

 
Table 4. Comparison of modeled discharge of rectangular side weir 

with experimental values. 

Q(exp) Q(num) MAPE, % 

0.00213 0.0028 31.4554 
0.00369 0.0046 24.66125 
0.00131 0.0016 22.1374 
0.00202 0.0023 13.86139 

0.00206 0.00173 16.01942 
0.00149 0.00163 9.395973 
0.00099 0.0009 9.090909 
0.01381 0.0159 15.13396 
0.01189 0.0142 19.42809 
0.00865 0.0087 0.578035 
0.00917 0.01 9.051254 
0.01028 0.0106 3.11284 
0.01334 0.0121 9.295352 
0.00915 0.0107 16.93989 

0.01194 0.0124 3.852596 
0.00991 0.0087 12.20989 
0.01196 0.0127 6.187291 

0.00631 0.007 10.93502 
0.00921 0.0098 6.40608 
0.01246 0.013 4.333868 

 
In the following, the influences of changes of geometric properties, side 
orifice length and its crest height on the changes of the volumetric 
component of the fluid are investigated. As discussed above, the VOF 
scheme is used for simulating flow free surface variations. In this study, 
two fluids (air and water) are considered for simulating the flow pattern 
inside rectangular channels with side orifice. In the continuity equation 
related to the VOF scheme, the value of F varies from zero to one. In 
other words, by solving the flow field, the computational cells with F=0 
are filled with air, while if F is predicted equal to one, the interested cell 
is filled with water. It is worth noting that in this study, the value of F at 
the interaction point of the air and water layers is assumed to be 0.5. In 
Fig. 3, the reconstruction trend of the layer in common of the fluids for 
the numerical models L=0.044 m, W= 0.1 m; L=0.044 m, W= 0.2 m; 
L=0.089 m, W= 0.1 m and L=0.089 m, W= 0.05 m is illustrated. As 
shown, the value of F inside the main channel is predicted equal to one, 
while this value in the top layers of the water within the main flume is 
predicted to be zero. In all numerical models, the value of the mentioned 
factor is predicted to be about 0.5. 
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Fig. 2. Variations of flow field dynamic viscosity pattern in the vicinity of side orifice (a) L=0.044 m, W= 0.1 m; (b) L=0.044 
m, W= 0.2 m; (c) L=0.089 m, W= 0.1 m; (d) L=0.089 m, W= 0.05 m. 

 

  
  

  
  

Fig. 3. Changes of volumetric component of air and water of the flow near side orifice (a) L=0.044 m, W= 0.1 m; (b) L=0.044 
m, W= 0.2 m; (c) L=0.089 m, W= 0.1 m; (d) L=0.089 m, W= 0.05 m. 

The influences of the side orifice length and its crest height on the 
pressure of the computational field are also evaluated. In Fig. 4, the 
effects of the parameters W and L on the changes of the flow field are 
illustrated. As shown, the maximum values of the flow field pressure 
inside the main channel are simulated near the rectangular flume 
bottom, while the minimum values of the flow field pressure in the main 

flume are estimated near the free surface. It should be noted that the 
flow pressure value at the inlet of the side orifice is predicted as 
negative. The reason of the existence of such negative values in the 
mentioned regions is the presence of the negative velocity gradient. 
Thus, the hydrodynamic pressure in the vicinity of the side orifice is 
subsequently modeled negatively. 
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Fig. 4. Changes of flow field pressure near side orifice (a) L=0.044 m, W= 0.1 m; b) L=0.044 m, W = 0.2 m; (c) L= 
0.089 m, W= 0.1 m; (d) L=0.089 m, W= 0.05 m. 

 
In the following, the changes of the shear stress of the 

computational field near the inlet of the rectangular side orifice for the 
numerical models L=0.044 m, W= 0.1 m; L=0.044 m, W= 0.2 m; 
L=0.089 m, W = 0.1 m and L= 0.089 m, W= 0.05mare studied. Fig. 5 
displays the changes of shear stress for the mentioned numerical 
model. Based on the modeling results, the maximum of the shear stress 

is forecasted near the edges of the orifice. For example, the value of 
the variable for the model L=0.044 m, W= 0.1m is calculated equal to 
4.07 Pa, while this value for the model L=0.089 m, W= 0.1 m is 
approximated to be 6.14 Pa. Thus, shear stress increases by increasing 
the dimensions of the rectangular side orifice. 
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Fig. 5. Changes of shear stress pattern near side orifice crest (a) L=0.044 m, W= 0.1 m; (b) L=0.044 m, W= 0.2 m; (c) L=0.089 m, 
W= 0.1 m; (d) L=0.089 m, W= 0.05 m. 

In addition, the influences of the W and L values on the changing 
pattern of turbulence drop of the flow field at the inlet of the side orifice 
are evaluated. The changing pattern of turbulence drop of the water 
near the orifice for different introduced models in the previous sections 
is shown in Figure6. Based on the numerical simulation outputs, the 
maximum of the mentioned parameter occurs near the side orifice. For 
example, for the model with L=0.044 m, W= 0.1 m, the maximum value 
of flow field turbulence drop is computed to be 0.095 m2/s3, while for the 
model with L=0.089 m, W= 0.1 m, the maximum value of this parameter 
is obtained equal to 0.154 m2/s3. Therefore, by increasing the side 

orifice dimensions, the maximum turbulence drop value increases. In 
this section, the changes of turbulence energy of the computational field 
at the inlet of the side orifice for the models L=0.044 m, W= 0.1 m; 
L=0.044 m, W= 0.2 m; L=0.089 m, W= 0.1 m and L=0.089 m, W= 0.05 
m are shown in Fig. 7. Similar to the changing pattern of flow turbulence 
drop, the maximum turbulence energy occurs near the inlet of the 
rectangular side orifice. Also, according to the mentioned figure, by 
increasing the side orifice dimensions, the flow field turbulence energy 
value increases. 

 

  
  

  
Fig. 6. Changing pattern of turbulence drop of flow field in the vicinity of side orifice (a) L=0.044 m, W= 0.1 m; (b) L = 

0.044 m, W= 0.2 m; (c) L=0.089 m, W= 0.1 m; (d) L=0.089 m, W= 0.05 m. 
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Fig. 7. Changing pattern of flow field turbulence energy in the vicinity of side orifice (a) L=0.044 m, W= 0.1 m; (b) L=0.044 
m, W= 0.2 m; (c) L=0.089 m, W= 0.1 m; (d) L=0.089 m, W= 0.05 m. 

4. Conclusions 
 

In this paper, the results of the RNG k-ε turbulence model were 
close to the experimental measurements. Thus, the RNG k-ε turbulence 
model was chosen for modeling the turbulence of the flow in the 
rectangular channels along the side orifices. Based on the numerical 
model results, the average value of MAPE for the numerical models 
was computed to be 12.204%. Based on the calculated statistical 
indices, the numerical model predicted the discharge values of the 
orifice with reasonable precision. The effects of the side orifice length 
and its crest height on the computational field pressure were also 
evaluated and the values of the maximum flow field pressure value was 
simulated inside the main channel near the rectangular flume bottom, 
while the minimum flow pressure value was estimated in the main flume 
near the free surface. Based on the modeling results, the maximum 
shear stress value was forecasted near the edges of the orifice. For 
example, the value of the mentioned variable for the model with 
L=0.044 m, W= 0.1 m was computed 4.07 Pa. The maximum value of 
the flow field turbulence energy occurred near the inlet of the 
rectangular side orifice. Furthermore, it should be noted that by 
increasing the side orifice dimensions, the flow field turbulence energy 
increases. In the current study, the flow pattern around the rectangular 
side orifices has evaluated so it is suggested that more experimental 
and numerical studies on the hydraulics of side orifices with different 
shapes should be done. 
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