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ABSTRACT: In the present study, the hydraulic characteristics of vertical drops with screens and 
the gradual wall expanding downstream using FLOW-3D software are investigated. For this purpose, 
two porosity ratios of the screens of 40 and 50%, 5 gradually expanding with 3 vertical drop heights 
in the specified discharge range were used. It was found that the numerical results are closer to the 
experimental results with the RNG turbulence model than k-ε. By increasing the drop height, the ΔE/E0 
due to the jet floor impact intensity increased and yp/P value decreased. The maximum ΔE/E0 for 25 cm 
height was 51.60% and the lowest for 15 cm was 44.25%. For a constant drop height with increasing 
discharge, the ΔE/E0 decreased and yp/P increased. The gradually wall expanding causes turbulence 
on the edges and a non-uniform distribution of yd/P and by increasing yp/P and yd/P, it caused a 25% 
increase in ΔE/E0. The presence of screens increased yp/P, yd/P, and ΔE/E0 by 44%. The simultaneous 
use of gradually walls expanding and screens caused a 46% increase in ΔE/E0 and a decrease in yp/P and 
yd/P values. It was shown that the contribution of screens is greater than the gradually wall expanding, 
with their simultaneous application increasing ΔE/E0 up to 33.5%.

Review History:

Received: Jan. 23, 2020
Revised: Feb. 08, 2020
Accepted: Feb. 09, 2020
Available Online: Mar. 10, 2020

Keywords:

Vertical drop

Porosity ratio

Turbulence models

Gradually wall expanding

FLOW-3D 

711

*Corresponding author’s email: bnayebzadeh@yahoo.com

                                  Copyrights for this article are retained by the author(s) with publishing rights granted to Amirkabir University Press. The content of this article                                                  
                                 is subject to the terms and conditions of the Creative Commons Attribution 4.0 International (CC-BY-NC 4.0) License. For more information, 
please visit https://www.creativecommons.org/licenses/by-nc/4.0/legalcode.

1. INTRODUCTION
Vertical drops reduce the natural slope of the earth to the 

design slope. Thus sudden transfer and falling of flow over 
drops case decrease the energy flow [1-3]. 

In the present study, the energy dissipation with gradually 
expanding walls and different porosity ratios of vertical 
screens downstream of the vertical drops under different 
hydraulic and geometrical conditions is investigated using 
FLOW-3D software.

2. DIMENSIONAL ANALYSIS
Fig. 1 shows the important parameters of the present 

study.
Important parameters on energy dissipation can be written 

as:
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where ΔE is energy dissipation, ρ is mass density, μ is 
dynamic viscosity, g is gravitational acceleration, Q is flow 
rate, W is channel width, P is drop height, N is porosity ratio, 
t screen thickness, d distance between screen and drop, yc 
is critical depth, y0 is upstream depth, B = b1/ b2 is gradual 
divergence ratio, yd is downstream depth, and yp is pool depth. 
Finally, according to the Buckingham-theorem, the relative 
energy dissipation can be defined as:
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Also, the relative depth of the pool and the relative depth 
downstream the screen are expressed defined as:
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3. METHODS AND MATERIALS
3.1. Governing equations

The FLOW-3D® software uses the finite volume method 
to solve the three-dimensional Reynolds averaged Navier–
Stokes equations of fluid motion. These equations can be 
written in a Cartesian coordinate system (x, y, z) and are 
referenced to Ghaderi and Abbasi (2019) [4]. In this study, 
RNG and k-ε turbulence models were used to simulate 
flow characteristics under turbulent flow conditions. The 
turbulence models equations are referenced to [5-6].

3.2. Computational mesh and applying boundary Conditions
The numerical models’ simulation was performed 

according to the specifications of the laboratory model [7]. 
Table 1 lists the geometric and hydraulic conditions of the 
numerical solution.

Based on this mesh-refinement study, a computational 
mesh with 1620785 elements was selected for further 
calculations, with the selected appropriate mesh results in a 
relative error and RMSE of 3.40%, 0.18 cm.
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4. RESULTS AND DISCUSSION 
4.1. Data Verification 

To select the appropriate turbulence model, compared the 
free surface profiles at 600 L/min in numerical solution and 
the experimental results with RNG and k-ε turbulence models 
(see Fig. 2).

The results of the numerical solution with the RNG 
turbulence model provide closer data to the experimental 
results. The highest percentage of relative error and RMSE 
values were 3.99% and 0.01 m, respectively. Model validation 
was performed by comparing pool depths obtained from 
FLOW-3D results with laboratory results.

The maximum relative error of the pool depth from 
numerical solution and RMSE error were 3.78% and 0.018, 
respectively. Therefore, there is a good agreement between 
the numerical and laboratory values.
4.2. Effect of gradually wall expanding and vertical screens 
on flow over of vertical drop

It is observed that by increasing the drop height, the depth 
of the pool decreased, and the amount of energy dissipation 
increased. Increasing the drop height from 15 to 25 cm 
reduced the depth of the pool by 7.5% and increased energy 
dissipation by 4.5%.

 

 
Fig. 1. Vertical drop with vertical screen and gradually expanding. 

  
Fig. 1. Vertical drop with vertical screen and gradually expanding

Table 1. Dimensional and hydraulic numerical parameters

 
Fig. 2. Comparison of free surface profiles from numerical results and laboratory [7]. 

  
Fig. 2. Comparison of free surface profiles from numerical 

results and laboratory [7]

 
Fig. 3. Comparison of pool depth of numerical and laboratory values. 

  
Fig. 3. Comparison of pool depth of numerical and laboratory 

values
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1. Introduction 
Vertical drops reduce the natural slope of the earth to 

the design slope. Thus sudden transfer and falling of flow 
over drops case decrease the energy flow [1-3].  

In the present study, the energy dissipation with 
gradually expanding walls and different porosity ratios 
of vertical screens downstream of the vertical drops 
under different hydraulic and geometrical conditions is 
investigated using FLOW-3D software. 

 
2. Dimensional analysis 

Fig. 1 shows the important parameters of the present 
study. 

 

 

 
Fig. 1. Vertical drop with vertical screen and gradually 

expanding. 
 

Important parameters on energy dissipation can be 
written as: 
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where ΔE is energy dissipation, ρ is mass density, μ is 
dynamic viscosity, g is gravitational acceleration, Q is 
flow rate, W is channel width, P is drop height, N is 
porosity ratio, t screen thickness, d distance between 
screen and drop, yc is critical depth, y0 is upstream depth, 
B = b1/ b2 is gradual divergence ratio, yd is downstream 
depth, and yp is pool depth. Finally, according to the 
Buckingham-  theorem, the relative energy dissipation 
can be defined as: 

(2) 4
0

( , , )cyE f N B
E P


=  

Also, the relative depth of the pool and the relative 
depth downstream the screen are expressed defined as: 
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3. Methods and materials 
3.1. Governing equations 

The FLOW-3D® software uses the finite volume 
method to solve the three-dimensional Reynolds 
averaged Navier–Stokes equations of fluid motion. These 
equations can be written in a Cartesian coordinate system 
(x, y, z) and are referenced to Ghaderi and Abbasi (2019) 

[4]. In this study, RNG and k-ε turbulence models were 
used to simulate flow characteristics under turbulent flow 
conditions. The turbulence models equations are 
referenced to [5-6]. 

 
3.2. Computational mesh and applying boundary 
Conditions 

The numerical models' simulation was performed 
according to the specifications of the laboratory model 
[7]. Table 1 lists the geometric and hydraulic conditions 
of the numerical solution. 

 
Table 1. Dimensional and hydraulic numerical 

parameters. 
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Based on this mesh-refinement study, a 

computational mesh with 1620785 elements was selected 
for further calculations, with the selected appropriate 
mesh results in a relative error and RMSE of 3.40%, 0.18 
cm. 

 
4. Results and Discussion  
4.1. Data Verification  

To select the appropriate turbulence model, compared 
the free surface profiles at 600 L/min in numerical 
solution and the experimental results with RNG and k-ε 
turbulence models (see Fig. 2). 

 

 
Fig. 2. Comparison of free surface profiles from numerical 

results and laboratory [7]. 
  

The results of the numerical solution with the RNG 
turbulence model provide closer data to the experimental 
results. The highest percentage of relative error and 
RMSE values were 3.99% and 0.01 m, respectively. 
Model validation was performed by comparing pool 
depths obtained from FLOW-3D results with laboratory 
results. 
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Fig. 4. Energy dissipation at three different drop heights. 

  
Fig. 4. Energy dissipation at three different drop heights

 
Fig. 5. The effect of the presence of gradually wall expanding and vertical screens on energy dissipation. 

  Fig. 5. The effect of the presence of gradually wall expanding 
and vertical screens on energy dissipation

The simultaneous use of the gradually expanding wall 
and screen plates due to hydraulic jump and flow turbulence 
increased the energy dissipation to 46%.

It can be seen that, with a constant gradual expanding 
wall, the hydraulic jump tends to upward in the screen 40%, 
while in the screen with the 50% porosity ratio, the hydraulic 
jump moves downward. The jump formed after the drop is 
V-shaped despite the screen plates.

5. CONCLUSION
1-  Numerical results with the RNG turbulence model 

provide closer data to the experimental results than the k-ε 
turbulence model. The highest relative error percentage and 
RMSE values were 3.99% and 0.01 m, respectively. 

2- The gradually expanding wall created downstream of 
the vertical drop causes turbulence on the jet sides as well as 
the uneven distribution of depth below it and increases the 
depth of the pool and the downstream depth on a drop below 
25% of energy dissipation efficiency flows. 

3- Applying for gradually expanding wall and screen 
plates, on average, increases 46% the efficiency of the current 
energy dissipation downstream of the vertical drop.
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Fig. 6. V-shaped and classic hydraulic jump in low discharge

 

 
Fig. 6. V-shaped and classic hydraulic jump in low discharge. 
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