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ABSTRACT 

Due to the high-speed flow in a chute spillway, cavitation 
damages often occur. This undesired phenomenon threatens 
the safety of the structure. For the purpose of eliminating the 
damages, an aerator is often installed in the spillway. To 
understand its characteristics, physical model tests are a popular 
method. To complement the model tests, computation fluid 
dynamics (CFD) simulations are used to study aerator flows. To 
represent the two-phase flows, multiphase models should be 
employed. This thesis examines two of them, namely, the 
Volume-Of-Fluid model (VOF) and Two-Fluid model.  

Based on the background of the Bergeforsen dam, the aerator 
flow is modelled by means of the VOF model. The simulated 
spillway discharge capacity is in accordance with the 
experimental data. Compared with the results, empirical 
formulas fail to evaluate the air supply capacity of aerator as it is 
wider than the conventional width. A hypothetical vent 
modification is proposed. For the original and proposed layouts, 
the study illustrates the difference in the air-flow conditions. 
The results show that a larger vent area is, for a large-width 
aerator, preferable in the middle of the chute.  

To study the flip bucket-shaped aerators in the Gallejaur dam, 
physical model tests and prototype observations are conducted. 
The results lead to contradicting conclusions in terms of jet 
breakup and air entrainment. A CFD model is, as an option, 
employed to explain the reason of the discrepancy. The 
numerical results coincide with the prototype observations. The 
jet breakup and air entrainment are evaluated from air cavity 
profiles; the air-pressure drops are small in the cavity. The 
discrepancy is due to overestimation of the surface-tension 
effect in the physical model tests. 

Based on the experimental data of an aerator rig at the 
Laboratory of Hydraulics, Hydrology and Glaciology (VAW), 
ETH Zurich, the Two-Fluid model is used to predict air 
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concentration distributions in the aerated flow. The model 
includes relevant forces governing the motion of bubbles and 
considers the effects of air bubble size. The numerical results 
are conformable to the experiments in the air cavity zone. 
Downstream of the cavity, the air concentration near the chute 
bottom is higher, which is presumably caused by the fact that 
the interfacial forces in the Two-Fluid model are 
underestimated. 

Keywords: spillway; cavitation; aerator; air entrainment; air–
water flow; VOF model; Two-Fluid model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CFD modelling of two-phase flows at spillway aerators 

 

iii 
 

ACKNOWLEDGEMENTS 
First of all, I would like to express my deepest gratitude to 
Professor James Yang, my main supervisor, at the Royal 
Institute of Technology (KTH) who has given me invaluable 
advices, guidance and selfless assistance in my research and 
helped me establish a large research network with researchers in 
Sweden, China, Taiwan and Switzerland. Thank you for your 
patient supervision and devoted editing efforts with 
manuscripts.  

I am thankful to Professor Anders Wörman, my co-supervisor, 
at KTH for giving me the freedom to carry out the research in 
hydraulics. Thank you for your support! 

I am grateful to Professor Cheng Lin and Dr. Ming-Jer Kao at 
National Chung Hsing University, Taiwan, for your kind 
arrangements and guidance during the aerator tests. I enjoyed 
very much the time with your team when I stayed in your 
laboratory.  

I would like to thank my colleagues in Div. of Hydraulic 
Engineering, especially to Ida Morén, Nicholas Zmijewski, 
Brian Mojarrad, Joakim Riml, Luigia Brandimarte and Hans 
Bergh for the friendly atmosphere around and for your 
assistance with various matters. Thanks go also to Merja 
Carlqvist, Birgitta Brunström, Pia Lundqvist and Tom Thöyrä 
for administrative help.  

For the successful collaborations, I and James are indebted to 
the professors and friends at Haute Ecole d'Ingénierie et 
d'Architecture de Fribourg (HEIA-FR), Fribourg; Institute of 
Water Resources and Hydropower Research (IWHR), Beijing; 
Hohai University, Nanjing; Sichun University, Chengdu and 
Tsinghua University, Beijing, and to friends at Vattenfall R&D, 
Uniper and Luleå University of Technology.  

Finally, I thank my beloved wife, Zhen, for your kind support, 
understanding and filling happiness in my life. I want also to 



Penghua Teng                                                                  TRITA-HYD 2017:02 

 

iv 
 

express my thanks to my parents for your selfless love, eternal 
support and for everything you have done for me. 

The study, as part of a research project entitled “Hydraulic 
design of chute spillway aerators”, is funded by the Swedish 
Hydropower Centre (SVC, www.svc.nu). SVC has been 
established by the Swedish Energy Agency, Energiforsk AB and 
Swedish National Grid (Svenska Kraftnät), together with Luleå 
University of Technology (LTU), Royal Institute of Technology 
(KTH), Chalmers University of Technology (CTH) and 
Uppsala University (UU). Sara Sandberg of SVC is 
acknowledged for project co-ordinations.  



CFD modelling of two-phase flows at spillway aerators 

 

v 
 

LIST OF PAPERS 

This Licentiate thesis is based upon the following papers. They are 
referred to as Paper I, Paper II and Paper III in the thesis.  
 
Paper I Teng, PH and Yang, J (2016). CFD modelling of two-

phase flow of a spillway chute aerator of large width. 
Journal of Applied Water Engineering and Research, 4(2), 
163-177.  

Paper II  Teng, PH, Yang, J and Pfister M (2016). Studies of 
two-phase flow at a chute aerator with experiments and 
CFD modelling. Modelling and Simulations in Engineering, 
Volume 2016, Article ID 4729128. 

Paper III Teng, PH and Yang, J. Flows over flip-bucket aerators, 
physical and CFD modeling with prototype tests. 
Submitted August 2016 to Journal of Hydraulic 
Engineering, ASCE, for possible publication (under 
review). 

 
The following papers and manuscripts are not included in the thesis; 
they are listed here for those who are interested.  
 
Paper a Yang, J and Teng, PH (2017).  Flow behaviors of 

Rusfors spillway before and after modifications. 37th 
IAHR World Congress, August 13–18, 2017, Kuala 
Lumpur, Malaysia. 

Paper b  Marelius, F, Yang, J and Teng, PH (2017). Modification 
of overflow spillway for higher discharge capacity. 
HydroVision International, June 2017, Denver, Colorado, 
USA. 

Paper c Teng, PH, Yang, J and Zhang, HW. Experiments and 
CFD modelling of high-velocity two-phase flow in a 
large chute aerator facility. Submitted March 2017 to 
Engineering Applications of Computational Fluid Mechanics.  

 



Penghua Teng                                                                  TRITA-HYD 2017:02 

 

vi 
 

Paper d Yang, J, Teng, PH and Lin, C. Effects of air-vent 
layouts on air entrainment in a wide chute aerator. To 
be submitted to Water Management. 

Paper e Lin, C, Kao, MJ et al. HSPIV-based determination of 
mean free water surfaces and velocity field of a 
fluctuating aerator jet. Manuscript.  

Paper f Kao, MJ, Lin, C et al. Image-based determination of 
water-bubble interface, two-phase velocity and bubble 
sizes in an aerator flow. Manuscript, to be submitted to 
Experiments in Fluids. 

Paper g Yang, J, Liu, T and Teng, PH. Transient hydraulic 
jump and air demand following a moving outlet gate. 
To be submitted to Journal of Fluids. 

  



CFD modelling of two-phase flows at spillway aerators 

 

vii 
 

NOTATION 
The following symbols are used in the paper: 

A Cross-sectional area of the duct (m2) 
Aa Intake area of air shaft (m2) 
Ai Interfacial area (m2) 
B Spillway opening width (m) 
C Air concentration (–) 
C0 Discharge coefficient (m0.5/s) 
Ca Average air concentration (–) 
Cb Bottom air concentration (–) 
CD Drag coefficient (–) 
Cl Life coefficient (–) 
CTD Constant (–) 
C0 Summation of loss coefficients (–) 
C1, C2 Dimensionless coefficients (–) 
D Air bubble diameter (m) 
Fr Froude number (–) 
Frc Critical aerator Froude number (–) 
G Interphase force (N) 
H0 Water head (m) 
g Acceleration of gravity (m/s2) 
h0 Water depth of the approach flow (m) 
K Cavity pressure coefficient (–) 
K0 Constant (–) 
Kaw, Kwa Interphase momentum exchange (–) 
Lj Jet length (–) 
M Interfacial force (N) 
Md Drag force (N) 
Ml Lift force (N) 
Mtd Turbulence dispersion force (N) 
Mvm Virtual mass force (N) 
P0 Local pressure (Pa) 
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Pv Vapor pressure of water (Pa) 
Δp Air pressure drop (Pa) 
Qa Air flow rate (m3/s) 
Qw Water flow rate (m3/s) 
Rer Relative Reynolds number (–) 
S Gravitational body force (N) 
Sa Source term of the air phase (–) 
t Time (s) 
tr Deflector height (m) 
ts Offset height (m) 
V Average flow velocity (m/s) 
v Mixture velocity (m/s) 
ρ Mixture density (kg/m3) 
ρa Density of air (kg/m3) 
ρw Density of water (kg/m3) 
σ Cavitation index (–) 
α Chute angle with the horizontal (°) 
αa Air volume fraction (–) 
αw Water volume fraction (–) 
β Air entrainment rate (–) 
μ Mixture dynamic viscosity (Pa∙s) 
μa Air dynamic viscosity (Pa∙s) 
μw Water dynamic viscosity (Pa∙s) 
θ Deflector angle with the chute (°) 
τa Particulate relaxation time (s) 
𝜏𝜏𝑖𝑖 Shear stress (N) 
ε Dispersion Prandtl number (–) 
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1 INTRODUCTION 
A chute spillway is an important hydraulic structure for 
dam safety. It controls the release of flows and conveys 
the water from the dam, particularly during flood seasons. 
For high-head dams, the velocities of chute flows are 
typically in the range of 20−40 m/s. Consequently, 
cavitation damages may occur in the chute bottom and 
the side walls. These undesired damages threaten the dam 
safety. Thus, the primary task for spillway design is to 
prevent the cavitation risk. 

To entrain air in the water flow is known as a method to 
protect chute spillways from cavitation damages (Bradley 
1945, Warnock 1947). An aerator is such a device that 
artificially supplies air to the spillway flows. It has been 
widely used in chute spillways to eliminate cavitation risks. 
To understand the characteristics of aerator flows, 
physical model tests and prototype observations are often 
made (e.g. Chanson 1989, Rutschmann and Hager 1990, 
Kökpinar 1996, Kramer 2004, Pfister and Hager 2010a, b, 
Bai et al. 2016).  

Physical model tests of aerators are usually conducted 
according to the similarity law of Froude number. 
Regarding an aerator flow, it is a water-air two-phase flow 
combined with an air cavity. As a result, this similarity law 
may not correctly represent air-flow characteristics in the 
physical tests, especially in small-scale models with low 
flow velocity (Pfister and Hager 2010a). In a small-scale 
model, the turbulent intensity of the aerator flows is 
underestimated, while the flow surface tension is 
overestimated. Therefore, it is recommended that the 
model size should be sufficiently large to mitigate the 
scale effects (Tan 1984). The Morton number is 
formulated to address the scale effects in modeling 
aerator flows (Pfister and Hager 2014).   
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As a complement to physical model tests, computation 
fluid dynamics (CFD) methods are an alternative to study 
aerator flows. A CFD model allows one to make 
simulations with prototype dimensions, which avoids the 
scale effects. The multiphase flow models have been 
developed and improved over the past three decades. 
These include e.g. the Volume-Of-Fluid (VOF) model, 
the Mixture model and Two-Fluid model. Those models 
can be used to help understand the dispersed air phase in 
the aerator flow. The modeling makes it possible to 
obtain details of the flow field which can’t be obtained 
otherwise. The combination of model tests with 
numerical methods has contributed to the understanding 
of aerator flows (Zhang et al. 2008, Aydin and Ozturk 
2009, Jothiprakash et al. 2015). 

1.1 Objective and scope 
In the thesis, numerical models are setup, with the 
purpose to gain a better understanding of aerator flows. 
The study has employed two multiphase flow models, 
namely, the VOF model and the Two-Fluid model. 
Several characteristic parameters, including the air 
entrainment rate, air-concentration distribution and air-
cavity properties are discussed. The simulated results are 
also compared with both the experimental data and 
prototype observations.  

Paper Ӏ & ӀӀӀ adopt the VOF model to examine such 
parameters as air entrainment rate, cavity profiles, air flow 
field in the cavity and pressure distributions in the duct. 
Paper ӀӀ employs the Two-Fluid model to explore the 
exchange behaviors between the water and air. The 
dispersed air bubbles are better represented in terms of 
the forces governing the bubble motion. Both air 
concentration distributions and effects of air bubble 
diameters are investigated. 
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1.2 Thesis disposition 
The thesis is structured as follows. Chapter 2 gives a 
review of the cavitation issues in chute spillways, in which 
the mechanism and possible aerator layouts are 
introduced. Chapter 3 is the main part of the thesis, 
showing theories of two-phase flow models including the 
VOF and Two-Fluid models. The procedure to check 
numerical grid independence is introduced. Then, the 
results of simulations are compared with the experimental 
data and prototype observations. Chapter 4 gives further 
discussions of related issues. The conclusions appear in 
Chapter 5. Chapter 6 suggests future research 
orientations in the field.  
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2 BACKGROUND 
For a high-head dam, the flow velocity in the spillway 
exceeds 20−30 m/s. Cavitation damages may occur, 
which affects the safety of the spillway. Hence, protecting 
the spillway from cavitation damages is a primary goal of 
engineering design. The use of aerators is considered as a 
well-established method for the purpose. 

2.1 Cavitation damages  

2.1.1. Formation of cavitation 
Cavitation is defined as the formation or generation of a 
bubble within a liquid. Understanding of the cavitation 
process can be observed from the water boiling. Boiling 
is the process, in which the liquid changes to the vapor 
state as the water temperature increases and the local 
pressure is kept constant. Similarly, cavitation in spillway 
flows is a process of phase change from the liquid to the 
vapor state if the local water pressure is lowered to a 
critical level (Falvey 1990).  

The cavitation index is a crucial parameter to evaluate the 
occurrence of cavitation. The expression is written as 

0
2 / 2

v

w

P P
V

σ
ρ

−
=                              (1) 

where V is the average flow velocity, ρ is the density of 
water, Pv is the vapor pressure of water and P0 is the local 
pressure including the atmospheric pressure. If P0 reduces 
to the water vapor pressure, the cavitation may occur at 
that point. This corresponds to the minimum cavitation 
number. Although this parameter cannot describe the 
complexities of cavitation, it is still a useful indicator to 
show the state of cavitation in hydraulic structures.  

Figure 1 shows the state of the cavitation at an offset 
(Falvey 1990). If the value of σ is greater than 1.8,
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cavitation does not occur. As it decreases below 1.8, a 
fuzzy white cloud consisted of individual bubbles is 
observed. When its value becomes even lower, the cloud 
forms one large cavity.  

 

Figure 1. Development of cavitation at an offset 

2.1.2 Cavitation damages  
When cavitation occurs near a boundary, vapor bubbles 
are generated. These bubbles are dissolved in the water 
and carried away by the flow. When these bubbles travel 
into a region downstream of the location where cavitation 
occurs, their sizes become larger and the surrounding 
pressure becomes higher. Then, these bubbles are no 
longer be sustained and they implode. Implosions occur 
at high frequency with extremely high pressure up to 
1500 MPa (Lesleighter 1988).  

In hydraulic structures, cavitation often occurs in 
spillways and bottom outlets. When implosions take place 
close to the concrete surface of a chute spillway, 
countless impacts created by the implosions erode the 
surface materials. This process results in fatigue failure 
and subsequently creates micro cracks in the surface. 
After some time, these undesired cracks will cause an 
elongated hole. As time progresses, the hole becomes 
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lager with the high-speed flow impacting on its 
downstream end. This process is regarded as erosion. 
With the persistent erosion, damages can arise in the 
surface. This phenomenon is defined as cavitation 
damages. Figure 2 shows the cavitation damages in a 
chute spillway and a bottom outlet.  

 
(a) chute spillway 

 
(b) tunnel spillway 

Figure 2. Cavitation damages in a chute spillway (a) and a 
bottom outlet (b) 

The mechanism of cavitation damages and bubble 
dynamics are still not fully understood. A more 
acceptable approach is that micro-jets are generated by 
collapse of a single bubble in the wall region. Then, the 
micro-jets cause micro cracks in the surface (Falvey 1990). 
Figure 3 shows the implosive process. 
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 Figure 3. Process of a bubble implosion near a wall boundary 

In spillways, cavitation damages have been investigated in 
both hydraulic model tests and prototype observations. 
Based on the latter, Falvey (1983) pointed out a general 
guideline for cavitation damages in spillways, as shown in 
Table 1. 

Table 1. Criteria for cavitation damage prevention 
σ Design requirement 

> 1.80 No cavitation protection is required 
0.25 – 1.80 The surface can be protected by flow surface 

treatment 
0.17 – 0.25 Modification of the design 
0.12 – 0.17 Protection by addition of aeration grooves or steps 

< 0.12 A different configuration is required 

Hence, several methods are employed to eliminate 
cavitation damages, e.g. avoiding low values of σ, 
increasing the strength of surface material and entraining 
air into the flows.   

2.2 Aerator flow of chute spillways 
Bradley (1945) and Warnock (1947) first mentioned that 
the entrained air can be used to reduce cavitation 
damages in spillways. It is known that a near-wall air 
content of 2–8% can protect the spillways from the 
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damages (Peterka 1953, Semenkov 1973, Russell and 
Sheehan 1974). From prototype observations, Chen et al. 
(2003) pointed out that, if the air concentration near the 
wall boundary falls within 1.5‒2.5%, the cavitation 
damages were obviously mitigated. If the concentration is 
between 7‒8%, the damages disappear almost completely.  

An aerator device is considered as a cost-effective means 
to entrain air. It is often located upstream of the region 
where cavitation damage might occur. In 1961, the 
effectiveness of aeration to mitigate cavitation was 
demonstrated for the Grand Coulee Outlet Works 
(Colgate and Elder 1961). By 1967, the first installation of 
a spillway aerator was done by Reclamation at the 
Yellowtail Dam Spillway (Borden et al. 1971). Since then, 
aerators have been installed in spillways worldwide.  

2.2.1. Chute aerator 
An aerator device is installed in spillways to reduce the 
cavitation risk. When a high-speed flow takes off at an 
aerator, a free jet is formed and turbulent eddies in the 
lower jet surface immediately entrains air from 
underneath the jet. An air cavity is thus created 
downstream of the aerator. Consequently, the pressure in 
the cavity drops below the atmospheric pressure. Owing 
to the pressure drop, the air is sucked into the cavity. 
Figure 4 shows the principle of an aerator. 
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Figure 4. Principle of aerator device (Koschitzky 1987) 

The principal types of an aerator consist of groove (air 
duct), deflector, offset and combinations of these 
(Volkart et al. 1982). Figure 5 shows types. The function 
of a groove is to distribute air through the entire width of 
the aerator. A deflector is used to deflect the flow away 
from the chute bottom surface. An offset prolongs the jet 
trajectory and enlarges the air cavity. It is often adopted if 
there is a risk that the aerator becomes submerged, 
especially at lower Froude numbers.   

 

Figure 5. Types of aerators 
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As far as the aerator layout is concerned, there are several 
configurations to choose from. The side shaft acts as the 
intake to air supply from the atmosphere to the cavity. 
Figure 6 shows the types of aerator layout. In Paper I, 
the aerator layout in Bergeforsen dam belongs to Type VI. 

 
Figure 6.  Configurations of aerators  

2.2.2 Aerator flow 
When the water flows over an aerator, air is entrained 
downstream of the aerator through the lower jet surface. 
The air entrainment is a complex process of interaction 
between the water and air. To investigate the 
characteristics of aerator flows, hydraulic model tests and 
prototype aerators have been investigated over the past 
60+ years (e.g. Semenkov and Lentiaev 1973, Koschitzky 
1987, Chanson 1988, Kökpinar 1996, Kramer 2004, 
Pfister and Hager 2010a, b, Pfister and Hager 2014). The 
relevant parameters governing the capacity of an aerator 
include geometrical layout, air pressure drop in the cavity 
and air supply and entrainment.  

Effect of pressure drop  
When a cavity is formed downstream of an aerator, air in 
the cavity is transported away by the flow. This process 
causes an air pressure drop (Δp) in the aerator. The value 
of Δp has a bearing on the performance of the aerator. 
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Felvey (1990) formulated the following expression to 
evaluate the value of Δp (Paper III). 

2

2

(1 )
2

a 0 aC Qp
A

ρ +
∆ =                            (2) 

where A is the cross-sectional area of the air passage, C0 
is the summation of loss coefficients along the air passage, 
Qa is the air flow rate and ρa is the density of air. For a 
given geometry, Pfister (2011) normalized the value of Δp 
with the water depth of the approach flow (h0) (Paper I). 

w 0

pK
ghρ
∆

=                            (3) 

where K is the cavity pressure coefficient and g is the 
acceleration of gravity. The value of K is an indicator to 
estimate risks of air choking. More details are introduced 
by e.g. Pfister (2011) and Marcano and Castillejo (1984). 

Air entrainment coefficient 
Air is entrained from underneath the jet surface. An air 
entrainment rate, β = Qa/Qw, is a parameter for estimation 
of the air supply capacity of an aerator, where Qw is the 
water flow rate (Koschitzky 1987, Chanson 1988, Falvey 
1990, Pfister and Hager 2010). Many experiments and 
prototype observations were made to evaluate values of β.  

Rutshmann (1988) derived an expression which took into 
consideration the effect of Froude number. 

0

0.0493 0.0061 0.0859jL
Fr

h
β = − −               (4) 

where Lj is the jet length. Froude number is defined as Fr 
= V/(gh0)0.5. This equation is based on a classical 
approach, Qa = K0VLjB, recommended by Hamilton 
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(1984). Koschitzky and Kobus (1988) adopted a critical 
aerator Froude number (Frc) and K to describe β 

1.5
1 2( ) (1 )cC Fr Fr C Kβ = − −               (5) 

where C1, C2 are dimensionless coefficients dependent on 
the chute and aerator geometry (Paper I). Based on 
model tests, Rustshmann and Hager (1990) investigated a 
number of independent parameters including the effects 
of aerator geometries, approach flow depth and Froude 
number. β is written as 

 
0 0

( , , , , )sr ttf Fr
h h

β α θ=                     (6) 

where α is the chute angle with the horizontal, θ is the 
deflector angle with the chute, tr is the deflector height 
and ts is the offset height. They analyzed the data by 
means of direct and indirect approaches to establish a 
relationship for β according to Equation (6). Kokpinar 
and Gogus (2002) developed Equation (7) to estimate β 

( )
0.83 0.24

0

0.0189 1 tanj aL A
h A

β θ
    = +    

   
          (7) 

where Aa is the intake area of air shaft. It uses Aa/A to 
replace effect of Δp. 

Air transport process 
When air in the cavity is dispersed into the jet, it travels 
with the flow in form of air bubbles. The air bubble 
content near to the bottom helps eliminate the cavitation 
risks. Air content distributions in the flow are a crucial 
parameter. Falvey and Ervine (1988) explained that four 
forces affected the motion of bubbles including inertial, 
drag, buoyancy and turbulent eddy transport forces, as 
illustrated in Figure 7. It shows that air is entrained 
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downstream of an aerator and travels with the flow. After 
the flow impinges the chute bottom, the air bubbles rise 
up as they move downstream, which is due to both the 
buoyancy and the pressure gradient. Subsequently, a 
portion of bubbles detrains in the flow direction and the 
air content near the bottom becomes lower. The two-
phase flow regime reaches a state of equilibrium in the far 
field of the flow.   

 

Figure 7. Motions of air bubbles downstream of an aerator 
(Krame 2004) 

Pfister and Hager (2010a) conducted hydraulic model 
tests to investigate the characteristics of air transport on a 
chute. Based on the tests, they divided the aerator flow 
into three zones as illustrated in Figure 8. The 
distribution of air concentration (C) is also illustrated in 
these zones. The approach flow zone is upstream of an 
aerator. The jet zone and far-field zone are divided by the 
reattachment point (R), defined as the intersection of C = 
0.9 with the chute bottom. They measured values of Lj 
and C downstream of the aerator. The average air 
concentration (Ca) and the bottom air concentration (Cb) 
are calculated. 
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Figure 8. Air entrainment flow zones 

As mentioned above, physical hydraulic models are the 
major tool to study the characteristics of the aerated flow. 
As a complement to them, CFD has emerged as an 
alternative in multiphase flow modelling. Both 
approaches are undoubtedly complementary to each 
other. With CFD, it is possible to obtain, in detail, air-
water flow fields of aerated flows. It allows one to 
understand the effects of the governing parameters 
necessary for a project. 
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3 NUMERICAL MODELLING OF AN AERATOR FLOW 
Numerical modelling is a prevalent method in hydraulic 
engineering. It is frequently used to study issues such as 
energy dissipation including hydraulic jumps, spillway
discharge capacity and air entrainment in spillway 
structures (Gharangik and Chaudhry 1991, Ma et al. 2011, 
Rad and Teimouri 2010, Chen et al. 2010, Rahimzadeh et 
al. 2012, Aydin and Ozturk 2009, Jothiprakash et al. 2015). 
The method is exempt from the scale effects that 
hydraulic model tests usually suffer from. CFD becomes 
an option especially when an experiment is difficult to 
implement due to high costs, lack of time or other 
inconveniences. 

To represent an aerator flow, it is requisite to establish a 
suitable two-phase flow model. At present, several typical 
multiphase flow models have been developed and 
improved with time (Hirt and Nichols 1981, Hibiki and 
Ishii 2000, Kolev, 2005, Manninen et al. 1996). These 
include the VOF model, Mixture model, Two-Fluid 
model and several otters. Aydin and Qzturk (2009) used, 
in combination with the k-ε turbulence model, the VOF 
model to simulate an aerator flow in a prototype spillway. 
The simulated air entrainment agreed reasonably well 
with the prototype data. Zhang et al. (2011) adopted the 
Mixture model to study an aerator flow. They stated that 
the model is more suitable to simulate the water-air flow, 
especially in the region with high air concentration. 
Zhang et al. (2008) performed two-dimensional (2D) 
simulations using the Two-Fluid model. They concluded 
that the inclusion of the turbulence dispersion force gave 
better results of air concentration in the flow, which also 
agreed well with the experimental data. 

In the thesis, both the VOF model and the Two-Fluid 
model are used to evaluate aerator flows.  
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3.1 Numerical models 

3.1.1 Volume-Of-Fluid model 
The VOF method was formulated by Hirt and Nichols 
(1981), which was a free-surface technique. It based on 
the class of Eulerian methods which are applied a fixed 
mesh to track the shape and position of the interface. 

In the model, for tracking the interface between air and 
water, a continuity equation is written as 

( ) ( ) ( )
1

1 n

aa a a a a wa aw
pa

v S m m
t
α ρ α ρ

ρ =

 ∂
+∇ ⋅ = + − ∂ 

∑


        (8) 

where subscripts ‘w’ and ‘a’ refer to water and air, 
respectively, wam  is the mass transfer from water to air, 

awm  is the mass transfer from air to water, Sa is the 
source term of the air phase, αw, αa is the volume of 
fraction of water and air in a cell, αw + αa = 1 and t is the 
time. 

The momentum equation is dependent on the phase 
volume of fraction through the composite density ρ (ρ = 
ρwαw + ρaαa) and the composite dynamic viscosity (μ = μwαw 
+ μaαa). A set of momentum equations are shared by the 
two fluids 

( ) ( ) ( )T
v vv p v v g S

t
ρ ρ µ ρ∂  +∇ ⋅ = −∇ +∇ ⋅ ∇ +∇ + +  ∂

     
 (9) 

where v is the mixture velocity and S is the gravitational 
body force. 

In the thesis, the VOF model with the k-ε turbulence 
model is applied to describe the aerator flows in the 
Bergeforsen (Paper I) and Gallejaur (Paper III) dams.  
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The Bergeforsen dam is installed with an 
unconventionally wide chute aerator, with a width of 35 
m (Figure 9a). It is the largest single-opening spillway in 
Sweden. Owing to the large width, the non-negligible 
difference in the air pressure in the duct needs to be 
mapped. Two layouts of aerators are examined – one is 
the existing layout and the other is a hypothetical case 
with modified air vents. Calculations with the VOF 
model are performed in three dimensions to study the 
aerated flow over the chute. The computational domain is 
shown in Figure 9b.  

 
(a) Spillway seen from downstream 

 
(b) Computational 

domain 

Figure 9. Spillway of the Bergeforsen dam (a) and 
computational domain (b)  

Three flip-bucket aerators are constructed in each 
opening of Gallejaur’s gated overflow spillway (Figure 
10a). The aerator flow was examined before in hydraulic 
model tests and also through prototype observations. The 
results of two approaches are contradictory in terms of jet 
breakup and air entrainment. As a result, the numerical 
model is employed to check the characteristics of the 
aerator flow. The geometry of the computational domain 
is shown in Figure 10b.  
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(a) Spillway seen from downstream  

 

(b) Computational domain 

Figure 10. Spillway at Gallejaur (a) and computational domain 
(b) 

3.1.2 Two-Fluid model 
The Two-Fluid model is based on the Euler-Euler 
approach. Both separate and interacting phases are 
allowed to be modelled. In the model, the continuity and 
momentum equations are formulated for each phase. 

The continuity equation for each phase is 
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( ) ( ) 0ii i i i vt
α ρ α ρ∂

+∇ ⋅ =
∂


                  (10) 

in which subscript i = a and w. 

The momentum balance equation for each phase is 

   ( ) ( )i i i ii i i i i i iv v v p g G M
t
α ρ α ρ α t α ρ∂

+∇ ⋅ = − ∇ +∇ ⋅ + + +
∂

   
 (11) 

in which 𝜏𝜏𝑖𝑖 is the shear stress, G is the interphase force, 
and M is the interfacial force between the air and water 
phases. 

G is the interphase force which relies on the water-air 
friction, pressure, cohesion, and other effects and is 
written as a simple interaction term of the following form 

( )a waw awG K v v= −
 

                          (12) 

in which Kaw = Kwa is the interphase momentum exchange 
coefficient between the water and the air phases. 

,

6
a d w

aw i
a

M
K DA

ρ
t

=                              (13) 

where Ai is the interfacial area, τa is the particulate 
relaxation time and D is the air-bubble diameter. In the 
model, the air phase exists presumptively in the form of 
bubbles. This equation shows that the value of D affects 
the behaviors of the air-water exchange. As a 
consequence, it is requisite to obtain D distributions in an 
aerator flow.  

Chen et al. (2003) conducted physical model tests to study 
the D distributions in an aerator flow. They stated that 
the values of D are commonly in the range of 0.5–3 mm 
in the vicinity of the chute bottom and 3–5 mm close to 
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the free surface. Kramer and Hager (2005) examined the 
D distributions by means of hydraulic chute tests. They 
showed that the D values were between 1 and 5 mm in 
the aerator flows. Bai et al. (2016) studied the air bubble 
characteristics downstream of a chute aerator. They 
pointed out that the D values were, with the largest 
probability, between 0.1 and 6 mm.  

Based on the studies, the simulations are performed to 
examine the effects of D with values corresponding to D 
= 1, 2, 3 and 4 mm in Paper II. 

M is the interfacial force, consisting of the drag force (Md), 
the lift force (Ml), the virtual mass force (Mvm) and the 
turbulence dispersion force (Mtd). 

d l vm tdM M M M M= + + +                             (14) 

According to Schiller and Naumann (1935), Drew (1993), 
Moraga et al. (1999) and Simonin and Viollet (1990), these 
forces are formulated as 

24
D r

d
C ReM =                               (15) 

where CD is the drag coefficient. Rer is the relative 
Reynolds number. 

,t aw a w
td TD aw

aw a w

D
M C K α α

σ α α
 ∇ ∇

= − 
 

                     (16) 

( ) ( )w a wl l w aM C v v vρ α= − × ∇×
  

                       (17) 
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d v d vM
dt dt
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where CTD = constant (CTD = 1 by default), σ = dispersion 
Prandtl number (σ = 0.75 by default), Cl = life coefficient 
and d/dt = phase material time. Based on the data 
obtained from the hydraulic chute tests at ETH (Paper 
II), the Two-Fluid model is combined with the k-ε 
turbulence model to study the characteristics of the 
aerated flow.  

3.2 Grid independence 
The software Gambit in FLUENT is used to create the 
grids. To avoid numerical uncertainty of grids, a check of 
grid independence is necessary. The Grid Convergence 
Index (GCI) method is used (Celik et al. 2008) and is 
calculated by the following equation 

1.25
1
c

fine m

eGCI
r

=
−

                             (19) 

where ec is the approximate relative error, r is the a 
refinement factor between the grids and m is the order of 
accuracy.  

The iterative convergence is achieved with a decrease by 
at least three (preferably four) orders of magnitude in the 
normalized residuals for each equation solved. For time-
dependent problems, the iterative convergence is checked 
in each time step. In the simulations performed for e.g. 
Bergeforsen and Gallejaur, each time step has 20 
iterations; in each time step the normalized residuals drop 
below three orders of magnitude. 

3.3 Results and discussions 

3.3.1 Spillway discharge capacity 
The discharge capacity of a spillway is an important 
parameter for a dam reservoir. This relationship is 
expressed in terms of reservoir level and flow rate (Qw) 

1.5
0 0wQ C BH=                              (20) 
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where C0 is the discharge coefficient, B is the spillway 
opening width and H0 is the water head. The values of C0 
are usually determined by means of physical model tests 
or numerical modeling. In Paper I, physical model tests 
were conducted to calculate the C0 value. The values of 
C0 obtained from the simulations are compared with 
those from the experiments. Figure 11 shows the 
comparison of the C0 values as a function of Qw between 
the numerical and test results. 

 

Figure 11. Comparison of C0 between numerical simulations and 
physical modeling 

The maximal deviation of the C0 values from the 
experiments is below 5%. The numerical results give 
somewhat higher C0 values and the agreement is generally 
good. 

3.3.2 Cavity characteristics and air demand 
In a chute spillway, the deflector separates the flow from 
the bottom and a cavity region is generated underneath 
the jet, in which air is sucked in via the air passage. The 
cavity air pressure and air demand are primary parameters 
of interest, which reflects the capacity of the aerator.  
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The cavity features are depicted in terms of Lj and cavity 
profile. Based on the experimental data from ETH, the 
simulated values of Lj are compared with the 
experimental one (Paper II).  Four cases are modeled 
with the Two-Fluid model, corresponding to D = 1, 2, 3, 
4 mm. Table 2 compares the averaged results of Lj from 
the tests and the CFD modelling. The largest difference is 
5%. This means that the Two-Fluid model leads to a 
good estimation of the Lj value. 

Table 2. Comparison of Lj between experiments and 
simulations 

 
Experiments 

Simulations 

D = 1 
mm 

D = 2 
mm 

D = 3 
mm 

D = 4 
mm 

Lj (m) 1.120 1.175 1.161 1.152 1.155 

 
The jet profiles are studies from the physical model tests 
and prototype observations (Paper III). There exists a 
discrepancy between them. From the prototype, the jet 
breakup and air entrainment in the jet are obvious, while 
a continuous jet without breakup is generated in the 
experiments. A numerical model is setup to search for the 
reason. Figure 12 shows the cavity profiles along two 
longitudinal planes. The jet breakup is evidently generated 
in the middle cavity; air also is entrained across the jet. 
The results are coincident with the prototype 
observations. This implies that the effect of surface 
tension plays a non-negligible role in the hydraulic model 
tests.  
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(a) middle cavity  

(b) side cavity 

Figure 12. Flow trajectories and air cavities: (a) middle cavity; (b) 
side cavity 

In the aerator flows, the air entrainment is evidently 
observed downstream of an aerator. To describe its air 
entrainment capacity, the value of β is an important 
indicator. Both physical model tests and prototype 
observations were made to estimate β; empirical 
relationships, e.g. Equation (5) and (7), are also worked 
out.  

In Bergeforsen dam, the β values from the empirical 
equations are compared with the numerical result (Table 
3). The latter differs obviously from the former. On 
account of the large width aerator, the Δp distribution in 
the duct is un-uniform and the effects of the duct layout 
are not taken into account in the empirical formulations. 
The equations fail to estimate the air demand for the 
aerator.  

Table 3. Comparison of β values 
 β 

h0 (m) CFD Eq. (5) Eq. (7) 
2.14 0.018 0.010 0.084 
2.37 0.017 0.007 0.075 
2.43 0.018 0.006 0.075 
2.61 0.016 0.004 0.070 
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Paper II compares also the simulated β values with 
experimental ones. Table 4 shows the β results 
corresponding to different D values. The use of D = 4 
mm gives results closer to the experimental, with an error 
of 9%. This implies that the Two-Fluid model produces a 
relatively good estimation of β if a proper D value is 
chosen. 

Table 4. Comparison of 𝛽𝛽 between tests and simulations 
 

Experiments 
Simulations 

D = 1 
mm 

D = 2 
mm 

D = 3 
mm 

D = 4 
mm 

Qa 
(m3/s) 

0.0393 0.0629 0.0550 0.0460 0.0430 

β 0.228 0.365 0.319 0.267 0.249 

3.3.3 Pressure drop 
When the air in the cavity is entrained, the air pressure in 
the aerator duct is lowered; as a result a pressure drop is 
generated. The value of Δp reflects the air demand of an 
aerator. Falvey (1990) pointed out that the Δp value relies 
on the layout of a vent. 

For the Bergeforsen dam, two different layouts of 
aerators are examined, as shown in Figure 13. The 
original layout has 13 air vents across the chute, placed 
symmetrically to the spillway center plane. The area of 
each air vent is 1.0 m2. The modified one has 17 air vents 
equidistantly distributed along the duct. Its total air vent 
area remains the same. The air vent in the chute center is 
given an area of 1.0 m2; the vent at the sidewall has an 
area of 0.43 m2. This implies that the areas of two 
adjacent vents decrease by 7.14% towards the sidewall.  
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(a) Layout of the original aerator 

 

(b) Layout of the modified aerator 

Figure 13. Layouts of the examined aerator layouts 

For the two layouts, the Δp distributions in the ducts are 
illustrated in Figure 14. The plotted planes are located in 
the centroids of the air vents and are parallel to the chute 
bottom. In the ducts, the pressure drops are obvious 
close to the sidewall; the pressure changes in the middle 
part are small. This limitation is due to the large aerator 
width. The modified layout exhibits better pressure 
gradient towards the centerplane than the original. This 
means that the air pressure is easier to penetrate into the 
duct. 

 

(a)  
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(b)  

Figure 14. The Δp distributions in ducts of orig inal aerator (a) 
and modified one (b) 

In the Gallejaur spillway, the observed air flow into the 
cavities from outside in the prototype coincides 
qualitatively with the CFD results. The jets are 
penetratex§d with breakup. Consequently, it allows air, 
although not completely freely, to enter into the cavities. 
The jets carry away air from the cavities as a result of the 
air entrainment process. When in equilibrium, the cavities 
exhibit an air pressure drop. Figure 15 shows the change 
of Δp with time in the centroid of cavity. For the middle 
and side cavities, the time averaged values are 155 and 
245 N/m2.  

 
Figure 15. Fluctuations of Δp with time, measured in the 

centroid of each air cavity 



Penghua Teng                                                                  TRITA-HYD 2017:02 

 

30 
 

3.3.4 Air concentration distributions 
Air is entrained into the water by strong emulsification 
downstream of an aerator. If the aerator geometry is 
given, the state of air entrainment governs the air capacity 
of the aerator, which forms an initial condition for the 
streamwise transport of the air in the water. 

Based on the experiments conducted at ETH, the flow 
field is divided into three zones to study C distributions. 
The results from the numerical model are analyzed 
separately for the zones. Figure 16 shows the C 
distributions as a function of Z = z/zu at two cores-
sections in the jet zone. For the lower jet surface, the 
numerical results are close to the experimental data; small 
differences are seen between the four D values. For the 
upper jet surface, the numerical model overestimates the 
values of C. 

 
(a)  

 
(b)  

Figure 16. C distributions: (a) at x/Lj = 0.43; (b) at x/Lj = 0.71 

Figure 17 gives the C distribution in the far-field zone. 
The C values are overestimated at both the upper edge 
and the lower boundary; the simulations produce a much 
larger C value close to the chute bottom. 
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Figure 17. C distributions at x/Lj = 0.43 

The results imply that the Two-Fluid model results in 
reasonable approximations of the C value in the jet zone, 
while the values in the far-field zone are overestimated.  
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4 FURTHER DISCUSSIONS 
To compare the governing equations between the two 
multiphase models, the Two-Fluid model is superior to 
the VOF model in the aspect of modeling the exchange 
behaviors between water and air. As seen from Equation 
(14), the relevant forces are considered in the model; D is 
also a parameter that influences the Kaw value in Equation 
(13).This allows the Two-Fluid model to describe the 
mechanism of the air transport process. From the results 
of Paper II, it is discernable that the C values near the 
chute bottom in the far-field zone are still overestimated 
in the simulations (Figure 17). The differences may arise 
from the assumption concerning D.  

The Two-Fluid model requires that the average size of 
the dispersed air bubbles be specified by the modeler, so 
that forces driving any relative motion are computed. The 
practice has its limitation because the bubble sizes are not 
something that is already known. In addition, bubble 
sizes vary in both space and time of a flow field. Though 
the model is useful for calculations of some flow issues, it 
is obvious that the use of a single bubble size is an 
assumption that is not realistic for complex flow 
phenomena. 
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5 CONCLUSIONS 
In the studies, the behaviors of aerator flows in three 
aerator layouts are examined with two multiphase flow 
models. The following conclusions are drawn.  

The spillway discharge capacity is usually a parameter that 
is checked first in spillway flow modelling. The VOF 
model is used in Bergeforsen to simulate its discharge. 
The deviation of the spillway discharge coefficient is 
below 5% from the test results. This implies that the 
VOF model reproduces reasonably the physical model. 

The air entrainment rate reflects the air-carrying capacity 
of an aerator. The numerical results from the VOF model 
are compared with the empirical formulations for the 
Bergeforsen case. Because of the large chute width, the 
empirical relationships fail to present reasonable results. 
For the aerator flow in the ETH test rig, the Two-Fluid 
model is adopted, in which the different air bubble 
diameters lead to different air entrainment rates. The 
smallest relative error between the simulations and the 
tests is below 9%. This means that the Two-Fluid model 
gives reasonable estimations of the air entrainment rate as 
long as a proper bubble size is selected. 

The air cavity is described by its longitudinal profile. For 
the ETH aerator, the results with varied D values are 
close to the experimental data, the largest difference 
being 5%. It illustrates that the model gives reasonable 
estimations of the cavity length of the aerator flow. The 
cavity profiles are investigated with the VOF model for 
the Gallejaur case. The jet backup and air entrainment are 
observed in the simulations as in the prototype. The 
modelling has explained the contradictory phenomena 
observed in the prototype and the model. When building 
a scale model of jet flow with air entrainment, one should 
at least check the effect of surface tension.  
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For the ETH rig, the simulated results of air 
concentration are compared with the experimental data in 
different flow zones. In the jet zone, the results show a 
good agreement with the experiments along the jet’s 
lower surface. In the far-field zone, the air concentration 
near the chute bottom is obviously overestimated. The 
contributing factor is presumably the underestimation of 
the interfacial forces in the Two-Fluid model. 
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6 FUTURE RESEARCH 
The future research focus in the area is on improvements 
and evaluations of the two-phase turbulence models in 
terms of the interphase interaction between water and air. 
The forces governing the motion of dispersed air bubbles 
should be modified taking into consideration the high-
velocity features of spillway flows. Other models that 
have not been examined so far, like large eddy 
simulations, the population balance model and the drift 
flux model, may give more insight into the aerator flows.  

These models are based on the mechanisms of breakup 
of dispersed bubbles caused by shear forces and particle 
coalescence resulting from flow turbulence. The air-water 
interaction is controlled by the critical Weber and 
Capillary numbers. Such models have added more realism 
to simulations of two component flows and should be 
evaluated for two-phase flow modelling at aerators 

Laboratory experiments of chute aerator flows have been 
conducted in close cooperation with National Chung 
Hsing University, Taiwan, using the techniques of high-
speed particle image velocimetry (HSPIV), bubble 
tracking method (BTM), Particle Image Velocimetry (PIV) 
and Bubble Image Velocimetry (BIV). It is our intention 
that the experimental findings will help understand the 
air-water structure at the aerator and at the same time 
provide data for comparison with the numerical 
modelling to be performed in the two years to follow.  
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