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ABSTRACT: 

 

The flow around the ramp embedded in a pressurized tunnel is divided into the various zones immediately downstream of the ramp, 

including the cavity and the main zone of flow above the shear layer. The aeration coefficient of the flow from the lower surface 

(inside the cavity)(βlower) is a function of non-dimensional numbers which aerator geometry parameters such as cavity length to ramp 

height Lc/tr is considered as one of the most important parameters. Therefore, in the present study, OpenFOAM software and RNG k-

ε turbulence model were used to simulate the flow to study the aeration effect on flow characteristics, so the range of aeration 

coefficient as 0%<β<10% for four ramps with different tr/d ratios is Applied, then by increasing the aeration coefficient in the range 

of 0%<β<16%, The dependency range of relative Cavity length Lc/tr to (β) was evaluated. In order to verify performance of the 

numerical model, experimental results of Manafpour test were used. The results of the research indicate that in the aeration of flow 

with aerator ramp, the height of ramp has more influence relative to ramp angle. Moreover the main Effectiveness of the aeration 

coefficient on the cavity length was limited to air percent less than 10%. 
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1. INTRODUCTION 

Aeration is known as the most efficient and economical method 

for prevention of cavitation in high-speed flows over chute 

spillways (Pinto, N.L., 1984 & wood, I.R., 1991). With 8% air 

near the concrete surface damage of cavitation attack is 

completely prevented (Peterka, A.J., 1953 & Zhang, J.M., 

1991). Surface aeration takes place in spillways but in this way 

usually not enough air is introduced near the concrete surface 

(May, R.W.P., 1987). Therefore, with regard to the danger of 

cavitation attack, forced aeration of flow is recommended 

(Falvey, h.t., 1990 & Pinto, N.L., 1991). Aerators, which locally 

create an air cavity at the lower boundary of the flow, have been 

found to be an effective and cheap way of promoting air 

entrainment into the flow. Aerators cause the flow to separate 

from the surface of the spillway and form a nappe (Fig. 1). 

 

Figure 1. Flow region over typical aerator 

Flow behavior on aerator ramps in Fig. 1 shows the complex 

interaction between flow turbulent structures, the phenomenon 

of cavitation, the behavior of the jet in the atmosphere, the air 

entering the jet, as well as the propagation of bubbles in the 

downstream of ramps. Air will then be entrained along the 

lower surface as well as along the upper surface of the nappe 

(Chanson, H., 1991). The entrainment on the lower surface 

introduces air bubbles near the bed of the spillway for some 

distance downstream (Chanson, H., 1989 & Zarrati, A.R., & 

Hardwick, J.D., 1995). 

In under pressure flow upon ramp aerator embedded in the 

tunnel floor, immediately downstream of the ramp such as 

Figure 2, the flow is two-phase and disturbed and there is no 

surface aeration and divided into the various zones immediately 

downstream of the ramp, including the cavity zone and the main 

zone of flow above the shear layer. 

 

Figure 2. Flow pattern upon under Pressure tunnel ramp 
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As flow separates from the trailing edge of the ramp, the lower 

layers accelerate and small Intense eddies form on the lower 

surface of the nappe which roughens the air-water interface Fig. 

2. As turbulence overcomes surface tension, this air will be 

entrained into the flow. On the other hand, the pressure 

distribution in the nappe rapidly adjusts itself to near 

atmospheric conditions and the slip velocity of air bubbles falls 

and air bubbles are diffused by turbulence deeper into the core 

of the nappe. Further downstream, more and more air will be 

entrained into the flow (Zarrati, A.R., 1993). Turbulence plays 

an important rule here, and higher turbulence levels cause more 

air entrainment (Ervine, D.A., & Khan, A.R 1991, May, 

R.W.P., et al 1991). 

 

The introduction of forced air, especially from the bottom of the 

jet, will increase the concentration of air near the surface of the 

concrete. Aeration in spillways and under pressure tunnels is 

usually carried out by aeration systems and using ramp, groov 

and steps. The most common type of aeration can be seen in 

Fig. 3. Bringing the air to the bottom of the jet, as shown in 

Figure 3 is carried out by a duct from the floor. In this way, the 

flow is completely aerated and despite this air near the floor, the 

damage caused by cavitation is prevented. 
 

 

Figure  3. Fluid aeration systems (Chanson, H., 1994) 

Proper recognition of the two-phase flow pattern in under 

pressure tunnel spillways with and without aeration system is 

among the topics studied by a number of researchers, and 

because of the complexity of two-phase flows, there is still a 

need for more laboratory and numerically studies in this field. 

Part of the studies on the flow around the ramp aerator in 

pressure tunnels which are often also provided in laboratory 

form is expressed in next section. Many research works has 

been done to find the relationship between the inflows of air 

through aerators. According to Pinto's 1984 research, relative 

air discharge (β), which is defined as the ratio of air to water 

discharge, is a function of the cavity length, the Froude number 

and cavity subpressure. In 1990, Falvey presented a 

mathematical model based on Galzoo's work in 1984 (Glazov, 

A.T., 1984). This model computed the cavity length as well as 

the airflow and cavity subpressure. Based on this model, Cavity 

length directly affected the airflow. 

 

Zheng et. al studied and compared VOF and Mixture methods 

during a series of experimental and numerical studies with 

three-dimensional simulation of aerated flow downstream of 

ramp aerator in a under pressure tunnel. Comparing the 

numerical and experimental results indicates that both methods 

accurately calculate the free water surface and cavity length. Air 

concentration inside the water and the average values of 

pressure downstream of aerator from Mixture model have less 

error than the experimental results (Zhang, JM., Chen, JG., & 

Xu, WL, 2011). 

 

Wu and Ma examined the effects of flow regime downstream of 

aerator on entering the air into the flow and preventing damage 

of cavitation. The results of the experiments showed that the 

conversion of flow regimes downstream of aerator to each other 

depends on aerodynamic parameters such as ramp angle, ramp 

height and slope of tunnel floor (Wu, J., Ma, F., & Dai, H.C., 

2011). 

 

Ruan et. al compared laboratory performance with two types of 

aerator in two different designs, According to the parameters of 

cavity length, the pressure field downstream of aerator, relative 

air discharge (β) and air concentration within the water flow. As 

a result of these experiments, it was found that for tunnel 

spillways, the shape and size of aerator require special design 

and tunnel spillways can be protected from cavitation by 

applying a plan of aerator that increases the cavity zone length, 

the inflow of air and the air concentration near the floor (Ruan, 

S.P., Wu, J.H., & Wu, W.W., 2007) 

 

Kavianpour et. al carried out laboratory studies on measuring 

the pressure fluctuations in downstream of the aerator located in 

a circular tunnel and studied aerator performance with different 

geometries. According to the results of the experiments, it was 

found that the use of aerator with small heights for air supply in 

tunnel duct is more suitable than aerator with high heights from 

a hydrodynamic point of view (Kavianpour, M., Toloui, A., & 

al-Mu'zsoumi, AS., 2002). 

 

Bhosekar et. al studied the effect of geometric and hydraulic 

parameters on the pressure, cavity length and relative air 

discharge (β) in flow around ramp embedded at the end of the 

tunnel. As a result of this research it was found that by 

increasing the relative cross-section of the inflow of air, which 

leads to an increase in the amount of air entering the flow. The 

cavity length downstream of the ramp and the aeration 

coefficient of the flow increases. The average cavity pressure 

also increases significantly with increasing inflow of air into the 

flow (Bhosekar, V.V., Jothiprakash, V.Y., & Deolaikar, P.B., 

2012).  

 

Narayanan et. al carried out Experiments to study the effect of 

air injection on the wall pressure in the near field of deflectors 

placed in a duct. Various quantities of air have been injected 

just downstream of the ramps to form stationary air cavities. 

The variation of cavity length has been studied as function of 

the ratio of the volume of air flow to the water discharge. The 

wall pressure field in terms of the mean and fluctuating parts is 

presented. This study shows how air injection affects the wall 

pressure field from that without air injection. Information 

concerning wall pressure is expected to be useful in the design 

of deflectors in tunnels and spillways (Narayanan, R., 

Manafpour, M., & Kavianpour, R., 2000).  
 

Aerator 

Air duct 
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Computational Fluid Dynamics (CFD) has emerged as an 

important alternative in multiphase flow modelling. Both 

methods are undoubtedly complementary to each other. With 

CFD, it is possible to obtain, in detail, air-water flow fields of 

the aerated flow so as to understand the effects of governing 

parameters necessary for a project in question. Part of the 

studies on the flow around the ramp aerator in free surface flow 

which are often also provided in laboratory form is expressed in 

next section. 
 

The VOF Model is sometimes used to simulate aerator flows 

(Zhang, JM, Chen JG, Xu WL., 2011; Deng, J., Xu, W. L.,  Lei, 

J.,  and Diao, M. J., 2005; Jothiprakash, V. Y., Bhosekar, V. V., 

and Deolaikar, P. B., 2015; Liu, T., and Yang, J., 2014); 

Kökpınar, M. A., and Göğüş, M., 2002; some researchers 

employ the Mixture Model to study an aerator flow and found 

that the model is more suitable for simulating aerator flows and 

especially in high air-concentration regions (Rahimzadeh,H., 

Maghsoodi, R.,   Sarkardeh, H.,  and Tavakkol, S., 2012; Aydin, 

M. C. and Ozturk, M., 2009). 
 

Zhang et al. carried out three-dimensional (3D) modelling with 

the model. He focused on evaluations of such parameters as the 

diameter of air bubble, wall function, and interphase exchange 

models (Zhang, J. M., Chen, J. G., and Xu, W. L., 2011). Zhang 

et al. performed two-dimensional (2D) simulations using the 

model, in which the turbulence dispersion force was included in 

the momentum equations. They concluded that the inclusion of 

the turbulence dispersion force gave better results of air 

concentration in the flow, which agreed well with the 

experimental data (Zhang, X. D., 2004; Zhang, H. W., Liu, Z. 

P., Zhang, D., and Wu,Y. H., 2008). 

 
In this study, in order to investigate the effect of dimensionless 

geometry parameters on aeration coefficient and aeration effect 

on flow characteristics in various relative air discharge 

0%<β<10%, for four ramps A, B, C and D with different ratios 

(tr/d) is Applied and then by increasing the relative air discharge 

coefficient (β) in the range of 0%<β<16%, The dependency 

range of relative Cavity length (Lc/tr) to (β) was evaluated. 

 

 

2. MATERIAL AND METHODS 

2.1 Experimental setup 

The details of experimental arrangement have been described in 

Fig. 4. The experimental model consist of a horizontal 

pressurized duct with a square cross section that ramps of 

Perspex of triangular cross section were glued to the bottom of 

duct. Four ramps were used for the study. Two heights of 

tr/d=0.1 and 0.2 were used. tr is the height of the ramp and d is 

the height of the duct. For each value of tr/d test, two slopes of 

5o and 10o were used. Water supply to the duct housing the 

ramps was from a constant head tank located on the roof of the 

laboratory. A 0.1m wide and height duct was used with a tank 

upstream to achieve the desired flow velocities. The modeled 

aerator consisted of a ramp. Dimensions of the aerator are given 

in Table 1. The aerator was installed 1m downstream of the 

channel entrance to allow the turbulent boundary layer to 

develop completely. To measure flow velocity a Pitot tube was 

employed. Air was introduced through nine holes of diameter 

10mm placed at regular intervals immediately downstream of 

the ramps (Manafpour, M., 2004). 

 
Figure 4. Experimental apparatus 

 

Table 1. Characteristic of Studied Ramps 

 

/drt Ramp 

Angle(θ) 

Ramp Length 

(mm)rL 

Ramp height 

(mm)rt 
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 

 

2.2 Numerical Model 

In the present study, OpenFOAM open source software was 

used to simulate the flow around the aerator ramp embedded in 

a under pressure duct. 
 

2.2.1 OpenFOAM: The widely known CFD-toolbox 

“OpenFOAM” (Open Field The official version of OpenFOAM 

is distributed under the GNU license by ESI/OpenCFD 

(www.openfoam.org). For post-processing results of 

OpenFOAM simulations, the open source software ParaView 

can be used. With ParaView , even domain decomposed cases 

(that were calculated in parallel on several CPUs and are stored 

in separate directories for each domain), can be post-processed 

without reconstructing the case. In contrary to most CFD 

programmes, OpenFOAM is not delivered with a graphical user 

interface for performing the pre- and post-processing of the 

simulations (Zhang JM, Chen JG, Xu WL., 2011). 

The most important difference between open source software 

OpenFOAM and other computational fluid dynamics 

commercial software, including Fluent and CFX, That is, in 

OpenFOAM software to create a model in each subcategory, the 

indices needed to carry out the software project must first be 

defined and then use an exclusive solver, while in other 

software mentioned, only the indices needed to create the model 

are included in the software and immediately the problem is 

solved. Therefore, one of the difficulties of open source 

software OpenFOAM is the choice of proportional solver. The 

flow around the under pressure tunnel ramp aerator have two-

phase nature. Multiphase flow modelling is performed using the 

three views, 1- Volume of Fluid 2- Eulerian-Lagrangian 3- 

Eulerian- Eulerian, which the VOF method is used to solve 

multiphase systems involving two or more immiscible fluids 

with emphasis on capturing the interface and can use for 

problem such as dam break and Jet breakup, in the Eulerian-

Lagrangian method, continuous-phase from the Eulerian 

Approach and the dispersed phase (motion and particle tracing) 

from the Lagrangian Approach is modelled. This method is 

suitable for two-phase flows with less than 10% Volumetric of 

dispersed phase and in the Eulerian-Eulerian Approaches, both 

continuous and dispersed phases are considered as continuous 

phases, this method is used for industrial systems with billions 
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of solid particles, with a dispersed phase content of more than 

10%.  

In OpenFOAM software, to analyze multiphase flow problems, 

various solvers are foreseen. Choose a suitable solver is the 

most important part of the simulation in OpenFOAM open 

source software. Table 2 shows a number of multiphase solvers 

in the OpenFOAM. 

Table 2. Multiphase Solver in OpenFOAM 

 

Description Multiphase solvers 
solver for two incompressible fluids 

capturing the interface using a VOF 

method 
interFoam 

solver for 2 incompressible fluids to 

compute dispersed gas-liquid and 

liquid-liquid flows based on the Euler-

Euler two-fluid methodology 

bubbleFoam 

solver for 2 incompressible fluid 

phases with one phase dispersed based 

on the Euler-Euler two-fluid 

methodology 

twoPhaseEulerFoa

m 

In this study, due to the two-phase nature of the flow and the 

importance of mixing the two phases in each other, the 

Eulerian- Eulerian approach and also a solver that have the 

basis of the twoPhaseEulerFoam solver is used and the 

necessary development in the solver to increase efficiency in the 

discussion of the two-phase mixing simulations has been done. 

 

2.3 Geometry, Meshing and Boundary Condition 

In order to construct the geometry of the numerical model, due 

to the various configurations in the present study, including the 

angles and height of the ramps, a code was written in the 

FORTRAN software. By applying the input data such as the 

ramp angle and height, the distance to the ramp entrance and the 

distance from the end of the ramp, the information necessary for 

constructing geometry from the FORTRAN code was extracted 

and transferred to the BlockMesh environment inside the 

OpenFOAM software. Regarding the dimensions of the study 

area and air bubble diameter, the geometry grid of the numerical 

model with dimensions of 2 mm was prepared. The meshing of 

the numerical model is visible in Fig. 5. The sensitivity analyze 

of the numerical model was measured relative to the mesh size, 

and it was found that using a smaller cell size did not affect the 

accuracy of the calculations. 

 

Figure 5. Numerical Model Meshing 

The boundary conditions in the present study include the 

following; 1-water inlet: mass flow rate 2- air inlet: mass flow 

rate   3- outlet: pressure outlet and for all duct wall such as 

floor, ceilings and ramp, a wall boundary condition were used. 

 

3. RESULT AND DISSCUSSION  

In order to evaluate the performance of a numerical model in 

the simulation of two-phase flow around aerator ramp 

embedded in under pressure duct bed for 4 types of ramps that 

are presented in Table 1 numerical and experimental results for 

number of parameters such as the cavity length immediately 

downstream ramp, the average flow velocity profiles and the 

changes in the pressure coefficients (CP) were compared. In the 

next step the flow near the aerator ramp in the various forced 

relative air discharge 0%<β<10% and a number of ramps as 

Table 1 was developed and simulated to determine the effect of 

different forced relative air discharge (β) on the cavity lengths 

for different angles and tr/d ratios and finally to determine the 

Effectiveness range of relative air discharge coefficient (β) on 

relative cavity lengths (Lc/tr), the range of relative air 

discharge0%<β<16% was investigated. 

 

3.1 Verification of Numerical Model Results 

3.1.1 The Cavity Length (Lc): After the passing flow 

through the aerator ramp, in addition to the main zone, the 

cavity zone is formed that this two regions are separated from 

each other by the shear layer between them as shown in Fig. 6. 

In Figure 7 the comparison between the relative cavity lengths 

calculated by the numerical model Using the two-equation 

turbulence model RNG K-ε and experimental results for cavity 

formed immediately downstream of four different ramps in the 

various relative air discharge (β) is showed in which Lc and tr 

are the length of the cavity zone and ramp height Respectively. 

According to Figure 7 the two-dimensional numerical model in 

all ramps estimates the cavity length less than the experimental 

model. The correlation coefficient between the relative cavity 

length of the numerical and experimental models for forced 

relative air discharge 2%, 4%, 6% and 8% was 0.9729, 0.9371, 

0.946 and 0.966 respectively, which suggests an acceptable 

simulation of the flow by a numerical model. Results for 2% 

and 8% relative air discharge are presented. 

 

Figure 6. Cavity formed in the under pressure duct due to 

forced air injection. 
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Figure 7. Comparison of the cavity length generated by 

numerical model and the experimental results and the 

correlation between the results 

 

3.1.2 Flow Velocity: The comparison of average velocity 

distribution profiles between numerical and experimental results 

for ramp D (tr/d=0.2, θ=10o, β=2%) is displayed in Figure 8 

where Z is the distance from the end of the ramp and U is the 

average velocity of the flow that equal to 4.1 m/s. The 

adaptation of numerical and experimental results suggests the 

proper accuracy of the numerical model in simulating the flow 

velocity field near the aerator ramp. According to Figure 8, the 

velocity in the direction of flow at the end of the ramp due to 

the Existence of ramp and the decrease of the duct cross section 

reaches its maximum value. 

 
Figure 8. Flow velocity Profiles for ramp D (tr/d=0.2, θ=10o), in 

section (Z/tr: a=-28, b=-0.2, c=2.1, d=6.7, e=15.7) 

 

3.1.3   Pressure Coefficient: The dimensionless parameter 

of the pressure coefficients (CP) is defined as the static pressure 

ratio to the dynamic pressure. In this research, the pressure 

coefficient Obtained from the relationship CP=P-Po/0.5ρU2 

where in, P is the Static pressure of the floor at the desired 

point, Po is the Static pressure at the reference point located at 

the upstream of ramp, ρ is the water density and U is the 

average flow velocity. Figure 9 shows the variation of the 

pressure coefficient in the duct floor relative to the distance 

from the downstream of ramp. The correlation coefficient 

between numerical and experimental results for pressure 

coefficient of the ramp B (tr/d=0.1, θ=10o) and forced relative 

air discharges (β=2%,4%,6%,8%) is in the range of 

0.7163<R2<0.9167 which emphasizes the accuracy of the 

numerical model in simulating the flow field. 

 

 

Figure 9. Changes in the pressure coefficient in the duct floor 

relative to the distance from the end of the ramp A (tr/d=0.1, 

θ=5o) and (β=2%, 8%) 

3.2 The Effect of Aeration on Flow Characteristics (Cavity 

Length) 

Variation of forced relative air discharges coefficient (β) (which 

is defined as the air discharge to water discharge) on the cavity 

length immediately downstream of the aerator ramp is shown in 

Figure 10. As the results suggest, like the results of Buscher et. 

al with increasing of forced relative air discharges coefficient 

(β), the cavity length increased and vice versa. In all graphs, the 

slope of variation trend of the relative air discharges coefficient 

to the cavity length is altered in location of β=2% for ramps A, 

B (tr/d=0.1) and in location of β=4% for ramp D (tr/d=0.2), so 

that before these locations, the change trend between relative air 

discharges coefficient and cavity lengths has gentle slope, and 

after these locations, has steep slope. In other words, in high 

aeration percentages (β), the cavity length parameter does not 

change much. 
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 Figure 10. Relative air discharges coefficient variation relative 

to cavity length for different ramps 

In Figure 11 variations in the relative air discharges coefficient 

of flow are presented as a function of cavity length for different 

ramps. As you can see, the changes in this function are very 

close in both quantitative and qualitative terms for ramps of the 

same height. In other words, the effect of the ramp angle on the 

aeration coefficient through the relative cavity length is very 

low (comparing ramp A with B and C with D). While the effect 

of ramp height on this relationship is high (ramp A comparison 

with C and B with D). 

 

 

Figure 11. Relative air discharges coefficient variation relative 

to cavity length for different ramps 

By Injection the air below the ramps and forming a cavity, the 

subpressure decrease immediately below the ramp and the 

amount of shear stress on the walls decreased and as a result, 

the velocity of the jet increased. As long as the cavity pressure 

reaches the atmospheric pressure and after this, the relative 

cavity length does not change and any extra Injection of air into 

the cavity from the cavity upper surface, which is now 

geometrically fixed, goes out and enters the main flow. 

 

3.3 Determine the Effectiveness range of the forced relative 

air discharge coefficient (β)
 
on relative cavity length (Lc/tr) 

In order to determine the Effectiveness range of relative air 

discharge coefficient (β)
 
on relative cavity lengths (Lc/tr), the 

range of relative air discharge 0%<β<16% was investigated that 

the results are presented in Fig. 12. According to these figures, 

in the low relative air discharge percentage, the increase in the 

relative cavity length was more intense and for relative air 

discharge more than 10%, the relative cavity length does not 

change more. In other words, the relative cavity length for air 

percentages of more than 10% cannot be an effective factor in 

increasing of the flow aeration. 

 

Figure 12. Relative cavity length variation for different relative 

air discharge rates for ramps B and D 

 

4. CONCLUSION 

The result of the study on the flow field near the aerator ramp of 

the under pressure tunnel with OpenFOAM open source 

software can be summarized as follows: 

 

1) The correlation coefficient between the results obtained from 

the numerical model and experimental results for relative 

cavity length and relative air discharge of 2%, 4%, 6% and 

8%, are 0.9722, 0.9371, 0.946 and 0.966 respectively that 

indicates the proper agreement between numerical and 

experimental results as well as the superiority of the 

TwoPhaseEulerFoam solver of OpenFOAM software in the 

simulation of two phase flow. 

 
 

2) The results of the research indicate that in the ramp with 

different (tr/d) ratios, with increasing of forced relative air 

discharge coefficient, the cavity length increased, however 

this amount in the ramp with different ramp angle (θ) is 

minor, therefore in the aeration of flow with aerator ramp, 

height of ramp has more influence relative to ramp angle. 

 
 

3) The main effectiveness range of the aeration coefficient on 

the cavity length was limited to air percent less than 10%, so 

that for the lower air percent, the effect intensity on the cavity 

length is much higher than air percent more than 10%. 
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