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Abstract— To store surface water for various uses, the design of high dams and spillways has increased 

significantly. A review of the references indicates that in recent years, numerous studies have been 

conducted on the phenomenon of cavitation, ways to prevent its occurrence, and reducing the damages 

caused by this phenomenon on hydraulic and numerical models of free spillways. Numerical modeling of 

flow in pressurized tunnel spillways with aeration structures and studies related to the two-phase flow of 

water and air in these spillways are very few. Therefore, further understanding and recognition of the 

pressure fields and flow velocity near the aeration structure of pressurized tunnel spillways and the effect 

of the geometry of the aeration ramp and different aeration percentages on the flow require further studies. 

In this research, numerical simulation of the flow passing over the aeration ramp installed at the bottom of 

the pressurized duct has been studied. First, a numerical analysis of the hydraulic characteristics of the 

flow in the non-aerated state, such as the length of the rotation zone created downstream of the ramp, the 

intensity of turbulence, the pressure coefficients at the bottom of the duct, and the velocity and pressure 

profiles at different sections before and after the ramp, is carried out. Then, the effect of air entry in 

different percentages on various flow parameters, especially velocity profiles and pressure coefficients, is 

studied. The overall goal of this research is to correctly understand the hydraulic phenomena occurring in 

the two-phase flow of water and air near the tunnel overflow aerator. 

Keywords— Tunnel spillway, cavitation, hydraulic characteristics, aeration, numerical simulation. 

 
I. INTRODUCTION 

For many years, incidents related to the phenomenon of 

cavitation have been attracting the attention of engineers in 

different parts of the world. The phenomenon of cavitation 

is a familiar phenomenon that is considered a major 

engineering hazard and challenge in most hydraulic 

structures that are exposed to high-speed flows, including 

dam overflows. Of course, it should be noted that the 

factor affecting this phenomenon is not limited to speed 

alone, and the existence of a set of multiple factors leads to 

the occurrence of this phenomenon. In tall spillways in the 

end areas, the flow velocity increases dramatically and the 

flow depth decreases. The combination of these factors 

reduces the cavitation index. As a result, a point in the 

structure with normal irregularity can become the starting 

point of cavitation in the structure. 

In such a case, it is possible to prevent this phenomenon 

by reducing the flow velocity or increasing the flow 

pressure at the boundaries. It is important to note that the 

geometric shape of the spillway also plays a significant 

role in the occurrence or non-occurrence of cavitation. To 

prevent cavitation, the location of points where the 

pressure may decrease to the liquid vapor pressure with 

increasing velocity must be identified. Flow aeration, as an 

effective factor in eliminating or reducing cavitation-

induced damage in free and tunnel spillways under 

pressure, has a significant impact on the hydraulic 

structure of the flow, including pressure and velocity 

fields. 

In recent years, the correct understanding of the flow 

pattern and the effects of aeration in pressurized spillways 

with an aerated system has been among the topics studied 

by several researchers. Due to the specific complexity of 

two-phase flows and the lack of clarity on the exact 

relationship between flow aeration and reducing 

cavitation-induced damage, extensive studies are still 

needed on this issue. To store surface water for various 

uses, the design of high dams and spillways has increased 
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significantly. A review of the references indicates that in 

recent years, numerous studies have been conducted on the 

phenomenon of cavitation, ways to prevent its occurrence, 

and reducing the damages caused by this phenomenon on 

hydraulic and numerical models of free spillways (Aydin 

et al., 2020). 

Numerical modeling of flow in pressurized tunnel 

spillways with aerated structures and studies related to the 

two-phase flow of water and air in these spillways is very 

limited. Therefore, further understanding and recognition 

of the pressure and flow velocity fields near the aerated 

structure of pressurized tunnel spillways and the effect of 

the geometry of the aerated ramp and different aeration 

percentages on the flow require further studies. In this 

study, numerical simulation of the flow passing over the 

aerated ramp installed at the bottom of the pressurized duct 

is addressed. First, a numerical analysis of the hydraulic 

characteristics of the flow in the absence of aeration is 

performed, such as the length of the rotation zone created 

downstream of the ramp, the intensity of turbulence, the 

pressure coefficients at the bottom of the duct, and the 

velocity and pressure profiles at different sections before 

and after the ramp. 

Then, the effect of air inflow in different percentages on 

various flow parameters, especially velocity profiles and 

pressure coefficients, is studied. The overall goal of this 

research is to correctly understand the hydraulic 

phenomena occurring in the two-phase flow of water and 

air near the aerator of a tunnel spillway. Mankind has long 

been familiar with the construction of dams to meet its 

water needs. Since the last century, with the development 

of science and technology, the construction of various 

types of high dams by controlling surface flows has been 

developed to meet the needs of agricultural, industrial, 

drinking water, flood control, and hydroelectric power 

generation. 

In these dams, the spillway, as one of the dependent 

hydraulic structures, plays a critical role in discharging the 

floods entering the dam reservoir with sufficient safety in a 

free flow or under pressure downstream. One of the major 

problems in high dam spillways is the possibility of 

cavitation and the resulting damage to the spillway bed 

and concrete walls, which not only disrupts the hydraulic 

performance of these structures and the dam but also 

causes significant damage to the spillway structure. 

Among the spillways that have been damaged by this 

phenomenon are the Glen Canyon Dam tunnel spillway in 

the United States and the Karun Dam free spillway in our 

country. In high dam spillways, due to the high flow 

velocity (more than 20 m/s), any change in the geometry 

of the channel, the roughness of the bed and wall, the 

curvature in the flow path, and the presence of operational 

joints in the wall cause the flow to separate from the 

channel wall and a local decrease in the pressure of the 

water vapor (Li et al., 2024, June). 

In this case, when the cavitation phenomenon occurs, 

water at its ambient temperature changes from a liquid 

state to a vapor state, and cavitation bubbles (water vapor 

bubbles) are formed, which disappear as the water moves 

to areas of high pressure. The collapse of these cavitation 

bubbles is accompanied by the production of strong 

pressure waves caused by the explosion of the bubbles and 

the release of a significant amount of energy. If it occurs 

near the spillway wall, it causes erosion and corrosion of 

the concrete surface of the spillway and, if it continues, 

causes enormous damage to the wall and structure. 

Research conducted on the study of the cavitation 

phenomenon and methods for preventing it in spillways 

has shown that the use of resistant concrete and modifying 

the curvature and flow wall, stepped spillways, and 

aeration of the flow are suitable methods for preventing 

this phenomenon and reducing the damage caused by it. 

Among them, the most effective and economical method 

for preventing and reducing the damages caused by this 

phenomenon is aeration. The entry of air into the flow in 

spillways causes changes in many flow characteristics, 

including changes in flow density, changes in velocity, and 

pressure, and changes in the turbulent state of the flow. 

Some of these changes are beneficial and others are 

harmful to the hydraulic system under study. The high cost 

and long duration of constructing hydraulic structures and 

the fact that testing is still the most accurate method for 

investigating the problems and issues facing such 

structures have prompted researchers and designers to seek 

to solve the aforementioned problems and issues by 

simulating real flow on physical models and conducting 

various tests. 

For this reason, the use of numerical models has been 

greatly developed in recent decades. The most important 

advantage of a numerical computational estimate is its low 

cost and considerable speed. Also, numerical solutions to 

problems will give us complete information and the 

necessary details and will provide the values of the 

relevant variables throughout the study area. Contrary to 

the unfavorable conditions that arise during testing, 

inaccessible places in numerical computational work are 

few. No laboratory study can be expected to measure all 

the variables involved in the phenomenon under study in 

the entire flow field. Therefore, to complement the 

experimental data, a simultaneous numerical solution is 

also necessary. 
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II. METHODOLOGY 

In this study, the background of the research was 

familiarized by collecting and initially studying technical 

literature and research works related to flow aeration in 

high spillways, specially pressurized tunnel spillways. 

Then, by preparing a numerical model of the flow around 

the ramp-type tunnel spillway flow aerator installed in the 

pressurized flow bed, the flow was studied and analyzed . 

To prepare the numerical model used in this study, the 

Fluent 6.3.26 software was used. In the following, the 

governing equations of the flow and the methods for 

solving these equations in this software as well as the 

turbulence models used will be referred to . 

The present study was conducted on a laboratory model of 

a water transfer tunnel (duct) with a square cross-section 

and an area of 100 cm2, which included an aerator ramp at 

the bottom of the duct, and aeration of the flow was carried 

out through pipes at the foot of the ramp . After validating 

the results and achieving the desired state, the scope of 

studies in the numerical model was increased and the 

effect of different aeration ramp geometries and different 

percentages of air entering the flow on the flow pattern, 

including velocity and pressure profiles, was studied . 

In this chapter, the experimental model was first described, 

and then the different stages of preparing the numerical 

model, such as meshing and boundary and initial 

conditions, were examined, and the results of the 

numerical model, including its validation, were presented 

in the following chapters. Without a doubt, fluid dynamics 

software can be used when there is at least some 

knowledge of the governing equations for fluids. By 

introducing a general variable such as ϕ, the conservation 

or divergence form of all fluid flow equations, such as 

momentum and scalar values such as temperature and 

concentration of contaminants, can be written as follows: 

 
 

 

Where is the velocity vector,  is the fluid density,   is 

the dispersion coefficient, is the quantity ϕ, and    is the 

spring term. The transport equation is a property of ϕ and 

clearly shows the different transport processes. The rates 

of change and transport are on the left side of the equation 

and the diffusion and source terms are on the right side of 

the equation. The Navier–Stokes equations are the 

conservation equations of flow, including the continuity, 

momentum, and energy equations. By substituting 

appropriate values into the equation, the continuity and 

momentum equations are obtained as the following 

relations: 

          

                                                                            

 

In these equations, P is the dynamic pressure, and the other 

parameters are also specified. The equations generally 

express the continuity and momentum equations for 

incompressible flows, so to investigate the state of flow 

turbulence, it is necessary to derive the equations 

governing the flow in the turbulent state. Different flow 

regimes are determined based on the Reynolds number, 

which is the ratio of the magnitude of the inertial force to 

the viscous force. In experiments conducted on fluid 

systems, it has been observed that at a Reynolds number 

below a certain limit, called the critical Reynolds number, 

the laminar flow and adjacent layers slide over each other, 

which is called the laminar flow region (Iravani & Ahd, 

2021). At Reynolds numbers higher than the critical 

number, serious changes are seen in the flow behavior, so 

that in this region of the flow, the velocity and other flow 

properties change completely irregularly and randomly . 

This region is called the turbulent flow region. Figure (1) 

shows the state of the flow layers near the wall and the 

point velocity of a turbulent flow. 

  

   
Fig.1. Different layers of flow near the wall and the magnitude of the point velocity in turbulent flow 

 

+Y 
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The random nature of turbulent flows prevents the 

calculation and complete investigation of the motion of all 

fluid particles. Instead, the velocity can be divided into 

two parts: the constant average value U and the oscillatory 

component that is added to it. Therefore, considering the 

figure (1), the relationship below is obtained: 

 

Now, to obtain the governing equations in turbulent flows, 

the relation above must be applied to the relations 

provided to obtain the continuity and momentum equations 

in the turbulent flow state. The noteworthy point is that to 

apply the relation above to the aforementioned relations, 

the equations for the instantaneous quantities, i.e. the 

average quantities plus the oscillating quantities, are first 

written. Then, time averaging is performed on each side of 

the equation. After performing this operation, the 

continuity and momentum equations for incompressible 

turbulent flows are obtained from the relations below. 

 

            

 

The only difference between the momentum equation of 

turbulent flow and laminar flow is the addition of the last 

term on the right side of the equation, which is called 

turbulent stress or Reynolds stress. Equations together 

with the energy equation are called the RANS equations. 

These equations are explicit and no simplifying 

assumptions have been made in obtaining them, so these 

equations do not form a closed system, meaning the 

number of unknowns is greater than the number of 

equations. The results of the experiments conducted on the 

physical model available in the Department of Civil 

Engineering, UMIST University of Manchester have been 

used in this research. 

The specifications of the laboratory model are shown in 

Figures. The tested section in the model included a 

horizontal duct with a square vertical cross-section of 100 

cm2, which consisted of three different sections: transition, 

intermediate, and main sections. Upstream of the main 

section, a suitable length of duct has been considered for 

the development of the flow under laboratory conditions . 

A fixed-head water tank is located on the roof of the 

laboratory, which provides the flow rate for the 

experiments through a pipe with a diameter of 15 cm. The 

water flow passes through a contraction (converging) 

section with a wall angle of 7 ° and, over a short section, 

the flow is smoothed and enters the transfer section (He et 

al., 2024) . 

At the end of the main section, the flow diverges through a 

diverging section with a wall angle of 7 ° and is finally 

discharged into the water collection tank on the floor of the 

laboratory. All sections are connected by flanges with 8 

bolts (Yip et al., 2021). The utmost care has been taken in 

installing the flanges and connecting the sections so that 

flow separation does not occur at the location of the 

flanges, which causes errors in the experiment the 

dimensions of the different sections of the duct are 

described. 

 
Fig.2: Schematic diagram of the laboratory model 

 

 

 
Fig.3: Laboratory model test section 

 

Table 1: Dimensions of different duct sections 

Length 

(m) 

Cross-Sectional 

Dimension (m) 

Section 

0.2 0.15*0.15 – 0.1*0.1 Contraction (A-B) 

0.145 0.1*0.1 Straightener (B-C) 

1.0 0.1*0.1 Transition Section 

(C-D) 

0.3 0.1*0.1 Intermediate 

Section (D-E) 

0.9 0.1*0.1 Main Section (E-F) 

0.2 0.1*0.1 – 0.15*0.15 Diffuser (F-G) 

 

The flow rate in the duct is controlled by two valves, one 

upstream on the pipe connected to the water tank and the 

other downstream of the section under test. Also, the 

control valve located upstream of the main section is used 
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to stop the water flow in the duct when measuring devices 

such as transducers and air flow meters are adjusted or 

moved . Details of the ramps used in this study are given in 

Table (2). Where tr/d is the relative height of the ramp 

(ratio of the height of the ramp to the height of the duct) . 

Table 2: Geometric details of the ramps used 

/drt Angle of Ramp 

)°( 

Length of Ramp (mm) Height of Ramp (mm) Ramp 

0.1 5 113.4 10 A 

0.1 10 56.7 10 B 

0.2 5 226.8 20 C 

0.2 10 113.4 20 D 

 

To investigate the pressure field in the cavity area, 

pressure transducers were placed in the duct floor through 

a series of holes created along the centerline of the duct 

floor downstream of the ramp. Pressure transducers were 

also installed in the walls. Therefore, the pressure values in 

the cavity area downstream of the ramp were accurately 

recorded (Lai et al., 2024). Also, at a section 

approximately 60 cm from the beginning of the ramp and 

upstream of it, which was considered a reference section, 

the pressure values were measured at the centerline of the 

duct floor and in the walls. The air inlet system into the 

flow consisted of 9 flexible plastic tubes with a diameter 

of 1 cm, which were installed in the duct floor a short 

distance from the foot of the ramp. 

The air tubes were connected to the atmosphere (air 

pressure) on the other side. Along the air pipes, there were 

plastic valves that controlled the amount of air entering the 

flow, so the amount of air entering the flow during the 

experiment can be easily calculated in this way. Where the 

Reynolds numbers calculated are based on the height of 

the ramp . For the range of aeration ratios, the Weber 

number is in the range that, considering the range 

obtained, it can be concluded that surface tension does not 

have a significant effect on the results of the duct flow. 

Table 3: Experimental conditions and aeration ratios 

Aeration Ratio (%β) )4Reynolds Number (Re*10 Undisturbed Mean Velocity (m/s) Angle of Ramp 

)°( 

/drt Ramp 

0, 2, 4, 6, 8 3.1 4.1 5 0.1 A 

0, 2, 4, 6, 8 3.1 4.1 10 0.1 B 

0, 2, 4, 6, 8 6.2 4.1 5 0.2 C 

0, 2, 4, 6, 8 6.2 4.1 10 0.2 D 

 

III. FINDINGS 

Many process flows are mixtures of phases. The physical 

phases of matter include gas, liquid, and solid. However, 

the concept of phase is used in a broader sense in 

multiphase flow systems (Tarpø et al, 2021). In multiphase 

flow, a phase is a separable part of the flow that responds 

to the potential field in which it is placed and interacts 

with other phases. For example, solid particles of different 

sizes of the same material can be considered as different 

phases because each set of particles of the same size will 

have a similar dynamic response to the flow field. 

Multiphase flow regimes can be divided into four general 

categories: gas-liquid or liquid-liquid, gas-solid, liquid-

solid, and three-phase flows. 

The development of computational fluid dynamics has 

provided the basis for a greater understanding of the 

dynamics of multiphase flows. Currently, there are two 

approaches to numerically calculating multiphase flows, 

Euler-Lagrange and Euler-Euler. In the Euler-Lagrange 

approach, first, the continuous phase of the flow is solved 

using the Euler equations, i.e. the Navier-Stokes equations, 

and then the second phase, for example, sediment 

particles, is examined from the Lagrangian perspective. 

But in the Euler-Euler approach, the second phase is also 

considered as a continuous phase, and, depending on the 

method used, either one equation is solved for all phases or 

a separate equation of the conservation equations is solved 

for each phase. 

In the Euler-Euler approach, there are three types of 

methods, namely: VOF, Mixture, and Eulerian. The VOF 

method is a technique for tracing the interface of phases 

for a fixed Eulerian mesh. This model is designed for two 

or more immiscible fluids, whose interface location is of 

interest. In this method, a set of momentum equations is 
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assigned to the multiphase flow and the volume fraction of 

each phase in each computational cell is determined. The 

Mixture method is designed for two or more phases in 

which the phases are considered as a continuous 

interpenetrating medium the momentum equations for the 

mixed flow are solved and relative velocities are used to 

describe the dispersed phases The Eulerian method is the 

most complex multiphase method in Fluent software. 

This method solves the momentum and continuity 

equations for each phase. These equations are related 

through the pressure and interphase exchange coefficients, 

which depend on the type of phases. The Mixture method 

is a simplified multiphase method that can be used to 

model multiphase flows where the phases move at 

different speeds. In this method, it is assumed that the 

phases have local equilibrium on a short spatial length 

scale, which allows the influence of the phases on each 

other to be considered. The Mixture method can model n 

phases by solving momentum, continuity, and energy 

equations for the mixed phase, volume fraction equations 

for the secondary phases, and algebraic relations for 

relative velocities. The relative velocity, which is the slip 

velocity, is defined as the velocity of the secondary phase 

(p) relative to the primary phase (q). 

 
The mass fraction of each phase (k) is defined as the 

equation below, which is obtained using it and according 

to the drift velocity equation. 

 

                                                                                                               

                                                                                  

 

Using the continuity equation and drift velocity, the 

volume fraction equation of the secondary phase p is 

defined according to the equation below: 

              

 

Where and are the mass transfer from phase q to p and the 

mass transfer from phase p to q, respectively? The volume 

fraction equation for the lesser phase is solved and the 

volume fraction of the remaining phase is calculated 

according to the constraint of the relation below. 

                                                                                                         
Geometry and meshing of the numerical model. Gambit 

software was used to prepare the two-dimensional and 

three-dimensional geometry of the numerical model. In 

addition, Gambit can generate meshes and networks in 

computational fluid dynamics specifically. This software is 

a preprocessor for computational fluid dynamics software 

such as Fluent, whose outputs are used as input files for 

Fluent. In general, the steps of this preprocessor are as 

follows: 

• Geometry generation: In this stage, geometry can be 

generated in this software, or geometry can be generated 

from other geometry-generating software such as 

AutoCAD and SolidWorks and introduced to this 

software. 

• Mesh generation on geometry. 

• Determination of boundary conditions and different 

areas. 

Gambit software has many unique features in the field of 

meshing and meshing. In two-dimensional models, 

tetrahedral, trihedral, or a mixture of both meshes can be 

used. In three-dimensional mode, hexagonal, tetrahedral, 

pyramidal, or a mixture of these elements can be used . 

The meshing of the two-dimensional model. In this 

research, to conduct studies on the numerical model, first, 

the two-dimensional mode of the numerical model 

meshing was completely investigated, and then the three-

dimensional mode was modeled, and the results obtained 

in two-dimensional and three-dimensional models were 

compared with each other. In the two-dimensional model, 

m 2 of the duct length was modeled, according to Figure 

(4). This length includes the main section some of its 

downstream and the transfer section. Also, m 0.05 of the 

length of the air transfer pipes downstream of the ramp 

was modeled.  

To accurately examine the flow boundary layer and 

changes in flow parameters near the wall, a finer meshing 

was used in the walls, so that in different meshing cases, 3 

to 7 cells near the walls became finer . In the case without 

aeration (single-phase flow), various turbulence models, 

including all k-ε and k- ε models, were used to model flow 

turbulence, and the results of these models were compared 

with each other . In the case of aeration (two-phase flow), 

the Mixture method was used to model the interaction 

between phases, and the RNG k-ε and SST k- ε turbulence 

models were used to model flow turbulence . 

 
Fig.4: Two-dimensional network of the flow field in the 

general case for ramp A 
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Fig.5: Two-dimensional meshing of the flow field near 

ramp A 

 

Sensitivity Analysis. The sensitivity of numerical models 

to model geometry, meshing, boundary conditions, and 

initial conditions has always been an important issue in 

numerical modeling. Mesh generation is considered one of 

the most important parts of the numerical solution, which 

is very effective in numerical solution accuracy. In this 

context, different patterns in the field of meshing have 

been presented in different numerical models, each of 

which has its strengths and weaknesses. In Fluent 

software, to make the results of numerical modeling as 

close as possible to the hydraulic model, the trial-and-error 

method should be used. 

So by using different meshing in the numerical model and 

comparing the output results from the software with the 

results of the laboratory model, the most appropriate 

geometry and meshing were selected. In this research, 

computational cells with sizes of 0.002 m to 0.007 m were 

used. The sensitivity analysis of the numerical model was 

performed concerning the mesh size and it was found that 

in the two-dimensional and three-dimensional modes, 

using a grid with smaller cell dimensions than the grid 

created with computational cell sizes of 0.003 m and 0.004 

m does not have much effect on the accuracy of the 

calculations. 

Sensitivity analysis was also performed to determine the 

number of cells near the wall in the two-dimensional and 

three-dimensional models and it was found that to better 

match the results of the numerical model with the 

experimental results, 12 cells near the wall should be 

reduced . Also, in the numerical model, different sizes were 

considered for the length of the duct upstream of the ramp, 

and by performing the sensitivity analysis, it was found 

that a length of 1 m for the duct upstream of the ramp is 

sufficient for the complete development of the flow before 

reaching the ramp location. 

 

IV. CONCLUSION 

The way the velocity changes in the direction of the flow 

and the average velocity vectors, especially in the rotation 

area, are important parameters expressing the state of the 

flow passing over the ramp. Figures (4-14) and (4-15) 

show the velocity meters in the direction of the flow and 

the average velocity vectors for the flow passing over the 

aeration ramp, for ramps B and D, respectively . 

According to these figures, the velocity in the direction of 

the flow at the end of the ramp reaches its maximum value 

due to the presence of the ramp and the reduction in the 

cross-sectional area of the duct, and after entering the 

rotation area, it takes on negative values near the bottom of 

the duct, and gradually the negative values of the velocity 

decrease in the direction of the flow, and finally, at the end 

of the rotation area, the negative velocity is not observed, 

and then the flow returns to its normal state. According to 

the velocity meters, it is observed that the increase in flow 

velocity on the smaller angle ramps has a relatively 

uniform trend due to the gradual contraction of the duct 

cross-section, while on the larger angle ramps, this 

increase has occurred with greater intensity, and 

conversely, the decrease in flow velocity downstream of 

the larger angle ramps has occurred with less intensity. 

Also, the turning area immediately downstream of the 

ramp is visible in all cases. 

 
Fig.6: Velocity meters in the flow direction 

 

 
Fig.7: Average flow velocity vectors 

 

Pressure profiles. Figure (8) shows the changes in CP ref 

obtained from the numerical model and the experimental 

results for different aeration percentages for ramp A and 

the correlation between the numerical and experimental 

results. The value of CP ref increases with increasing the 

percentage of air entering the flow. Due to the closed flow 

(the duct is under pressure), any change in the pressure 

values due to aeration near the ramp affects the entire 

flow, including the upstream . Therefore, with an increase 

in the percentage of air entering the flow, which leads to 

an increase in pressure in the cavity area, the pressure at 

the reference point also increases. The correlation 

coefficient between the CP ref obtained from the 

numerical model and the experimental results is 0.9422, 
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which indicates an acceptable simulation of the flow 

upstream of the ramp by the numerical model. 

 

 
Fig.8 - CP ref changes for different aeration percentages 

for ramp A and correlation of numerical and experimental 

results 

 

To show the effect of aeration at the ramp location on the 

duct pressure field, in Figure (8) the pressure profiles in 

the vertical sections of the duct flow for β=0%, %2 

towards ramp D are displayed . 

No aeration condition. In the case of water flow passing 

over the aerated ramp installed in the duct floor in the no 

aeration condition, the comparison of the results obtained 

from two-dimensional and three-dimensional modeling 

indicates a very small difference between them . The 

reconnection length (La) was estimated in two-

dimensional modeling with a slight decrease compared to 

the laboratory results and in three-dimensional modeling 

with a slight increase. However, in the calculations of 

pressure coefficients and velocity profiles, no significant 

difference was observed between the two-dimensional and 

three-dimensional models . 

 
Fig.9: Comparison of 2D and 3D model results for 

reconnection length for different ramps in the non-

aeration state 

 

The complexities related to the multiphase nature of the 

flow, such as the interaction between phases, do not exist 

in the case of no aeration, and therefore the two-

dimensional model estimates the flow characteristics such 

as the reconnection length and pressure coefficients as well 

as the three-dimensional model. 

Case with aeration. In this study, with the introduction of 

air into the flow, the equations related to multiphase flows 

dominate the problem, and therefore, modeling in the two-

dimensional mode for estimating the cavity length (Lc) 

suffers from a greater error than in the three-dimensional 

mode. In both the two-dimensional and three-dimensional 

modes, the cavity length downstream of the ramp was 

estimated to be less than the experimental results. The 

interaction between the phases and the small geometric 

dimensions of the duct and ramp are among the reasons for 

the error in modeling the two-phase flow of water and air 

passing over the ramp embedded in the bottom of the duct 

in the two-dimensional mode. However, there is no 

significant difference between the two-dimensional and 

three-dimensional models in calculating the pressure 

coefficients and velocity profiles. 
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