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ABSTRACT 
This paper focuses on simulations of enclosed air pocket 

movements in conjunction with bottom outlet operations. The 

critical velocity of water for air pocket transport in pipe is the 

minimal flow velocity for the air pocket start to move 

downstream. A numerical model is developed to simulate the 

critical velocity of air pocket transport in pipe flow and to 

discuss the impacts of tunnel slope, size of the air pocket and 

wall roughness. The computations are performed in FLUENT 

using Volume of Fraction (VOF) model combined with k-

epsilon model. Parallel computing is adopted for high 

computational performance. 

The modeled critical velocity is compared with 

experimental results and they increase with increasing slopes. 

However, as the roughness height defined in the model is not big 

enough to represent the reality and no wall shear stress is 

applied in the upper wall where air pocket and wall contact, the 

modeled critical velocity is smaller than the experimental ones. 

Therefore, wall roughness contributes to keep the air pocket 

from moving downstream which is important in modeling 

critical velocity. However, by assuming a constant wall shear 

stress for the air phase the same as the water phase will 

overestimate the shear stress on the air pocket.  

Two air pocket volumes are simulated at the slope 0.8 

degrees which shows the bigger the air pocket is the higher the 

critical velocity is. Modeling results also show that the critical 

velocity is non-zero in horizontal pipe and there is a limit for the 

carrying capacity at all slopes. The simulations of air pockets 

with different volumes in the bottom tunnel of Letten dam in 

North of Sweden is shown in this paper as well.  

 

INTRODUCTION 
The bottom outlet of a dam is used for emptying the 

reservoir, flushing sediment and discharge diversion in addition 

to the surface spillways [1]. Figure 1 shows a type of bottom 

outlet in Sweden. It is obligatory to have bottom outlet as part of 

the design in many countries for safety concerns. Many of the 

Swedish dams have bottom outlets. However, most of them are 

not in use after construction, partially because entrained air in 

pressurized flow in the tunnel could cause problems during 

operation. The problems can be many: the discharge capacity of 

bottom outlets at full gate opening can be greater than what was 

originally designed; vibration of the gates/conduits and 

pulsations at the discharge to the downstream could happen; 

cavitation in the conduits is also one of the problems. All of 

these would harm the safety operation of the bottom outlet and 

cause serious consequences. Therefore, the operational safety 

must be guaranteed without unexpected risks and operating 

conditions requires the reliability of bottom outlets. 

According to the inventory of bottom outlets in Sweden, 

bottom outlets of 38 dams were investigated [2]. The discharge 

capacity of bottom outlets is determined with the help of model 

tests or computations. Around half of these 38 bottom outlets 

were model-tested. The problem with computations to find out 

the discharge capacity is that the calculations are correct at 

maximal or full flow. Otherwise, problems associated with 

partially pressurized flow would occur, leading to numerically 

incorrect results. 

As shown in Table 1, 8 out of 9 detected problems during 

the operations of bottom outlets are directly related to air. This 

makes the study of the air entrainment in the bottom outlets and 

interesting issue in order to ensure the safety statues of outlet 

functions. 

 

Table 1: Reported problems in bottom outlets [2] 

Type A B C D E Other Total 

Reported problem 1 4 1 1 2 0 9 

Reported problem directly 

related to air 
1 4 1 0 2 0 8 

Type A: rock tunnel bottom outlet, Type B: shaft bottom outlet 

with partial pressurized water way, Type C: bottom outlet 

culvert, Type D bottom outlet without or with very short 

waterway, Type E: combined surface and bottom outlet. 
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Figure 1: A longitudinal profile of bottom outlet in bottom outlet 

 

Air pocket transport 
Air may enter the tunnel from the shaft/gate or be enclosed 

from the submerged outlet downstream. There is around 2% of 

air dissolved in the water and it could be released from the water 

when the water pressure reduces dramatically. Air transport 

capacity in the water flow in enclosed pipelines depends mainly 

on the water flow and buoyancy force [3]. Air pockets will form 

when the air couldn’t transport with the water flow and thereby 

accumulates at the top of the conduit or higher points of the 

pipeline. 

If large air pockets cannot be removed by the water flow, the 

effective pipe cross-section will reduce and introduce an increase 

of energy loss [4]. But Little pointed out that in a nearly 

horizontal pipeline, large air pocket does not reduce hydraulic 

capacity. On the contrary, it may increase the capacity thanks to 

the fact that the reduction in the wetted perimeter is more than 

the loss of the flow cross-section. In this case, the large air 

pockets are elongated and the increase of the pocket volume 

leads to the increase in its length but not the cross-section [5]. It 

is also shown that the air flow in the horizontal or nearly 

horizontal pipeline behaves differently from the inclined or 

vertical pipelines. 

In the horizontal pipeline, the buoyancy force is absent. This 

leads to a variable of explanations of critical velocity to move the 

air pocket. One theory is the zero-critical velocity by Falvey in 

1980 [6] and the other is dimensionless critical velocity   . The 

critical velocity theory can be expressed as the pipe Froude 

number             that is dependent on the pipe slope. For the 

horizontal pipeline, the pipe Froude number is suggested as 0.56 

by Benjamin in 1968[7]. Little gives 0.6 for the diameter from 45 

to 200 mm based on tests [8] in HR Wallingford which is 

consistent with Benjamin’s and some other researchers’ results. 

Moreover, at HR Wallingford CFD modeling of the horizontal 

pipeline is validated against model tests. Their formula should be 

applicable up to 2 m or even larger [5]. 

               (1) 

The equation can be used for CFD modeling and rough 

estimation of critical velocity. However, practical experiences do 

not appear to be substantiated by this equation. The real air-

pocket removal velocity in larger diameter pipeline is not as large 

as the prediction by equation (1). Some other mechanism should 

be taken into account [9].  

For the downward slope conduit, many studies have been 

made but most of them focus on the two-phase flow in the small 

diameter pipes up to several centimeters. Bottom outlets usually 

have large diameter tunnels up to several meter and the air pocket 

transport mechanism is quite different. It is of interest to 

understand the phenomena in the pipes with large dimension. 

In this paper, the air-water two-phase model is introduced. 

the issues discussed  include the critical velocity at different pipe 

slopes, governing parameters, air pocket transport characteristics 

in horizontal pipe, and the relation between the water and air 

pocket velocity. Furthermore, a case study of one bottom tunnel 

of Letten dam in north of Sweden is included as well.  

 

METHODS 

FLUENT is used for solving the two-phase turbulence flow 

model. This software is a powerful and mature CFD modeling 

tool based on the finite volume method (FVM).  

 

Two-phase turbulence flow  
In order to define the numerical model and solve the air-

water flow in pipeline, Navier-Stoke equations, combined with 

the equation of state to describe the interfacial phenomenon, are 

applied. Here, the equation of state is defined by the k-epsilon 

turbulence model and Volume of Fraction (VOF) model. In the 

model, the VOF of each phase is tracked in each computational 

cell throughout the domain. The governing equations are shown 

below: 
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Mass and momentum conservation: 

                                       (2) 
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Turbulence     model: 
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Coupling of k and    via  

 
 
    

  

 
 

 

VOF model for phase coupling: 
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For the primary-phase volume fraction 

   

 

   
    

 

Model constants 

        ,       ,        and         

 

Where 

            
 

   
  

   
 

 
 

           

 

Model setup 
A 2D pipe profile is set up in FLUENT. The pipe is 150mm 

in diameter and 5 m in length. The boundary conditions are 

shown in Figure 2. The inflow velocity is set up to 1.5m/s. 

Pressure gradient at the outlet is defined by user-defined 

function. The pipe slope is defined as the horizontal angle 

including 0, 0.8, 2.5, 11.5 and 22.5 degrees. The bottom wall has 

a no-slip wall boundary condition with 0.00075m roughness 

height. This roughness height is half size of the first layer mesh. 

The upper wall has also 0.00075m roughness applying no-slip 

wall, except the simulations on air pocket size impact on the 

transport phenomenon. 

 

 
 

Figure 2: Conceptual model of a 2D pipe 

 

The mesh of the 2D geometry consists of hexahedra cells 

and 17204 nods. The mesh is finer close to the upper wall, the 

height of the first layer being 0.0015m, i.e. 1% of the diameter, 

whereas the height of the air pocket is estimated to be 2-3% of 

the diameter. The solution method is Pressure-Velocity Coupling 

PISO. A small time step 0.005s is applied.  

The simulations are done in the following way. Firstly, 

calculate a flow filed with only water for 1s, as the pressure field 

will reach a steady condition after about 0.5s. Second, inject an 

air pocket and continue to calculate for 10-20s. The size of the air 

pocket in dimensionless form is given by equation below: 

 

  
  

   
 (7) 

 

In the study,        is selected for simulations of most 

cases.  

 

Case study 
The bottom outlet in this case study is a culvert bottom 

outlet. It is horizontal, 2.55 m in diameter and about 110 m in 

length. The discharge capacity at free discharge is 61m
3
/s. The 

profile is shown in Figure 1. The outlet downstream is under 

water level so the whole tunnel is pressurized. 

Problem was noticed when the bottom tunnel was first in 

operation on 2006/11/24, a pulsation phenomenon was observed 

at the outlet with a frequency of 30 s at the flow rate 7m
3
/s. 

The possible reason is that air is brought into the tunnel by 

high water velocity from the intake tower but cannot be 

continuously removed under the operation condition. Pulsations 

happened when some of large air pockets were released. 

A 2D pipe geometry which is 50m in length and 2.55m in 

diameter is set up in FLUENT. The pipe is horizontal. The inflow 

velocity is 1.37m/s (7m
3
/s) and a pressure gradient is applied at 

the outlet (Figure 2) via user-defined function. The roughness 

height for the upper and bottom wall are all zero. The bottom 

wall condition is no-slip wall and 2/3 of the wall shear stress in 

the water phase is assumed for the upper wall.  
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Table 2: Air pocket volume in the bottom tunnel 

Air pocket volume [liter] 5 10 20 50 

Dimensionless number n 0,38 0,77 1,54 3,84 

 

Four air pocket sizes are simulated (Table 2). A fully 

converged pressure field can be achieved after 0.5s. One air 

pocket is injected into the tunnel after 1 second and then another 

20s are computed. 

 

In this study, critical velocity of air pocket in the and 

downward inclined pipes including horizontal is modeled. The 

aims of simulations are also to find out the parameter effects of 

slope, wall roughness and air pocket volume in air pocket 

transport in pipe flow; to model air transport in the bottom tunnel 

of Letten and find out the different behaviors of air pocket in big 

diameter pipe comparing with the previews simulations of the 

smaller diameter. The computations are performed using parallel 

computation with four nods and the computational recourses are 

from PDC center for high performance computing at the Royal 

Institute of Technology in Sweden. 

 

RESULTS AND DISCUSSION 
 

Critical velocity at different pipe slopes 
When the upper wall boundary condition is no-slip wall, the 

critical velocity of the air pocket at five downwards inclined 

slopes of 0, 0.8, 2.5, 11.5 and 22.5degree are calculated. The 

comparison of the modeled results with the experimental results 

is shown in Figure 3. To describe the relation between critical 

velocity and pipe slope in a non-dimensional form, the pipe 

Froude number and root sine of the slope is used to fit in the data 

in Figure 4. 

The modeled and the experimental critical velocities show 

the same correlation with the slope. Both increase while the slope 

further inclined; the tangent angles of both fitting curves in 

Figure 4 are 0.5. However, the modeled critical velocity is 

smaller. Figure shows a 0.25 difference for all slopes. The proper 

reason is that, if the no-slip wall condition is applied on the upper 

wall, the wall shear stress distribution is calculated based on the 

standard wall function. The calculated wall shear stress is 0.25pa 

for water and drops down to zero for air as shown in Figure 5. 

This could be caused by the large difference between the air and 

water density. In the numerical computation, the air density is too 

small and will be regarded as almost 0. However, a non-zero wall 

shear stress should be considered for the air phase attaching to 

the upper pipe wall. By ignoring the wall shear stress on the air 

pocket, the modeled critical velocity becomes smaller. Therefore, 

wall shear stress should be applied at the upper wall in modeling 

the air pocket transport. 

 

Wall roughness 

Wall roughness can be added in two ways: roughness height 

(m) and wall shear stress (pa). Roughness height of 0.75mm is 

included in all simulations but it seems far from its real height. 

Furthermore, it is impossible to increase the roughness height in 

model because the roughness height cannot be bigger than the 

half size of first layer mesh and the height of the first layer size 

should be smaller in order to model the interface between two 

phases. Therefore, a wall shear stress is added into the model to 

compensate the roughness height for a better description of the 

wall condition.  

It is assumed that wall shear stress at the upper wall is 

constant and equals to the wall shear in water phase. This means 

as shown in Figure 5 the wall shear stress in the horizontal pipe 

with the flow velocity 0.28m/s is 0.25pa along the whole pipe. 

Accordingly, the wall shear stress is 0.8pa for 0.8 degree pipe 

with the velocity 0.52m/s and 1.13pa for 2.5degree pipe with 

0.61m/s velocity.  

With application the wall shear stress at the upper wall, the 

air pocket transport at the experimented critical velocity of three 

slopes is simulated. Both upstream and downstream locations of 

the air pocket along the pipe are recorded in Figure 6 showing 

that the air pockets at the slope 0 and 0.8 degree stop moving 

after a few seconds. This indicates that the shear stress is 

overestimated for the two slopes. A better estimation of the wall 

shear stress is needed.  

 

Figure 3: Modelled critical velocity in comparison with 

experimental results 
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Figure 4: Fitting curve with pipe Froude number and 

dimensionless slope number for air volume n=0.003 

 

 

 
Figure 5: Wall shear stress distribution along the pipe 

 

 

Figure 6: Location of air pocket with wall shear at upper wall at experimental critical velocity  
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Size of Air Pocket  

The air pocket with volumes of n= 0.04 and n=0.07 in the 

0.8 degree slope are simulated to analyze the effect of the air 

pocket volume. 

For the larger air pocket n=0.07 in Figure 7, a higher critical 

velocity is needed to clear the air out of the pipe; at the same 

flow velocity, the smaller air pocket n=0.04 moves faster. Both 

curves in Figure 8 have the same trend and the carrying capacity 

within this flow velocity range tends to reach a limit without 

rapid growing. 

 

Air pocket transport  
Horizontal pipe 

The existence of the critical velocity in horizontal pipes is 

often a controversial issue. As the buoyancy force disappears in 

the flow direction, the critical velocity seems to be zero. 

However, the wall roughness cannot be neglected in practice and 

the critical velocity is needed to conquer the friction of the pipe 

wall. 

Figure 9 shows the movement of one air pocket with air 

volume n=0.006 in the horizontal pipe under flow velocity 

ranging from 0.01 to 1.5 m/s. The slope of each line stands for 

the air pocket velocity.  

 For               , the air pocket stays still after 

injection; 

 For                        , the air pocket first moves 

with the flow and then stops. As the air pocket injected into 

the flow, the air pocket keeps on rising to the pipe top while 

moving downstream. Meanwhile the wall shear stress 

becomes bigger with the increasing contacted area to the 

pipe wall. The transport velocity of the air pocket slows 

down and air pocket stops moving. In the end it gets attached 

to the wall due to buoyancy force. 

                 , the air pocket moves with the flow to 

downstream.  The higher the flow velocity the faster the air 

pocket moves, however, these two parameters are not 

linearly correlated. 

 

Carrying capacity (%) is defined as the ratio of the air pocket 

velocity to the flow velocity. The carrying capacity of the flow 

for the air pocket in the horizontal pipe is shown in Figure 11. 

The maximal carrying capacity 56.5% happens at         
       . For higher flow velocity the air pocket velocity 

increases but the carrying capacity will not.  

It is obvious that the critical velocity in the horizontal pipe is 

smaller compared to downward inclined pipes as the buoyancy 

force disappears. This implies a relatively wider range of velocity 

can be included in modeling the air pocket transport in the 

horizontal pipe. It is easier to see the effect of the flow velocity in 

relation to the air pocket velocity and to understand the 

mechanism of the air pocket transport in pipe flow. 

 
Figure 7: Air pocket velocity in 0.8 degree downward pipe for 

n=0.04 and 0.07 

 
Figure 8: Carrying capacity of flow in 0.8 degree downward 

pipe for air pocket n=0.04 and 0.07 
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Figure 9: Air pocket location in horizontal pipe  

 

 

 
 

Figure 10: Shape of the air pocket in downward inclined pipe at 

0 and 22.5 degree 

 

In Figure 10, the shape of the air pocket is elongated 

compared with those in sloped pipes. This also agrees with 

experimental results by MJ little [8]. 

 

Downward slope 

The relation between air pocket velocity and flow velocity is 

modeled for all five slopes. Results in Figure 12 shows that the 

velocity of air pocket increases with the flow velocity at all 

slopes. For flow velocity lower than the critical velocity, the air 

pocket moves upstream; under the same flow velocity, the larger 

the pipe slope is, the slower the air pocket moves. 

On condition that the air pocket doesn’t break up, the 

carrying capacity at all slopes tends to increase to a certain limit 

with increasing flow velocity and it remains steady with further 

increase of flow velocity. The highest efficiency in air pocket 

removal can be estimated from the results. This phenomenon 

corresponds to that in horizontal pipe.  

The carrying capacity decreases with the pipe slope. The 

highest carrying capacity appears in the horizontal pipe.  The 

difference between the horizontal and inclined pipes is that in the 

former, the carrying capacity reaches the maximum and then 

drops to a certain level; there is such a breakthrough at 22.5 

degree slope among all inclined pipes. 

 

Case study of Letten dam 
The diameter of the bottom tunnel of Letten dam is 2.55m 

which is 10 times of the pipe in the previous simulation.  

In the cases with air pocket volume V= 5l and 10l, the air 

pocket will move downstream but for V= 20l and 50l, the air 

pockets break up into the smaller size which the flow is able to 

carry downstream.   
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Figure 11: Carrying capacity of flow in horizontal pipe for air 

pocket with volume n=0.003. 

 

 
Figure 12: Relation between air pocket velocity and flow 

velocity 

 
Figure 13: Carrying capacity of air pocket at different slopes  

 

 
Figure 14: Air pocket movement in bottom tunnel of Letten dam 

at operation flow velocity 1.37m/s  
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that in the smaller diameter pipe. This could be because the 

height of the air pocket is ~1% of the pipe diameter but ~3% 

for the small pipe. The reduction of cross-sectional area of the 

flow in Letten bottom tunnel is not as significant as in the 

smaller pipe. This also agrees with Little’s analysis, which also 

means that the air pocket transport is different from the 

situations in small pipes. 

 

CONCLUSION 
There are mainly four types of forces acting on the air 

pocket in the flow, i.e. gravity, drag force, buoyancy force and 

wall shear stress, corresponding to parameters as pipe slope, 

flow velocity, air pocket volume and wall roughness. 

If no-slip wall condition is applied at the upper wall, the 

modeled critical velocity in slope 0, 0.8, 2.5, 11.5 and 22.5 

degree increase with increasing slope, these modeled velocities 

have the same correlation with the slope as the experimental 

results, but are smaller. Therefore, the VOF combined with k-

epsilon turbulence model can be used to model the general 

movement of the air pocket but may not meet the need for 

making good predictions when a suitable estimation of wall 

condition is missing. 

The attempt to assume the wall shear stress to be constant 

throughout the pipe is done at the inclination of 0, 0.8 and 2.5 

degree. The results show an overestimation of the wall shear 

stress for pipes with slope 0 and 0.8 degree. In the tunnel 

especially horizontal ones, wall shear stress plays an important 

role in controlling the air pocket movement when buoyancy 

force disappears in the flow direction. This makes the 

estimation of the wall shear stress important.  

For parameters governing the critical velocity in the pipe it 

can be concluded that the critical velocity increases with 

increasing slope and air pocket volume. A better estimation of 

the wall shear stress leads to results closer to the experimental 

data. However, there is still uncertainty in how to define it. 

Air pocket transport in all slopes has similar behaviors- the 

air pocket velocity increases with the flow velocity. However, 

the carrying capacity at a certain slope has a maximal level or 

tends to reach a certain level alike a plateau with some minor 

fluctuations, which is especially significant in the horizontal 

pipe. 

In the case study of Letten dam, 2.55m diameter bottom 

tunnel is simulated. A wall shear stress is assumed at the upper 

wall which is 2/3 of the wall shear stress in the water phase 

under the operation velocity 1.37m/s. It is the same result as in 

the smaller diameter pipe that the bigger the air volume is, the 

slower it moves. But the carrying capacity is much higher in 

Letten dam. It can reach up to 91% in the test range but the 

maximal carrying capacity in the smaller diameter pipe is only 

56.5%.  

In future research, the wall condition needs to be further 

studied for a better agreement of the critical velocity with the 

experiments. There is also a great interest to perform the 

simulation of air pocket transport in 3D where turbulence is 3D 

dominant.  

Moreover, experiments with bigger diameter are on-going 

for validation of the numerical model and to analyze the 

diameter effect on the air pocket transport. because of the 

importance of wall condition, roughness will be investigated in 

future experiments. 
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NOMENCLATURE 
  The fluid velocity, m/s 

   Velocity component in i-direction, m/s 

  Density, kg/m
3
 

  Viscosity, N·s/m
2
 

  The turbulent kinetic energy, m
2
/s

2
 

  The turbulent dissipation rate, m
2
/s

3
 

  Pressure, pa 

   Cartesian coordinate in i-direction, i=1-2, m 

  Body force, N 

  Gravity, m/s
2
 

  ,    Turbulent Prandtl numbers for k and   

  ,    User-defined source terms 

   A function of the mean strain and rotation rates, 

the angular velocity of the system rotation, and the 

turbulence fields (k and  ) 

    Source term, which can be specified as a constant 

or user-defined mash source for each phase 

   The generation of turbulence kinetic energy due to 

the mean velocity gradients 

   Contribution of the fluctuating dilatation in 

compressible turbulence to the overall dissipation 

rate 

  The volume of air pocket, liter 

  Dimensionless number of the air pocket volume. 

  Flow velocity, m/s 

  Pipe diameter, m 

   Critical velocity, m/s 
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