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ABSTRACT 
 
Air demand is an issue of concern for a spillway aerator. To numerically map its air-water flow behavior has a 
bearing on its design. The recently completed spillway at Bergeforsen features a 35-m wide chute aerator with 
13 air vents. With this in background, CFD modelling is performed with three commonly used two-phase flow 
models, i.e. the Volume-of-Fluid (VOF) Model, Two-Fluid Model and Mixture Model. The purpose is to 
evaluate these models in terms of water-air flow properties. The simulations have shown that the VOF Model 
generates the lowest air demand, while the Two-Fluid Model points to a 34% higher value, which is 
attributable to the differences in the two-phase flow formulations. The resulting air pressure in the air cavity 
including the air groove leads also to considerable discrepancy in the vent air-flow distribution across the 
chute and spatial air concentration. Evaluations of two-phase models are necessary, so that a reliable model 
is adopted for engineering design.      
 
Keywords: spillway, aerator, air demand, two-phase model 
 

 
1 INTRODUCTION 
 
 The use of an aerator is a common way to protect the spillway chute and avoid cavitation damages 
associated with high flow velocities. Figure 1 shows its working principle ‒ an air cavity is, with the help of the 
offset, generated, from which air is entrained by emulsification into the water flow. The entrained air is 
dispersed into the water and part of it is transported along the chute bottom as it detrains with the flow. It is the 
near-bottom air content that alleviates the negative pressure and removes the cavitation potential (Falvey 
1990, ICOLD 1987, 1992).  
 

 
Figure 1. Working principle of an aerator  

 
 The recently completed spillway in Bergeforsen is equipped with an upward-going radial gate, with a width 
of 25 m, which is the largest single opening structure in Nordic countries (Figure 2). It features a 35-m wide 
chute aerator with 13 air vents. The air is supplied via a vertical air shaft on each side of the chute. The air 
demand has been an issue of concern since its completion (Ekström et al. 2011). Due to its large width, the 

commonly used formulas give rise to uncertainties for estimations of the air flow rate (Bhosekar et al. 2007). 
As no reliable data were obtained from the hydraulic model tests, efforts were made to directly measure the 
air flow rate in the prototype. However, the field observations failed due to the malfunction of the 
measurement devices. The use of CFD provides an option to determine the air demand.  

 

Air cavity 

Air supply shaft 
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Figure 2. Gated overflow spillway with aerator at the Bergeforsen dam 

 
 To model the aerator water-air flow, a two-phase flow model is required. However, there are differences 
between the models with respect to air entrainment mechanism. To obtain realistic CFD estimations of the air 
demand, three model types are evaluated, i.e. the Volume-of-Fluid Model, the Two-Fluid Model and the 
Mixture Model based on the Fluent software (ANSYS 2011).   

 
2 CHUTE SPILLWAY WITH AERATOR  
 
 The layout of the gated overflow spillway with a chute aerator is shown in Figure 3. At the radial gate, the 
spillway opening width is 25.0 m; the crest elevation is +112.75 m. The free discharge at the full gate opening 
amounts to 1500 m3/s at the full reservoir water level +123.0 m (Yang and Wänn 2010).   
 

   

 

Figure 3. Layout of aerator with a duct of 13 air vents and vertical shafts 
 

 To avoid cavitation damages, an aerator with a deflector is constructed in the chute. The centerline of the 
aerator duct is 27.82 m from the crest location; its bottom elevation is +98.0 m, 14.75 m below the crest 
elevation. The air-duct area is 5.0 m2 across the chute. The chute slope with the horizontal is α = 32° 
upstream of the air duct and α = 30° downstream. The deflector angle is 8° with the chute bottom and 24° 
(1:2.25) with the horizontal. The total aerator off-set including the deflector height is 1.5 m. 
 The chute width between the piers is 25.0 m. From the spillway crest to the downstream pier end, the 
distance is 10.4 m (Figure 4, see also Figure 2). The sidewall is then given a sidewall linear expansion, 
followed by a streamlined section down to the aerator centerline, at which the aerator width is B = 35 m (chute 
width). Downstream the chute has a constant width of 35 m. Air is supplied from both sides of the chute via 
two vertical shafts. Accounted from the duct bottom elevation, the shaft is 21 m high. The shaft cross-section 
is rectangular with a funnel intake, with an area of 8.7 m2.   
 



          

E-proceedings of the 2nd International Symposium on  
Hydraulic Modelling and Measuring Technology Congress 

                          May 30 – June 1, 2018, Nanjing, China 

E-proceedings of the 2nd International Symposium on  
Hydraulic Modelling and Measuring Technology Congress 

                          May 30 – June 1, 2018, Nanjing, China 
                                       August 13 – 18, 2017 - Kuala Lumpur, Malaysia   

 

 

3 

  

Figure 4. Chute sideward expansion and air shaft layout 
 

 The aerator features a horizontal duct (groove) with 13 rectangular air vents of the same size; its layout is 
given in Figure 5. Each air vent is 1.0 m wide and 1.0 m high; the total area of the air vents is 13.0 m2. The 
vents are not placed equidistantly across the chute but symmetrically to the chute axis. They are closer to 
each other in the middle of the chute.  
 

  
Figure 5. Aerator layout with 13 air vents symmetrical to the chute axis 

 
3 TWO-PHASE FLOW MODELS  
 
 Three two-phase air-water flow models are examined in the studies, i.e. the Volume-of-Fluid (VOF) 
Model, the Two-Fluid Model and the Mixture Model (ANSYS 2011, Teng and Yang 2016, Teng et al. 2016).   
 The VOF Model is probably the most common method for modelling two immiscible fluids. Each phase is 
represented by its volume of fraction in a computational cell of the domain. Water is usually treated as a 
primary phase and air as a secondary one. A set of momentum equations are shared by the two fluids of 
water and air. In a cell, the water and air have the same velocity, pressure and other turbulence properties. 
Typical applications include the prediction of falling jet breakup, the motion of large bubbles in a liquid, the 
motion of water after a dam break and the steady or transient tracking of liquid-gas interfaces. 
 Different from the VOF concept, the Two-Fluid Model, a Euler-Euler approach, is two-phase two-fluid (not 
single fluid) model. It treats the two phases separately in a cell; water and air do not share the same velocity. 
The model framework is based on ensemble-averaged mass and momentum transport equations for each of 
the two phases. Air bubbles are treated as spherical particles; an average bubble size needs to be specified 
by the user. The forces included in the model are lift force, turbulence dispersion force, virtual mass force, 
drag force and wall-lubrication force. 
 The Mixture Model is a simplified multiphase model. The method simulates the phases (fluid or 
particulate) by solving the momentum, continuity and energy equations for the mixture, the volume fraction 
equations for the secondary phases, and algebraic expressions for the relative velocities. It is used to model 
multiphase flows where the phases move at different velocities, but assume local equilibrium over short spatial 
length scales. It is also used to simulate homogeneous multiphase flows with strong coupling and the phases 
moving at the same velocity. Lastly, it is used to calculate non-Newtonian viscosity. Typical applications 
include sedimentation, cyclone separators, particle-laden flows with low loading, and bubbly flows where the 
gas volume fraction remains low. The Mixture Model differs from the VOF Model in three respects: it allows 
the phases to interpenetrate, to move at different velocities, using the concept of slip velocities and consider 
inter-phase interaction of mass, momentum and energy transfer. 
  

Flow direction 
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4 NUMERICAL SETUP 
  
 Aerator air demand is dependent on the flow condition. The flow examined in the study corresponds to the 
full retention reservoir level (FRRL) +123.0 m and a 3-m partial opening of the segment gate (hw = 3.0 m). 
Based on the physical model tests, the corresponding water-flow discharge is Qw = 710 m3/s; at the gate, the 
average water-flow velocity is Vw = 9.47 m/s. 
 A x-y-z coordinate system is established. The x-y plane coincides with the chute symmetry plane and the 
origin is at the offset and on the chute surface. x is along the chute surface (positive streamwisely) and y is 
perpendicular to the chute surface (positive upwards), with positive z pointing to the right sidewall. The 
computational domain starts at the gate position (x = − 27.5 m) and ends at a cross-section downstream of the 
aerator (x = 30.1 m) where the flow is supercritical. An assumption is made that the water level in the stilling 
basin does affect the flow at the downstream end. The geometry and grid in 3D are generated in the Gambit 
software. For each aerator geometry, a relatively coarse grid is first produced. It is then refined both globally 
and locally at the aerator, so that the solution is independent of the grid (Celik et al. 2008). Shown in Figure 6, 
the same grid is used for all the models. The total number of cells is 340 000.  

 

  

Figure 6. Numerical grid used for the modelling, with local enlargement at the aerator  
 

 The boundary conditions are illustrated in Figure 7. The upstream boundary at the gate is treated as 
velocity inlet, with the water-flow velocity and depth specified (Vw, hw). The downstream end is specified as a 
free outflow boundary. The air shaft intake, as well as all the upper boundary above the water, is treated as air 
pressure inlet with the atmospheric pressure. The remaining boundaries are solid walls, with non-slip 
conditions irrespective of phase.   

  

 
Figure 7. Boundary Conditions  

 
 In the Two-Fluid Model, the modeler has to explicitly specify the air-bubble diameter (D) in the water-air 
mixture. No measured data are available from the spillway in question. With reference to other studies, a 
range of D is adopted, i.e. D = 0.5–3 mm. Specification of D is not needed for the other two models. 
 The aerator flow is modelled as time dependent. The time step is chosen with reference to the Courant 
number. The residual values of mass, velocity and volume fraction are the convergence criterion. For each 
time step, the calculations converge if the scaled residuals of the variables are lowered by approximately three 
orders of magnitude. 
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5 RESULTS AND DISCUSSIONS  
  
 The parameters of interest for an aerator flow include air demand, cavity pressure drop, jet trajectory, air 
concentration etc. The three two-phase flow models are accordingly compared. The results refer to steady-
state conditions.  
 Figure 8 shows, along the chute symmetry plane, the instantaneous flow pattern at the aerator, colored by 
VOF. The diagram results from the Two-Fluid Model with D = 1 mm. At the offset location, the mean flow 
velocity is V1 = 20.5 m/s, the mean water depth is h1 = 1.30 m, leading to the aerator Froude number F = 
V1/(gh1)0.5 = 5.74, where g = the gravitational acceleration. At the end of the computational domain, the 
average mixture velocity is V2 = 22.6 m/s and the average mixture depth is h2 = 0.90 m. 
 

 
Figure 8. Instantaneous flow field along the chute symmetrical plane (colored by volume of fraction) 

 

 For a given water-flow condition, the duct air-pressure drop, denoted as ∆p (N/m2), reflects the influence 
of the air-vent layout on the the pressure distribution in the air cavity. The ∆p distribution along the centroid of 
the air duct is shown in Figure 9. The VOF Model leads to somewhat constant pressure drop across the whole 
duct. From the Two-Fluid Model, the simulated values are a few times lower; the pressure decreases from the 
sidewalls and recovers towards the chute center. The result from the Mixture Model is similar to that from the 
VOF Model, with also nearly constant drop in the middle part.  
 

 
Figure 9. Air-pressure drop (∆p) across the chute duct 

 
 From the air shaft, via the duct and to the cavity, Figure 10 gives the air-pressure distribution with velocity 
vectors, colored by pressure magnitude. The plane is parallel to the chute surface and through the centerline 
of the air vents. The plot corresponds to the Two-Fluid Model with D = 1 mm. The results from the models 
differ but all show that the duct pressure pattern is complex, not as one expected that all the air flowed in one 

Air duct 

Air cavity 
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direction from the shaft to the center. In the cavity, the air pressure is as lowest close to the sidewalls and 
recovers gradually towards the centerline.   

 

 
Figure 10. Instantaneous air pressure field parallel to the chute surface (colored by pressure) 

 
 In Table 1, the comparisons are summarized of the total air-flow rate Qa (m3/s) and the air entrainment 
rate β defined as the ratio of Qa to Qw. For the Two-Fluid Model, the influence of D on Qa and β is limited; the 
maximum difference is below 5%. Obviously, the VOF Model leads to the lowest Qa value; the prediction from 
the Mixture Model falls between them. The difference between the models is considerable; between the VOF 
Model and the Two-Fluid Model with D = 1 mm, the maximum discrepancy is 34%.  

 
Table 1. Comparison of Qa and 𝛽 between the three models 

 VOF 
Model  

Mixture 
Model 

Two-fluid Model 

D = 0.5 mm D = 1 mm D = 2 mm D = 3 mm 

Qa (m3/s) 175.8 204.9 225.4 236.2 228.6 227.8 
β 0.24 0.28 0.31 0.33 0.32 0.32 

 
 There are totally 13 air vents in the aerator. The air-flow rate through each air vent is denoted as Qa,i 
(m3/s). Figure 11 shows the distributions of Qa,i across the chute. For the Two-Fluid Model, the resulting 
distributions of the D values are similar. Compared to this, the VOF Model predicts lower flow rates in almost 
all the vents, while the Mixture Model gives rise to higher air flow rates near the sidewalls and lower in the 
middle part of the chute. 
     

 
Figure 11. Air-flow rate of each air vent (Qa,i) across the chute 
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 Figure 12 illustrates the air cavity length Lc (m), defined as the length of the jet trajectory measured along 
the chute surface from x = 0 to the reattachment point where the maximum pressure on the chute bottom 
occurs. The Mixture Model and the Two-Fluid Model (irrespective of D) give rise to almost the identical results; 
the VOF Model leads to a longer trajectory across the chute.  

 

 
Figure 12. Air-cavity (jet trajectory) length 

 

 On account of surface turbulence, air is gradually entrained into the water in the cavity. The distribution of 
air concentration (C) is shown in Figure 13. They refer to two locations at x = 0.3Lc and 0.6Lc along the chute 
symmetry plane. The vertical axis is a dimensionless parameter Y defined as Y = (y−yl)/(yu−yl), where yl and yu 
correspond to C = 0.9 of the lower and upper jet surfaces (Figure 1). Irrespective of D, the Two-Fluid Model 
generates almost identical profiles, even for the upper jet surface. The distributions from the Mixture Model 
are mostly close, but differ from those at some locations. The VOF Model underestimates the air distribution 
for both the lower and upper surfaces, which also accounts for the much lower Qa value.  
 

  
Figure 13. C distributions at two locations along the chute axis, (a) x = 0.3Lc, (b) x = 0.6Lc 

 
6 CONCLUDING REMARKS 
 Based on the geometrical layout of the aerator at Bergeforsen, three two-phase flow models are examined 
to illustrate their similarities and differences as well. Air is entrained through the lower jet surface in the air 
cavity. Due to the differences in the two-phase flow formulations, the amount of entrained air differs between 
the models, which is also evidenced through cavity air pressure, jet trajectory and spatial distribution of air 
concentration. The Two-Fluid and Mixture Models give rise to similar results. Air entrainment at the aerator is 
complex, especially when subjected to high flow velocity. So far, prototype data of air entrainment are 
fragmental and limit validations of CFD models. Laboratory aerator tests at high velocity are encouraged, so 
that data is provided in a controlled form for numerical comparisons that contribute to better engineering 
design solutions.   
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NOTATION 
C  = air concentration (-) 
D = air-bubble diameter in the Two-Fluid Model (m) 
F = Froude number (-) 
g = gravitational acceleration (m/s2) 
hw = water depth at the radial gate (m) 
h1 = water depth at the aerator offset (m) 
h2 = mixture depth at the end of the domain (m) 
Lc = jet trajectory length (m) 
∆p = air-cavity pressure drop (N/m2) 
Qw = water-flow rate at the radial gate (m3/s) 
Qa = total air-flow rate (m3/s) 
Qa,i = air-flow rate of each air vent (m3/s) 
Vw = water-flow velocity at the gate (m/s) 
V1 = water-flow velocity at the aerator offset (m/s) 
V2 = average mixture velocity at the end of the domain (m/s) 
x = coordinate (m) 
y = coordinate (m) 
yl = y at C = 0.9 of the lower jet surface (m) 
yu = y at C = 0.9 of the upper jet surface (m) 
Y = dimensionless parameter (-) 
z = coordinate (m) 
β = air entrainment rate (-) 
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