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A BSTRACT
If air is entrained in a bottom outlet of a dam in an uncontrolled way, the
resulting air pockets may cause problems such as blowback, blowout and loss
of discharge capacity. In order to provide guidance for bottom outlet design
and operation, this study examines how governing parameters affect air
entrainment, air-pocket transport and de-aeration and the surrounding flow
structure in pipe flows. Both experimental and numerical approaches are used.
Air can be entrained into the bottom outlet conduit due to vortex formation at
the intake if the intake submergence is not sufficient. The influent of the intake
entrance profiles and channel width on the critical submergence were studied
in the experiment.
The experimental study was performed to investigate the incipient motion of
air pockets in pipes with rectangular and circular cross sections. The critical
velocity is dependent on pipe slope, pipe diameter, pipe roughness and airpocket volume. If the pipe is horizontal, air removal is generally easier in a
rectangular pipe than in a circular pipe. However, if the pipe is downwardinclined, air removal is easier in a circular pipe.
When a bottom outlet gate opens, air can become entrained into the conduit in
the gate shaft downstream of the gate. Using FLUENT software, the transient
process of air entrainment into a prototype bottom outlet during gate opening
is simulated in three dimensions. The simulations show in the flow-pattern
changes in the conduit and the amount of air entrainment in the gate shaft.
The initial conduit water level affects the degree of air entrainment. A deaeration chamber is effective in reducing water surface fluctuations at blowout.
High-speed particle image velocimetry (HSPIV) were applied to investigate the
characteristics of the flow field around a stationary air pocket in a fully
developed horizontal pipe flow. The air pocket generates a horseshoe vortex
upstream and a reverse flow downstream. A shear layer forms from the
separation point. Flow reattachment is observed for large air pockets. The
air―water interface moves with the adjacent flow. A similarity profile is
obtained for the mean streamwise velocity in the shear layer beneath the air
pocket.
Keywords: Air pocket; Air entrainment; Bottom outlet; Critical velocity;
Critical submergence; CFD; Experiment; Vortex; PIV; Two-phase
air―water flow
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N OTATIONS
a

= Bubble height and width (m)

bs

= (ys2 − ys1), length scale (cm)

C0

= Constant (−)

C1 ~ C4

= Regression constants (−)

𝐶o1

= max�0.43,

ŋ

k

� with ŋ = IIS ε (−)
ŋ+5

𝐶o2

= Constant (−)

Ca

= Air concentration (−)

Cd

= Discharge coefficient (−)

CD

= Drag coefficient = 0.09, if the air pocket is assumed to be a streamlined
half-body (−)

Cµ

= A function of the mean strain and rotation rates (−)

dmax

= Maximum air pocket thickness (cm)

D

= Pipe diameter for a circular pipe or hydraulic diameter for a rectangular
pipe (m)

Eo

= Eötvös number (−)

fb

= Friction factor between air and pipe wall (−)

F

= Froude number (−)

�F⃗

= Volumetric force at the interface (N)

FBx

= The buoyancy force in the flow direction (N)

FD

= Drag force (N)

Fσ

= Surface tension (N)

Fτ

= Wall shear force (N)

h

= Water head above the bottom of the overflow weir in the tank or water
head in the pipe (m)

hg

= Height of the gate opening (m)

H

= Water depth in the reservoir (m)
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Hcr

= Critical submergence depth (m)

g

= Acceleration of gravity (ms−2)

k

= Turbulent kinetic energy (m2s−2)

l

= Geometric parameter of intake entrance (m)

L

= Air pocket length (m)

Li

= Interfacial length of air pocket and water (m)

M

= Hcr/D, relative critical submergence (−)

n

= 4V/(πD3 ), dimensionless air pocket volume (−)

𝑃𝑘

= Production of turbulence kinetic energy (kgm−1s−3)

Q

= Flow rate (m3s−1)

R

= Radius of bell-mouthed entrance (m)

R

= Reynolds number (−)

R2

= Standard deviation (−)

S

= tan γ, pipe slope (−)

t

= Time (s)

u�⃗

= Velocity vector (cms−1)

u

= Mean streamwise velocity (cms−1)

u0

= Water particle velocity on the air-pocket surface (cms−1)

u1

= Mean streamwise velocity closest to the air-pocket surface (cms−1)

umax

= Maximum velocity of the velocity profile, occurring at the pipe centre
(cms−1)

us1

= Mean streamwise velocity at ys1 (cms−1)

us2

= Mean streamwise velocity at ys2 (cms−1)

us2 – us1

= Velocity scale (cms−1)

U

= Mean flow velocity in the pipe (cms−1)
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v

= Mean flow velocity in the pipe (ms−1)

vg

= Gate opening velocity (ms−1)

V

= Air pocket volume (m3)

W

= v(ρw D/σ)½, intake Weber number (−)

x

= Streamwise direction of the coordinate system, with a positive x for the
downstream direction (cm)

xr

= Mean reattachment position (cm)

xs

= Mean flow separation position (cm)

y

= Vertical direction of the coordinate system, with a positive y for the
downward direction (cm)

ysc/D

= Position of the shear layer centre (−)

ys1/D
ys2/D

= Position of the representative upper bound of the shear layer at the
extrema of ∂2(u/umax)/∂(y/D)2 (−)
= Value of y/D of the representative lower bound of the shear layer at the
extrema of ∂2(u/umax)/∂(y/D)2 (−)

α

= Volume fraction of each phase (−)

β

= Angle formed by the major intake axis S―T and the approach flow
direction (degrees)

γ

= Pipe angle (degrees)

Γ

= Circulation (m2s−1)

δ

= Boundary layer thickness (cm)

ε

= Turbulent dissipation rate (m2s−3)

θ

= Angle of the edge for the conical intake profiles (degrees)

λ

= Contact angle of air pocket to pipe wall (degrees)

µ

= Dynamic viscosity of mixture (kgs−1m−1)

µ𝑡

ν

= ρCµ ε , mixture eddy viscosity (kgs−1m−1)

ρ

= Density of mixture (kgm−3)

σ

= Surface tension force per unit length (Nm–1)

k2

= Kinematic viscosity of water (m2s−1)
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= Turbulent Prandtl numbers for k and ε, respectively (−)

𝐼𝐼𝑆

= A measure of the strain rate of the flow (ms−1)

c

Critical

a

Air pocket

w

Water

Subscripts
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Table 1 Reported problems in bottom
outlets (Dath and Mathiesen, 2007).

1. I NTRODUCTION
Hydropower in Sweden today represents an
annual energy production of 60―70 TWh,
depending on the precipitation amount and
reservoir storage. It accounts for about half
of the total electrical energy production in
the country. Intensive dam construction
took place during the period 1940―1970
(Yang et al., 2006).
During the period of construction, the
criteria for the determination of design
floods and spillway discharge capacity were
not well-established for large dams. The
method of frequency analysis was often
used. For some dams, the design floods
were simply obtained by taking the highest
historic flood on record and multiplying by a
safety factor. During operation, the
inadequacy of that practice gradually became
apparent. Since 1990, the Flood Committee
has started issuing updated guidelines for the
determination
of
design
floods
(Flödeskommittén, 1990). Due to the
revised flood and dam safety guidelines,
many existing spillways were found to have
insufficient
discharge
capacity
(Kraftverksförening and VASO, 2005;
Yang et al., 2006). This raises the need for
dam refurbishment and rebuilding to cope
with the new regulatory situation. In this
context, climate change and its influence on
dam safety should also be considered (KFR,
2005).

Type

A

B

C

D

E

Other

Total

Reported
problems

1

4

1

1

2

0

9

Reported
problems
directly
related to air

1

4

1

0

2

0

8

Type A: rock tunnel bottom outlet, Type B: shaft
bottom outlet with a partial pressurised waterway,
Type C: bottom outlet culvert, Type D bottom outlet
with or without a very short waterway, Type E:
combined surface and bottom outlet.

entrained air, which exerts negative
influences on the structure (Dath and
Mathiesen, 2007). The statistics also show
that for bottom outlets, especially those with
long conduits, there is a high risk of airrelated problems.
Though bottom outlets are fewer in number
than surface-type spillways and their use is
less frequent, their unique functions cannot
be replaced. Bottom outlets in Sweden were
built 40―60 years ago, and many of them
were designed only for use during the
construction period. Some of them were
permanently sealed after the first filling of
the reservoir. Even for those still in use,
dam owners are uncertain about their status
and suitability for flood discharge.
The prevailing dam-safety requirements and
the updated operation procedures now call
for an overhaul of the outlets. The more
frequent use of gates makes it essential to
understand the features of water and air
flows in the outlets. The various
combinations of hydraulic conditions under
which the gate operates also contribute to
the need. A better understanding of the
hydraulic conditions of a bottom outlet is
important for engineering design and for
operational safety under the design
conditions.
There is a knowledge gap in the research
regarding the air―water flow in an enclosed
pipe. For example, disagreements exist
among previous studies on air-pocket
transport in pipe flow (Kalinske and
Robertson, 1943; Escarameia, 2007), and the

1.1. Motivation for the study
The spillway can be divided into the surface
spillway and the bottom outlet. Both are
used for the discharge of extra water from
the reservoir. In Sweden, the capacity of a
bottom outlet is not included in the total
discharge capacity of a dam. However, a
bottom outlet can provide additional
discharge for the surface spillway if it is
functioning properly. It is also designed for
other purposes, such as emptying the
reservoir and flushing out sediment (Vischer
and Hager, 1998).
Table 1 lists the reported problems for 38
bottom outlets with different layouts in
Sweden. Approximately 90% of the
encountered problems are directly caused by
1
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flow structure around an air pocket has not
been examined in detail (Chanson, 2013).
There are still parameters that are still not
well understood, such as the effect of the
intake entrance profile on critical
submergence and the influences of pipe
cross-sectional shape and diameter on airpocket transport.
There is a need to quantify the dynamics of
air entrainment, especially for a prototype,
because the extrapolation of laboratory
results to prototype data often leads to
uncertainty (Chanson, 2008). Thus, the
design of a bottom outlet and its safe operation require better knowledge of air―water
flows and overall functions.

(2002) noted that air pockets trapped in
penstocks can cause high-pressure surges.
These can occur in many outfall systems and
hydropower facilities. Similar problems are
also mentioned by Townson (1975),
Anderson (1979) and Sayal et al. (1986). In a
case study of the Dillon Dam Intake, the
trash rack was damaged due to blowback of
large air pockets (Falvey and Weldon, 2002).
Similar to bottom outlet conduits, sewer
systems have long pipes and are also likely to
encounter such problems. Manhole or drop
shaft covers can be blown off under
transient flow conditions, such as during
rapid filling of the conduit (Guo and Song,
1991).
When air pockets are carried downstream
and released, blowouts occur. In the bottom
outlet of the Letafors Dam in Sweden, the
downstream conduit end is submerged in
the river so that the conduit is pressurised.
Blowouts were observed downstream when
it was in operation in 2006 (Fig. 1). This
problem was caused by the development of
slug or plug flow in the conduit, a flow
pattern in which a series of elongated air
pockets appears. Therefore, air entrainment
into pressurised conduits should be minimised and kept under control to avoid the
formation of air pockets and the resulting
induced problems.

1.2. Air-related problems in bottom
outlets
Typical examples of air-related problems in a
bottom outlet are discharge pulsations,
blowback, blowout and gate vibrations.
These problems depend on the layout and
downstream flow conditions of the bottom
outlet with submerged or free outflow.

1.2.1. Blowback and blowout

In a pressurised conduit, air pockets may
form due to the accumulation of air bubbles
at the top of a closed conduit. Pipe
roughness, protruding joints or fittings on
the pipe inner surface and bends may keep
air pockets from moving forward (Kalinske
and Bliss, 1943).
Blowback occurs when an air pocket moves
upstream against the flow direction. It
occurs if the air pocket cannot move
downstream with the water due to insufficient transport capacity or pressure transients in the conduit. Conduit vibrations
may also occur at the same time. Zhou et al.

1.2.2. Other problems

Entrained air in a bottom outlet may also
lead to problems such as increased head
losses, gate vibrations and operation
limitations. These are also common
problems during bottom outlet operations.
The air pockets can reduce the effective pipe
cross-sectional area, i.e., the discharge efficiency of the conduit. This is also known as

Fig. 1. Blowouts downstream of the bottom outlet of Letafors Dam, Sweden.
2
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air binding, a term introduced by Richard
(1957). Air―water flow may also induce gate
vibrations, e.g., if two-phase flow forms in a
tainter gate (Naudascher and Rockwell,
1994).

is the most common type of multiphase
flow. Because it is inevitable that entrained
air will interact with the structures, multiphase flow is of interest to the hydropower
industry for the design of sewage pipelines
and other applications.

1.3. Objectives

2.1. Air entrainment mechanism

The overall goals of this research project are
to examine air-pocket transport in bottom
outlets and determine the influences of the
governing parameters, to clarify the dynamic
processes of air entrainment and deaeration, to help the engineers identify the
causes of air-related problems and to provide possible mitigation strategies.
The study consists of both experimental
tests and numerical simulations. More
specifically, the objectives are as follows:

Air entrainment, also known as free-surface
aeration,
is
defined
as
the
entrainment/entrapment of air bubbles and
air pockets that are carried away with the
flowing fluid (Chanson, 2004). There are
basically two types of air entrainment in
turbulent flows (Fig. 2): (1) air is entrained
locally into the water flow through, for
example, a hydraulic jump or an impinging
jet directed into a pool of water, and (2) air
is entrained along the air―water interface
due to turbulence fluctuations next to the
free surface (Chanson, 2013). The flow in a
bottom outlet is often turbulent because of
high flow discharge. Air entrainment will
take place if there is a free water surface
connecting to the atmosphere, e.g., through
a gate shaft.
Air can also be entrained through the hollow
core of a vortex formed at the intake
(Denny, 1956). The formation of the vortex
is dependent on water depth, gravity, flow
circulation and viscosity. There are two
types of vortices, and they are defined based
on where they are generated: subsurface and
free-surface vortices. The former type is
initiated from a solid boundary such as the
wall or the reservoir bottom, leading to a
swirling flow with no air entrainment. The
latter originates from the water surface,
resulting in a swirling flow with air
entrainment, and this type of vortex has
negative effects on the system. According to
Hecker (1987), the process from initial
vortex formation to fully developed status
with air passing into the intake involves six
stages, V T1―6, as shown in Fig. 3. Air
entrainment only occurs at stages V T5 and
6, when the tip of the air core reaches the
intake cross section. Odgaard (1986), Hite
and Mih (1994) and Wang et al. (2011b)
reported analytical solutions for the watersurface profile and velocity field, and

• To experimentally determine the critical
submergence of the intake vortex in relation
to air entrainment into a vertical shaft, with
a focus on the influence of the intake
entrance profiles (Paper I).
• To experimentally investigate the
influences of pipe diameter, roughness,
cross-section geometry, air-pocket volume
and shape on the critical velocity of incipient
motion in pipes with horizontal and
downward slopes (Paper II and III).
• To visualise the characteristics of the
water flow field at solitary air pockets in a
fully developed turbulent pipe flow and to
propose a similarity profile for the mean
streamwise velocity in the shear layer below
the air pockets (Paper IV).
• To gain insight into the dynamic
air―water flow behaviours in a bottom
outlet and to evaluate, by modelling air
entrainment and detrainment during a gate
opening event, the influences of contributing factors, such as the initial water level
in the conduit and gate opening procedure
(Paper V).

2. A IR ― WATER

FLOWS

Multiphase flows occur in many industrial
facilities and applications, such as in the
transportation of gas and oil, in steam
generators and in boiling water reactors
(Rouhani and Sohal, 1983). Air―water flow
3
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Fig. 2. Sketch of basic free-surface aeration processes (Chanson, 2004).
Anwar et al. (1978), Echávez and McCann
(2002) and Carriveau et al. (2009) used
experimental approaches to examine the
flow structure.
To avoid air entrainment due to a vortex,
the intake should be placed sufficiently deep
under the water surface so that the tip of the

air core cannot reach the entrance cross
section at a given flow rate. This water depth
is the critical condition for incipient air
entrainment; it is referred to as the critical
submergence of an intake and denoted by
Hcr (Fig. 4, Odgaard, 1986). According to a
dimensional analysis (Knauss, 1987;

Fig. 3. Stages of free-surface vortex formation (Hecker, 1987).
4
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Anwar et al., 1978; Sarkardeh et al., 2010), the
critical submerge can be expressed as
l Γ
(1)
M = f( ,
, F, R, W)
D vD

distribution of phases in the flow field,
which is related to pressure drops in the
flow (Thome, 2007).
The flow pattern in a horizontal pipe can be
classified into the following types: stratified,
intermittent (plug/slug), annular and
dispersed (bubbly/dispersed) (Fig. 5). Similar flow patterns are also observed in a
vertical pipe (Fig. 6). A number of studies
were carried out to categorise the flow
regimes and their transitions, resulting in

where M = Hcr/D is the relative critical
submergence, F = v/(gD)½ is the intake
Froude number, R = vD/ν is the intake
Reynolds number, W = v(ρwD/σ)½ the
intake Weber number, l is a measure of the
geometrical intake arrangement, Γ is circulation, v is the mean flow velocity in the
intake, ν is the kinematic water viscosity, g is
the acceleration of gravity, ρw is water density, and σ is surface tension.
Additional geometric parameters other than
l should be considered, e.g., the reservoir
boundary clearance that affects critical
submergence. For a vertical downward
intake, if the boundary of a sidewall moves
closer to the intake, a smaller critical
submergence is required. The reduction is
large with moderate and strong circulations
(Anwar and Amphlett, 1980; Knauss, 1987).
However, a reverse relationship between Hcr
and the sidewall clearance was noted by
Denny (1956) and Dicmas (1967). The
influence of intake entrance profiles on the
critical submergence is complex and requires
further investigation.

2.2. Air―water flow pattern in a pipe
The flow patterns or flow regimes of twophase flow in a pipe are defined as the
geometries of a flow field. They describe the

Hcr
L
v
D
Fig. 5. Flow regimes and patterns in
horizontal concurrent flow (Coleman
and Garimella, 1999).

Fig. 4. Definition of critical submergence at vertical intake (Odgaard,
1986).
5
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Fig. 6. Flow patterns in vertical concurrent flow (Rouhani and Soha, 1983).
different versions (Collier, 1981; Rouhani
and Sohal, 1983; Ruder and Hanratty, 1990;
Alves et al., 1993; Coleman and Garimella,
1999; Oliemans and Pots, 2006; Estrada,
2007).
The flow pattern mainly depends on the
properties of the fluids, their superficial flow
velocities, the pipe diameter and the slope.
The Baker chart for a horizontal pipe shown

in Fig. 7 is often used to predict the flow
pattern (Baker, 1954). For a downwardinclined pipe flow with around 1 m/s superficial liquid velocity and very small superficial air velocity, Pothof and Clemens (2010)
experimentally observed four types of flow
patterns, including stratified flow, blow-back
flow, plug flow and bubbly flow. The degree
of destructivity of the two-phase flow to the

Fig. 7. Baker chart (Baker, 1954).
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Escarameia et al., 2005; Bendiksen, 1984).
The discrepancies among previous studies
could be caused by differences in the
experimental setups and procedures, as well
as by scale effects (Vasil’chenko, 1986).
Escarameia (2005) examined the critical
Froude number Fc = vc ⁄�gD, a dimensionless form of vc, and its relationships with the
governing parameters. This study also
considered the influence of air-pocket
volumes. Other researchers put forward
similar terms to determine the critical
conditions for air-pocket removal, such as a
dimensionless water flow rate, written as
Qw/gD5. If the value of this expression is
greater than S, the air pocket can be carried
downstream (Pozos et al., 2010).
For the critical velocity in horizontal or
nearly horizontal pipes, prior studies do not
reach the same conclusion. Some suggest
that the critical velocity is zero for
horizontal pipes (Falvey, 1980), whereas
others state that it should be greater than
zero. A study conducted by Benjamin (1968)
demonstrated that Fc in a horizontal pipe is
0.54, which was confirmed by Bacopoulos
(1984) and Corcos (2003).
The above-mentioned studies aimed to
develop formulae to provide guidelines for
pipe design and to predict the air-pocket
movement in pipes. As stated by Zukoski
(1966), as well as Baines and Wilkinson
(1986), surface tension and viscosity effects
are likely to be small if D ≥ 175 mm. These
two effects can be neglected in most cases,
especially when the pipes are inclined or
have large diameters. For a horizontal pipe,
their influences on the critical velocity may
need to be taken into account.
Most of these prior publications are based
on results in pipes with diameters up to
150 mm. It is of interest to examine pipes
with larger diameters and greater inclination
angles. Rectangular conduits are also used in
bottom outlets, and the critical velocity for
such a conduit is rarely studied. In addition,
the effect of pipe roughness on the critical
velocity is not well established.

hydraulic structures increases as the flow
goes from annular and bubbly to stratified
and then to slug and plug flow (Rahimi,
2010). Flow patterns of distinct interest in
pipe design include bubble flow and
slug/plug flow (Lauchlan et al., 2005).
In addition, the flow patterns can be
successfully predicated by using a Computational Fluid Dynamics (CFD) approach. De
Schepper et al. (2008) used FLUENT to
compute varying flow regimes in a horizontal pipe, resulting in a good agreement
with the Baker chart. Their results
demonstrate the possibility of using the
CFD code to obtain reasonable solutions for
two-phase flow. The numerical computations overcome the scale effects of
laboratory experiments. With advances in
both computer hardware and software, it is
now possible to simulate prototype scenarios with reasonable CPU time and
acceptable accuracy.

2.3. Critical velocity
Air entrainment is usually disregarded in the
design, though it has negative effects in a
pressurised conduit. Its occurrence in some
cases is inevitable due to limitations of the
design or prohibitive construction costs
(Wickenhäuser and Kriewitz, 2009).
If air pockets form in the conduits, they can
be removed by adjusting the flow rates. Airpocket transport in pipe flow has been
studied, especially for inclined pipes.
Veronese (1937) investigated the ‘minimum
velocity’ required to keep an air pocket
stationary in pipe flow. The critical velocities
(denoted by vc) to move an air pocket of a
given volume downstream were experimentally determined by several researchers. Most
of the tests were carried out in circular pipes
with a diameter (denoted by D) smaller
than 150 mm.
The results for inclined pipes show that the
critical velocity is proportional to a dimensionless parameter �gDS, though its value
varies in different studies. In this expression,
S is the pipe slope and is equal to tanγ, and γ
is the pipe inclination angle (Kent, 1952;
Gandenberger,
1957;
Little,
2002;
7
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STUDIES

3.1. Air entrainment due to vortex
formation
The critical submergence of a vertical intake
is the water depth at which the tip of the air
cone reaches the intake floor elevation
(Fig. 4). The influences of intake entrance
profile and boundary clearance are believed
to be essential for critical submergence, and
their influences were examined experimentally (Paper I).

3.1.1. Experimental setup

The experimental layout was based on an
existing test rig of a prototype hydropower
station. The test rig had a rectangular tank
with a vertical downward-directed intake in
the bottom (Fig. 8). The size of the tank was
5.0 m by 5.0 m. The inflow was distributed
through a rack of wooden beams over the
tank width. Viewing from the upstream side,
the centre of the intake was located 1.55 m
from the left wall and 1.45 m from the
downstream wall. An asymmetrical approaching flow was created. In one of the tests,
the tank width was reduced to 3.1 m by
setting up an additional sidewall to the right
of the intake. The purpose of the setup was
to examine the influence of boundary
clearance on Hcr.
A plywood sheet was built on the tank
bottom to raise the bottom elevation by
0.15 m so that the entrance profiles could be
set up and adjusted easily. The vertical pipe
below the intake was circular, D = 0.288 m.
It was connected to a 0.5-m-diameter
horizontal pipe through a 90º bend. The
height from the plywood sheet to the top of
the horizontal pipe was 0.75 m. An
adjustable overflow weir was installed on the
downstream side of the tank.
The inflow and outflow rates were measured
with magnetic flow meters. By changing the
inflow and outflow rates, a corresponding
Hcr could be obtained within a short time
with the help of the overflow weir. At the
critical submergence, the outflow and inflow
rates are roughly the same; the overflow
over the weir is zero or negligible.

Fig. 8. Plan view of the vortex test rig
with vertical intake (lengths in mm).
3.1.2. Intake entrance profiles

Seven entrance profiles were tested,
including a cylindrical square-edged profile,
three conical profiles angled at θ = 60º, 40º
and 25º, two eccentric conical profiles and a
bell-mouthed profile (Fig. 9). The cylindrical
square-edged profile was used as the
reference case. The conical, centric and
eccentric types of intake entrance were used
in intake design to adjust the design to the
neighbouring topography. The bell-mouthed
profile is used in many hydropower plants,
such as for the intake of a morning-glory
spillway (USSD, 2013). The tested Froude
numbers were in the range of 0.25―0.65.

3.1.3. Critical submergence

Fig. 10 compares the dimensionless critical
submergences (M = Hcr/D) of the squareedged intake to those of the bell mouth and
the three conical intakes. The M-value
increases with increasing F, indicating that a
larger submergence is required for a larger
inflow. The M-F curves are similar for all of
the profiles. The differences in M between
profiles are smaller for higher F values. For
F ≤ 0.4, the M-value for the reference test is
highest. The M-F curves for the three
conical profiles run in parallel. The M-value
is lowest for the 60º profile and highest for
the 25º profile. Except for the case of the
conical 60º profile at a low F within the test

8
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Fig. 9. Entrance shapes examined: (a) cylindrical 90°; (b), (c) and (d) conical, angled at
θ = 60º, 40º and 25º; (e) bell-mouthed with radius R = 0.15 m; (f) eccentric conical; (g)
oval-shaped eccentric conical profiles, with long axis S―T.
the reference profile, the M-value is greater
than that of the eccentric profiles if
F ≤ 0.42, but it is smaller if F ≥ 0.50. For
the oval eccentric profile with three
orientations to the inflow, the M-F curves
are very close to each other. This indicates
that the β-value has little effect on the
critical submergence within the tested
F-range.

range, the bell-mouthed profile requires a
smaller critical submergence than the others.
In relation to the inflow direction, three
orientations of the oval eccentric profile
were tested. The angle between the inflow
and the main axis is denoted by β. The M-F
relationships for the eccentric profiles
exhibit similar behaviour to those for the
symmetrical conical profiles (Fig. 11). For
9
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1.75
Square-edged (reference)
Conical 60º
Conical 40º
Conical 25º
Bell mouth

1.25

M
0.75

0.25
0.2

0.3

0.4

0.5

0.6

F

Fig. 10. M versus F for square-edged, bell-mouth and three conical intakes.
The boundary clearance is a geometric parameter that contributes to the critical
submergence. Two sidewall distances were
tested for the intakes with the conical 25º
profile and the oval eccentric profile with
β = 0º. An additional side wall reduced the
tank width from 5 m to 3.1 m.
In the 3.1-m-wide tank, the vortex rotates in
a clockwise direction instead of counterclockwise, as in the 5-m-wide tank. Circulation strength is stronger in the narrower
tank. The momentum of the approaching
flow is greater on left side of the intake than
on the right side, which gives rise to a
clockwise rotational direction. The air core
migrates with the swirling inflow within a

radius of 2―3 cm from the intake centre
line.
For the test of the oval eccentric profile, if
F < 0.49, the M-value is larger in the 3.1-mwide tank than in the 5-m-wide tank
(Fig. 12). This is also true for the conical 25º
profile if F < 0.53. Thus, the critical submergence in the narrower tank is larger for a low
F and smaller for a high F. The M-F curves
measured in the same tank with different
entrance profiles run more or less in parallel.

3.2. Air-pocket transport in a pipe
Air bubbles are small droplets of air with an
ellipsoidal shape and a size of 1―5 mm.
They can be entrained in water by turbulent

1.75
Square-edged profile
Eccentric
Oval eccentric (Beta 0º)
Oval eccentric (Beta 90º)
Oval eccentric (Beta 180º)

1.25
M
0.75

0.25
0.2

0.3

0.4

0.5

0.6

F

Fig. 11. M versus F for square-edged, eccentric and three oval eccentric intakes.
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1.75

Oval eccentric, tank width 5 m
Oval eccentric, tank width 3.1 m
Conical 25º, tank width 5 m
Conical 25º, tank width 3.1 m

1.25
M
0.75

0.25
0.2

0.3

0.4
F

0.5

0.6

Fig. 12. M versus F for tanks with different widths.
action such as a hydraulic jump or a falling
nappe (Wisner et al., 1975). An air pocket is
distinguished from an air bubble by its larger
dimensions.
In a drop shaft, air is entrained into the
water in the form of bubbles. Some of the
bubbles will return to the atmosphere, and
some will be carried downstream by the
flowing water. The bubbles that are
transported into the conduit accumulate and
form air pockets.
If air pockets move upstream against the
flow, blowback occurs; if air pockets move
downstream, blowout occurs. For an air
pocket with a given volume in a designated
pipe layout, the direction of its motion is
mainly governed by the flow velocity. The

air-pocket transport in pipe flow was studied
experimentally to determine its critical
velocity in relation to pipe diameter, slope,
roughness and cross-sectional profile
(circular or rectangular shape) (Paper II and
III).

3.2.1. Experimental layout

The test rig consisted of five 2-m-long
transparent pipes made of Plexiglas that
were connected to upstream and downstream water tanks (Fig. 13). Two rubber
compensators (expansion joints) connecting
the upstream and downstream sections were
included to account for expansion and
contraction of the rig. In the test section,
one 2-m-long pipe was downward-inclined
for the 18.2o case, and two pipes were used

Fig. 13. Sketch of experimental setup with test section inclined at an angle of γ (N is the
air injection point; h is the hydraulic head).
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for the 9.6o case. The cross-sectional profile
of the circular pipe was 240 mm in diameter.
For the rectangular pipe, it was 200 mm in
width and 250 mm in height. A constant
water head difference was maintained
between the upstream and downstream
tanks. The flow velocity in the test section,
controlled by a valve in the end of the
conduit, was up to 1 m/s. For the circular
pipe, a test with roughness was also
conducted. The roughness was generated by
transparent plastic beads of 3 mm diameter
glued to the upper wall of the test section.
The Plexiglas pipe represents a hydraulic
smooth pipe, and the pipe with the plastic
beads represents a rough pipe.
Air was injected with a syringe at the pipe
intersections N. Air was injected upstream
of the test section for the tests in the
horizontal pipe and downstream for the
inclined pipe. The air pocket volume V was
measured under atmospheric pressure with a
syringe before each injection. This can be
expressed in dimensionless form as
n = 4V/(πD3 ), where D is the pipe diameter
for the circular pipe and the hydraulic
diameter for the rectangular pipe. The flow
rate in the pipe was measured by a Thomson
overflow weir in the downstream tank and
calculated as
5
8
(2)
Qw = Cd �2g h2
15
where Cd is discharge coefficient and h is
water head above the bottom of the
overflow weir, measured 1 m upstream of

Table 2 Experimental conditions for
critical velocity.
Crosssectional
pipe profile

Circular

Rectangular

Dimension
(mm)

ϕ240

200 x 250

Slope
(degree)

0, 9.6,
18.2

0, 9.6

Smooth,
rough

Smooth

Pipe
roughness
Location of
air pocket
Air-pocket
volume (ml)

the weir. The formula was calibrated with
the help of a magnetic flow meter. The
maximum relative error of this method was
2.5%.
To measure the critical velocity for a given
air pocket volume, the flow velocity was
kept lower than vc when the air pocket was
injected, and then, it was gradually increased
until the air pocket started to move. The
corresponding flow velocity was recorded as
the critical velocity. The experimental
conditions for the critical velocity of
incipient motion of air pockets in circular
and rectangular pipes are summarised in
Table 2.

3.2.2. Critical velocity in a circular pipe

A dimensional analysis of the forces acting
on an air pocket helps to define the
governing parameters of air pocket
transport. For a moving air pocket in pipe
flow, the following forces are considered:
drag force, buoyancy force, surface tension
and wall shear stress. The last two forces are
comparatively small but need to be taken
into account for cases in a horizontal pipe or
in a pipe with roughness. The viscosity
effect is considered to be negligible in the
present study (Zukoski, 1966; Baines and
Wilkinson, 1986).
For a steadily moving air pocket in pipe
flow, the force balance in the flow direction
can be written as shown in Eq. (3):
FD = FBx + Fτ + Fσ
(3)
where FD is the drag force, FBx is the
buoyancy force in the flow direction, Fτ is
the wall shear force, and Fσ is the surface
tension.
After manipulation of the formula, we
obtain
Fa = Fw −
2

D

Top

Under the
roof

Corner

20―150

20―100

10―500

L

4

1

D

L

�C (sinγ) �D� + �C � �Eo� � a � �1+ a� (cosλ)
D

(4)
where L is the air-pocket length, a
represents both the air-pocket height and
width, CD is a drag coefficient, γ is pipe
inclination, Eo is the Eötvös number, λ is
the contact angle of the air pocket to the
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pipe wall, and subscripts w and a represent
water and air pocket, respectively. The
L D L
parameters D , a , a can be interpreted as airpocket shape factors.
In a horizontal pipe, FBx = 0, and the
influence of surface tension becomes nonnegligible. However, the surface tension can
be neglected in a downward-inclined pipe
(Pothof and Clemens, 2010). The critical
Froude number Fc is related to a group of
dimensionless parameters as follows:
Fc = f (sinγ, Eo, CD ,

L
D

,

D
a

L

, a , cosλ)

(5)

For a horizontal pipe, this can be written as
4

1

D

L

Fc =��C � �Eo� � a � �1+ a� (cosλ)

(6)

D

For a downward-inclined pipe, it can be
written as
2

L

Fc =�C �D� (sinγ)

(7)

D

The critical velocity was measured for air
pockets with n in the range of 0―0.003,
0.003―0.006,
0.006―0.009
and
0.009―0.0015. As shown in Fig. 14a, a linear
relationship is observed for Fc and �sinγ in
the inclined pipes, which is in agreement
with the results of Escarameia (2005). The
slopes of the curves are slightly influenced
by the air pocket volume. Fig. 14b
demonstrates that the critical velocity
increases with increasing n, indicating that a
larger critical velocity is required to move a
larger air pocket downstream within the

tested volumes. In the horizontal pipe, an
increase in the air pocket volume results in
an increase in the air pocket length, but its
cross-sectional
area
remains
largely
unchanged, as observed by Little (2002).
Thus, for a given D, the values of
(D/a)(1+L/a) are higher for a larger air
pocket, leading to a higher Fc. The value of
Fc was 0.15 for the smallest air pocket.
Thus, the critical velocity in the horizontal
pipe is non-zero. This also indicates that
certain forces, such as surface tension,
cannot be completely neglected. In
comparison, Fc,min was shown to be equal
to 0.484 by Corcos (2003) and equal to 0.54
by Benjamin (1968) and Bacopoulos (1984).
It is smaller in the present study because a
larger pipe was used.
The diameter effect was examined by
comparing the present study to an experiment in a 150-mm pipe presented by
Escarameia et al. (2005) at HR Wallingford
(HRW). The results from both experiments
are
grouped
into
n ≤ 0.006
and
0.006 < n ≤ 0.014. Fig. 15 shows that the
general agreement is good. However, for the
240-mm pipe, the Fc-value is slightly smaller
for both volume groups. The difference is
larger for the smaller size group as well as
for the horizontal pipe. There are two
plausible explanations for the discrepancy in
Fc. It could be caused by the scale effects
(e.g., different boundary layer formation at
the wall) of hydraulic models or by a smaller
reduction in the cross-sectional area

Fig. 14. Critical Froude number versus (a) pipe slope parameter and (b) air pocket size.
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Fig. 15. Critical Froude number versus pipe slope parameter for tests of D = 150 mm
(HRW) and D = 240 mm at (a) n ≤ 0.006 and (b) 0.006 < n ≤ 0.014.
occupied by air pockets in a larger pipe, or a
combination of both causes.
In a rough pipe, a different removal
mechanism is observed. The air pocket
keeps losing volume until the entire volume
is gone. The volume loss caused by
turbulence is also observed in the smooth
pipe, especially when the air pocket is
relatively large. Fig. 16 shows that vc is larger
in the rough pipe, indicating that pipe
roughness reduces the air transport capacity
in pipe flow. It also shows that vc in the
rough pipe is not dependent on the air
pocket volume or the pipe slope. A
minimum Fc is adopted: Fc,min = 0.38 for
the horizontal pipe and 0.47 for the
downward-inclined pipe.

3.2.3. Critical velocity in a rectangular pipe

Compared to the situation in a circular pipe,
the air pocket in a rectangular pipe has one

more degree of freedom: it can move along
the transverse plane. Additionally, secondary
flow is an important feature of the flow in a
rectangular pipe. In the incipient motion, the
shape of the air pockets seen from above in
the horizontal rectangular pipe was compared with their shape in the circular pipe
(Fig. 17). Both air pockets were elongated.
The former, viewed from above, is similar to
a square with straight leading and trailing
edges along the transverse plane, whereas
the latter has curved edges. Along the flow
direction, the air pocket in the circular pips
is symmetrical, but the air pocket in the
rectangular pipe is not completely symmetrical. For a smaller air pocket of up to
30―35 ml, the shape is different from the
above-mentioned shapes. As illustrated in
Fig. 18, the 20-ml air pocket at incipient
motion spreads out along the transverse
direction instead of along the streamwise

Fig. 16. Critical velocity of air pocket for different volumes for smooth and rough pipes
at (a) 0o, (b) 9.6o and (c) 18.2o.
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direction. The surface tension seems to be
the dominating force that keeps the air
pocket in a relatively regular form under the
roof.
If the air volume exceeds approximately
150 ml, the air pocket at incipiency cannot
stay in the middle of the conduit. It is
pushed to one of the corners. The pipe
corners provide a stable position in the cross
section for these larger air pockets. The
position of the 250-ml air pocket is
presented in Fig. 19. It is also noted in the
tests that even smaller air pockets can move
to one of the corners after incipiency.
The Fc-value in relation to n was also
examined and compared to that of the 150mm circular pipe (Little, 2006) and the 240mm circular pipe. For the test in the
horizontal pipe, the Fc-value for circular
pipes increases with n, a conclusion that is
also supported by other research findings.
However, in the rectangular pipe, the trend
for the change is the opposite, irrespective
of the location of the air pocket (Fig. 20).
With the exception of small air pockets, the
Fc-value in the rectangular pipe is lower than
that in the circular pipe. For air pockets in
the corners of the conduit, the Fc-value is
even lower. For example, if V = 350 ml (i.e.,
n = 0.042), vc is only 5 cm/s.
For the test in the 9.6º downward-inclined
pipe, the Fc-value for the same air-pocket
volume in the rectangular pipe is larger than
that in the circular pipe (Fig. 21). For an air
pocket located in the corner, a larger Fc is
required to initiate downstream motion. One
explanation for this is that the air pocket in
the corner attaches to both the roof and the
side wall, i.e., it has a longer interface length,
so the surface tension is greater.

3.3. Flow structure around an air
pocket
The understanding of the flow structure
around a moving or stationary air-pocket is
still very rudimentary. In this experiment, a
flow visualisation technique and high-speed
particle image velocimetry (HSPIV) were
used to investigate the characteristics of
water flow fields at stationary air pockets in

Fig. 17. Shapes of 50-ml air pockets in a
horizontal pipe, with (a) rectangular
cross section, (b) circular cross section.

Fig. 18. Shape of a 20-ml air pocket in a
horizontal rectangular pipe under the
roof.

Fig. 19. Shape of an air pocket with a
volume of 250 ml in the corner of a
horizontal rectangular pipe.
a fully developed horizontal pipe flow. By
examining the corresponding variations in
flow fields, the mechanism underlying the
flow and formation of the shear layer close
to the air pocket surface can be evaluated.
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0.6
Critical Froude
Number Fc
0.5

0.4

Horizontal pipe
0.3
Circular 150 mm
Circular 240 mm
0.2
Rectangular, under roof
Rectangular, in corner
0.1

0
0

0.02

0.04

0.06

0.08

Dimensionless Air-pocket Volume n

Fig. 20. Critical velocity in horizontal
pipes, comparison between circular and
rectangular pipes
0.6
Critical Froude
Number Fc

0.5

0.4
Inclined pipe
Circular 240 mm
Rectangular, under roof

0.3

Rectangular, in corner

0.2
0

0.01

0.02

0.03

Dimensionless Air-pocket Volume n

Fig. 21. Critical velocity in 9.6º
downward sloping pipes, comparison
between rectangular and circular pipes.
The feature of the interface was also studied.
Additionally, a similarity profile for the mean
streamwise velocity in the shear layer is
proposed by using characteristic length and
velocity scales (Paper IV).

3.3.1. HSPIV measuring system

The experimental rig consisted of a 260-cmlong horizontal transparent pipe made of
Plexiglas with an inner diameter of 9.6 cm
(Fig. 22). A constant water head difference
was maintained between the upstream and
downstream tanks. A honey comb was
placed at the pipe inlet to dissipate inflow
turbulence. A tripping was used, consisting
of two strips of circumferential spikes.
Approximately 15 cm downstream of the
inlet, the strips were placed with an interval
of 2 cm. The circumferential spikes with
heights of 1.0 cm and 0.5 cm were arranged
in a staggered fashion. The tripping

enhanced the growth of the turbulent
boundary layer thickness along the pipe and
allowed the boundary layer to become fully
developed before reaching the test section.
An air pocket of a specific volume was
injected with a syringe connected to a steel
tube placed in the test section
The HSPIV was used to measure the twodimensional velocity field at the air pocket.
A particle trajectory technique was applied
to visualise the flow structure. The light
source was a 5-W argon-ion laser (Coherent
Innova-90). The laser beam penetrated
through a 0.57-cm-diameter glass cylinder
and spread out in a fan-shaped light sheet,
illuminating a two-dimensional domain
along the central plane of the pipe. Titanium
dioxide particles with an average diameter of
10 μm were used as a tracer. They were
mixed with water and evenly spread into the
flow close to the pipe inlet. Their
concentration in the flow was kept high
enough throughout the filming to obtain a
detailed flow structure. The particle-laden
flow fields were filmed with a high-speed
digital camera (Phantom V5.1) containing a
Complementary Metal-Oxide Semiconductor sensor (CMOS). The resolution of
the images was 800 × 600 pixels. The
maximum frame rate was 1200 frames per
second (fps).
The experimental conditions are summarised in Table 3, which lists V, U and R.
The origin of the coordinate system (x, y)
was placed at the intersection between the
pipe top and a perpendicular tangential line

Table 3 Experimental conditions for
HSPIV
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Case

V (ml)

U (cm/s)

R

O

0.0

17.8

17100

A

1.0

19.1

18400

B

3.0

18.1

17400

C

5.0

18.1

17400

D

10.0

19.1

18400

E

1.5

18.8

18000

F

1.7

18.8

18000

G

2.0

18.8

18000

H

2.5

18.8

18000
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Fig. 22. Experimental
layout for flow
visualisation and
HSPIV velocity
measurement,
(a) side view,
(b) top view.

to the leading edge of the air pocket
(Fig. 23). The coordinates (x, y) represent
the streamwise and vertical directions, with a
positive x for the downstream direction and
a positive y for the downward direction. The
velocity field of the water flow was
determined by cross-correlation analysis. A
multi-grid interrogation process was used in
the calculations, starting at 64×16 pixels and
ending at 16×4 pixels (0.73×0.18 mm) with
50% overlap between adjacent sub-windows.

3.3.2. Flow structure around an air pocket

Fig. 24 presents an instantaneous image of
the flow visualisation at a 1-ml air pocket.
The continuously recorded flow pathline
images demonstrate the temporal variation
in the water flow field. The figure shows
that the flow is quasi-steady. A horseshoe
vortex appears upstream of the air pocket.
The vortical structure oscillates along the
flow direction randomly with respect to its
mean position. At the stagnation point, the
water flow bifurcates at the leading edge of

the air pocket. At the separation point, water
particles move away from the air-pocket
surface. Reverse flow occurs beneath the air
pocket and on the upstream and downstream sides of the air pocket. Due to
deformation of the air pocket induced by
turbulent fluctuations, the edge of the shear
layer swings irregularly along the vertical
direction. The separation point also shows
random movement around its mean
position.
For a larger air pocket, i.e., the 5-ml pocket,
the characteristics for the horseshoe vortex,
flow stagnation and separation points and
reverse flow in the wake are the same as for
the 1-ml pocket (Fig. 25a, c). The difference
between the two is that for the 5-ml pocket,
Air pocket

x (cm)

Pipe wall

y (cm)

Fig. 23. Coordinate system of the flow
field.
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Fig. 24. Flow
visualization of flow
at the 1-ml air
pocket.

0

1

y (cm)

2

−1

0

2

x (cm) 1

downstream of the separation point, the
shear layer is thinner and flow reattachment
occurs (Fig. 25b). According to the
measurements for the 1.5―2.5 ml pockets,
the critical condition for the occurrence of
flow reattachment appears to occur for air
pockets of V ≥ 2 ml. The occurrence of flow
reattachment is intermittent, as shown in
Fig. 26. It occurs more often for larger air
pockets. In the test of the 10-ml air pocket,
the flow is fully reattached.
The flow field at a stationary air pocket can
be briefly categorised into three modes,

3

Modes I―III, which correspond to fully
separated, intermittently reattached and fully
reattached flow, respectively. The locations
of the mean flow separation and
reattachment, along with corresponding
characteristic terms, are listed in Table 4.
The length of the air pocket is denoted by L,
and the maximum air pocket thickness is
dmax. Thus, if V < 2 ml, i.e., a nondimensional length L/dmax < 4.810 and nondimensional
maximum
thickness
dmax/D < 0.052, Mode I occurs (fully
separated flow). If 2.0 ml ≤ V ≤ 5.0 ml, i.e.,

Fig. 25. Flow visualisation at the 5-ml air
pocket showing (a) stagnation and
separation point, (b) thin shear layer, (c)
reverse flow.
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Fig. 26. Sketch and visualisation of intermittent flow reattachment at the 2-ml air
pocket: (a) fully separated flow, (b) reattached flow.
4.902 ≤ L/dmax ≤ 9.100
and
0.053 ≤ dmax/D ≤ 0.063, Mode II occurs
(intermittently reattached flow). Mode III
(fully reattached flow) occurs for V > 5.0 ml
with L/dmax > 9.100 and dmax/D > 0.063.
In the study of flow passing through a 2-D
rectangular cylinder with a sharp edge
carried out by Okajima et al. (1983), flow
reattachment was also observed for ratios of
cylinder length to height greater than 2.8.
When flow reattachment occurs, the flow

hits the surfaces on both sides of the
cylinder nearly periodically, and then it
continues downstream. However, flow
reattachment for the flow around the air
pocket does not occur periodically or
stationarily. One reason for this is that air
pockets are deformable. The location of the
air-pocket surface changes due to turbulent
flow, which in turn changes the
instantaneous positions of the flow stagnation, separation and reattachment.

Table 4 Flow structure around a stationary air pocket.
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As mentioned in 3.2.2, air pockets tend to
break up if the volume is large. This can also
be related to the occurrence of flow
reattachment. When the air pocket is large,
satisfying the conditions of Mode II or III,
the flow hits the air-pocket surface at the
position of flow reattachment, which
consequently leads to air-pocket breakup.

3.3.3. Flow similarity analysis of the shear
layer

A similarity profile is proposed to
characterise u within the shear layer below
the air pocket, following the method given
by Lin et al. (2007) and modified in later
publications (Lin et al., 2008; 2009; 2012a;
2012b). The experimental data are converted
into a non-dimensionless form represented
by u/umax and y/D. A regression equation,
obtained by using the method of nonlinear
curve fitting, is expressed as follows:

  y

=
−C1 tanh C2   + C3  + C4
(8)
umax
 D

where C1 through C4 are regression
constants.
u
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The first derivatives ∂(u/umax)/∂(y/D) and
the second derivatives ∂2(u/umax)/∂(y/D)2 of
the curves are plotted with respect to y/D in
Fig. 27. Both terms are related to the
distribution of the viscous shear stress. The
shear layer centre ysc/D is located at the
position where the value of ∂(u/umax)/∂(y/D)
is at its maximum. The upper bound ys1/D
and the lower bound ys2/D of the shear layer
occur at the extrema of ∂2(u/umax)/∂(y/D)2.
The u-values at ys1 and ys2 are denoted by
us1 and us2. Accordingly, the characteristic
length and velocity scales for the similarity
profile in the shear layer are written as
us2 − us1 and ys2 − ys1, which are the
representative thickness of the shear layer
and the velocity deficit between the lower
and upper bounds of the shear layer,
respectively. Then, the mean streamwise
velocity deficit, written as (u − us2)/(us1 −
us2) or (u − us1)/(us2 − us1), versus the
displacement height of the shear layer,
denoted by (y − ysc)/(ys2 − ys1) or
(ysc − y)/(ys2 − ys1), can be plotted, as in
Fig. 28a―b. The data for Cases O, A, C and
D collapse into one band. The similarity
profile is then expressed as Eq. (9) or (10),
with a standard deviation R2 of 0.997:
u − us2
=
us1 − us2
y − ysc
− 0.868 tanh �1.302 �
� +0.005�
bs
(9)
+0.502
u − us1
=
us2 − us1
y − ysc
− 0.868 tanh �1.302 �
� +0.005�
bs
(10)
+0.489
These two equations also denote the flow
similarity in the shear layers for a free
overfall and skimming flow downstream of a
vertical drop, in the wake behind a circular
cylinder placed above a plane boundary and
below a partially inundated bridge deck
(Lin et al., 2007; 2008; 2009; 2012a; 2012b).
1

Fig. 27. Variations of u and its first and
second derivatives ∂u/∂y and ∂2u/∂y2
along y for Case A.

3.3.4. Interface motion

The water-pipe interface is a non-slip
boundary where the flow velocity is zero. At
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Fig. 28. Similarity profile with the form of (a) (u – us2)/(us1 – us2) versus (y – ysc)/bs, or (b)
( u – us1)/(us2 – us1) versus ( ysc – y)/bs.
the air―water interface, the water particle
movement is identified in the plane of
symmetry in the serial mean flow
visualisation pictures (Fig. 29). One water
particle on the surface is marked with a red
point in the pictures. It moves upstream
along the surface, and the reverse flow
region occurs right below it. The velocity on
the interface has the same magnitude as the
mean streamwise velocity that can be
measured close to the air-pocket surface
(denoted by u1).
For the air―water interface of the 3-ml air
pocket at R = 17400, the u1-value along the
interface for 1.19 cm < x < 1.62 cm is
plotted in Fig. 30. The interface is located
between the mean flow separation point and
the mean flow reattachment point, and it is
characterised by a re-circulating pattern. In
this region, the largest reverse flow velocity
occurs at x = 1.27 cm, with a value of
u = −0.66 cm/s. The magnitudes of these
negative velocities along the surface first
increase and then decrease.

4. CFD

MODELLING

CFD simulations of flows in hydraulic
structures provide a way to avoid the scale
effect that exists in hydraulic model tests. A
proper model setup and a suitable numerical
solver can be used as an alternative way to
conduct hydraulic model tests. There are
verified and validated commercial numerical
codes developed for solving air―water flows
in pipes and open channels. ANSYS
FLUENT 14.5 was used in this study, which
is a widely applied software tool in both
research and engineering (Paper V).

4.1. Modelling
air―water flow

of

two-phase

There are two general approaches for
multiphase flow simulations: the EulerLagrange approach for dispersed flows and
the Euler-Euler approach for separated
flows. Dispersed flows refer to flow media
consisting of finite particles, droplets or
bubbles (the dispersed phase), which are
distributed in a continuous phase. For
modelling of separated phase flow, the
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The volume of fluid (VOF) model solves the
motion of the phases directly without
tracking their interface. One set of the
momentum and continuity equations is
solved for the component phases based on
the mixture property. In a control volume or
a computational cell, no void volume is
allowed. The momentum equation for an
air―water flow is written as
∂
(ρu�⃗) + ∇∙(ρu�⃗u�⃗) =
∂t

T
�⃗
− ∇p + ∇∙ �𝜇𝑀 �∇u�⃗ + ∇u�⃗ �� + ρg + F

Fig. 29. Visualisation of mean flow
demonstrating movement of a water
particle on the air-pocket surface along
the plane of symmetry, with a red point
on the surface showing a traced water
particle.
phases are treated mathematically as
interpenetrating continua (ANSYS, 2011).
These volume fractions are assumed to be
continuous functions of space and time. In
addition, their sum is equal to 1.

Fig. 30. Mean streamwise velocity at the
interface between the separation and
flow reattachment points.

(11)

where 𝛼a is the air volume fraction, αw is the
water volume fraction, ρ and 𝜇M are the
mixture density and viscosity, respectively,
and can be written as ρ = αa ρa + (1 − αa )ρw ,
μ = (𝛼a ρa μa + αw ρw μw ) / ρ, ρw is the water
density, ρa is the air density, u�⃗ is the velocity
�⃗ is
vector, t is time, p is static pressure and F
the volumetric force at the interface
resulting from surface tension.
The volume fraction of air is obtained from
its continuity equation, written as
∂
(α ) + ∇∙(u�⃗) = 0
∂t a

(12)

Thus, the volume fraction of water is
calculated by
αw = 1 − αa

(13)

The VOF equations are time discretised
either implicitly or explicitly. The explicit
VOF has higher accuracy but requires a
longer CPU time. The implicit VOF can
improve convergence and allows larger time
steps. Therefore, it is cheaper in terms of
computational effort (Chau and Jiang, 2001;
2004). The explicit and implicit VOF also
rely on different methods for the interface
configuration. A piecewise linear interface
calculation, known as a Geo-reconstruct
routine in FLUENT, is used in the explicit
VOF (De Schepper et al., 2008). It has the
highest accuracy of any interface
reconstruction technique in FLUENT
(ANSYS, 2011). A second-order reconstruction scheme, or Compressive routine in
FLUENT, is used in the implicit case. Both
the implicit and explicit VOF are applied to
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computations of different scenarios in the
case study of the Letafors dam.
For the closure of the equations, constitutive
relations are required. These can be obtained
from empirical information or the key
features of the modelled flow.

4.2. Turbulence model
The realizable k―ε turbulence model was
used for the present case. The turbulent
kinetic energy k and turbulent dissipation ε
define the energy in the turbulence and the
scale of the turbulence, respectively. Their
equations are written as follows:
∂
(ρk) + ∇∙(ρu�⃗𝑘)
∂t
µ
= ∇∙ ��µ+ t � ∇k� +Pk − ρε
(14)
σk
∂
(ρ𝜀) + ∇∙(ρu�⃗𝜀)
∂t
µ
= ∇∙ ��µ+ t � ∇ε� +ρCo1 ε�𝐼𝐼𝑆
σk
𝜀2
− ρCo2
(15)
k+√𝜐ε
where Pk is the production of turbulence
ŋ
kinetic energy, Co1 = max �0.43, ŋ+5� with
𝑘

ŋ = 𝐼𝐼𝑆 ε , Co2 is a constant, 𝐼𝐼𝑆 is a measure
of the strain rate of the flow, and σk and σε
are turbulent Prandtl numbers for k and ε,
respectively. The mixture eddy viscosity µt is
k2

modelled by µt =ρCµ ε . Cµ is a function of
the mean strain and rotation rates.

4.3. Air entrainment and de-aeration
If air is entrained into the flow in a
pressurised horizontal bottom outlet and air
pockets build up, a plug or slug flow pattern
occurs in the conduit. This can lead to
blowouts when the air pockets are released
downstream. The blowouts downstream of
the bottom outlet of the Letafors Dam were
modelled in this study (Fig. 1). Based on the
formula obtained for steady state, it is
usually difficult to estimate the amount of air
entrained because air entrainment is a
dynamic process that changes during gate
operation.

The blowouts occurring downstream blow
up the water surface and have negative
effects on the safe operation of the bottom
outlet. To mitigate those effects, a deaeration device can be installed in the
conduit to eliminate the enclosed air
pockets.
The dynamics of air entrainment and the
efficiency of the de-aeration deice were
modelled to obtain an overall picture of the
air―water flow behaviour in the bottom
outlet.

4.3.1. Simulation setup

The Letafors dam reservoir, built in
1952―1956, is located in the municipality of
Torsby in Sweden (Fig. 31). The full
reservoir water-stage elevation (FRWS) is
+349 m. The maximum water depth in the
reservoir is H = 19.1 m. There is one surface
spillway and one bottom outlet. The bottom
outlet, which lies under the dam, consists of
a bulkhead gate, a gate shaft, a horizontal
circular conduit and a downstream outlet.
Included in the model are part of the
upstream reservoir, with a surface area of
50 m×50 m, and the bottom outlet. The
profile of the 3D computational domain
marked with boundary conditions is shown
in Fig. 32. The bulkhead gate has a width of
3.05 m and a maximum opening of 5 m. The
height of the gate opening is denoted by hg.
The gate opening velocity vg is 1 cm/s. The
gate shaft, having the same width as the gate,
is connected to the atmosphere, creating a
free air inflow condition. The conduit is
horizontal, with a diameter of 2.55 m and a
length of 104 m. Its bottom elevation is

Fig. 31. Letafors dam and the gate tower
in the reservoir (Photo from Fortum).
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30.6 m below the FRWS, while the bottom
of the downstream river is 20.1 m below the
FRWS, i.e., 1 m below the reservoir bottom.
The profile of the downstream area is
somewhat simplified into a rectangular pool
to achieve a generalised geometry.
Hydro-static pressure is applied at the water
inlet upstream of the reservoir. The air inlet
is the opening of the gate shaft that connects
to the atmosphere. The atmospheric
pressure boundary condition is adopted at
the downstream outlet. A symmetry
boundary condition is used at the central
plane so that only half of the domain needs
to be computed.
The gate movement is simulated by using a
dynamic mesh. For the initial conditions,
three initial water levels, 0, 1.275 and 10.5 m,
as measured from the conduit bottom, are
simulated to represent an initially empty,
half-filled and fully filled conduit,
respectively (Fig. 32).
To reduce the flow and water level
fluctuations that occur when the air pockets
are released, a de-aeration chamber is added
to the model that has a vertical tube open to
the atmosphere. The chamber is situated
92 m downstream of the gate shaft, making
use of an existing hole in the prototype.
According to Wickenhäuser and Minor
(2008), the minimum dimensions of a deaeration chamber in terms of its height,
length and width are defined as 28%, 27%
and 50% of the conduit diameter,
respectively. The diameter of the tube is
0.3 m.
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Table 5 Descriptions of modelled
scenarios.
Scenario

Without deaeration device

VOF
scheme

Initial water
level
in conduit

Explicit

Half-filled

Implicit

Half-filled

Empty
Full

With de-aeration
device

Implicit

Half-filled

The mesh consists of multi-block grids that
are discretised into hexahedral cells.
Refinement is performed at the solid walls
and at the air―water interface. Meshindependent tests are also performed. The
number of grid cells is 6×106 for the case of
air entrainment and 8×106 cells for deaeration. The modelled scenarios are
summarised in Table 5.

4.3.2. Air entrainment

Air entrainment in the gate shaft during gate
opening is calculated for the conduit that is
initially half-filled with water. Two streamwise locations in the conduit are selected to
be 2.55 and 103.9 m downstream of the gate
shaft centre line, denoted by M and N,
respectively (Fig. 32). Pressure fluctuations
at four points A―D along the conduit top
are examined. These points are located 2.55,
25, 75 and 100 m downstream of the gate
shaft centre line.

Fig. 32. Computational domain and boundary conditions of the numerical model.
24

Modelling air-water flows in bottom outlets of dams

0

20

40

Time (s)
80
100

60

120

140

160

175

Air flow rate (m3/s)

15
cross-section N at downstream end
10

cross-section M at upstream end

5
0
-5
0.05

0.25

0.45

0.65

0.85
1.05
Gate opening (m)

1.25

1.45

1.65

1.80

Fig. 33. Air flow rate through the upstream and downstream ends of conduit versus gate
opening.
The transient air flow rate through the cross
section M represents the air from the gate
shaft that was entrained due to turbulence
mixing during gate opening (Fig. 33).
For hg ≤ 0.605 m, the transient air flow rate
increases with increasing gate opening. In
other words, a higher water flow rate leads
to a higher level of air entrainment.
Meanwhile, the water level in the gate shaft
increases. For 0.605 m < hg < 1.088 m, the
conduit at the upper end of the conduit
becomes pressurised, and the air passage
above the water surface in the conduit
disappears. Air entrainment into the conduit
slows down. The gate opening becomes
submerged at hg = 1.088 m. As a result, the
air―water mixing in the gate shaft decreases

dramatically, and the air flow rate drops to
almost zero. The air flow rate through the
cross section N represents the air outflow to
the downstream outlet. After the conduit
becomes pressurised, the release of air
pockets corresponds to the spikes of the
curve (Fig. 33). A higher air outflow
corresponds to a larger air pocket release,
which leads to a larger blowout height
downstream.
The pressure fluctuations are monitored
along the conduit (Fig. 34). The data are
collected every 0.2 s. The largest amplitude
of pressure fluctuations around the mean
pressure appears at point A, at which point
the fluctuation amplitude is 2×104 Pa. This
point is close to the bend, and it is in the

B
A
C
D

Fig. 34. Transient pressure along the top of the conduit during gate opening.
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Fig. 35. Entrained air flow rate versus gate opening for an initially full, half-filled and
empty conduit.
region with strong air―water mixing where
the water flow impinges into the receiving
pool in the shaft. For points B, C and D, the
amplitudes of pressure oscillations are
about 104 Pa.
Owing to its lower CPU cost, the implicit
VOF scheme is used to examine the
influence of the initial water level in the
conduit on air entrainment. For the same
grid, it takes approximately 1/4 of the CPU
time compared to the explicit scheme. As
shown in Fig. 35, if the conduit is empty, the
amount of air entrained during a gate
opening event is greatest. It is slightly less if
the conduit is half-filled. However, if the
conduit is initially full, little air is entrained
because the air inflow is sealed by the water
in the gate shaft, i.e., a significant reduction
in air entrainment is achieved.

blowout is 4.54 m, and the frequency is
approximately 6 s during the period of
t = 40―70 s (Fig. 37). After the air pocket
has been released, a dip appears in the water
surface.

4.3.3. Water surface fluctuations downstream
and de-aeration

For the lower part of the conduit, the
air―water volume fractions at t = 25, 55
and 75 s are shown in Fig. 36a―c. The
transient pressures represent the release of
air pockets from the downstream pool and
blow-up in the water surface. The
fluctuations in the water surface correspond
to the blowout observed in the prototype
(Fig. 1). The water surface at the blowout is
defined as the air―water interface with
αa = αw = 0.5. The height of the water
surface fluctuation is the blowout top at the
wall above the water level in the centre of
the downstream pool. The highest modelled

Fig. 36. Contours of the air volume
fraction in the lower part of the bottom
outlet, showing air release from the
downstream outlet at (h) t = 25 s,
(i) t = 55 s, (j) t = 75 s.
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5. C ONCLUSIONS
In this study, air entrainment and transport
in a pressurised conduit are investigated with
the help of numerical simulations and
experiments. Different aspects are studied,
including the behaviour of transient air
entrainment during gate opening, blowout

6
Water surface fluctuation (m)

The body of the blowout in Fig. 1 is an
air―water mixture in which the volume
fractions of the phases are difficult to define.
Therefore, if the air―water interface is
defined at αa = 0.9, the two highest
simulated blowout heights are 2.96 and
4.81 m. If the interface is defined at
αa = 0.99, the simulated height is only
0.1―0.2 m higher. In the prototype, as
shown in the 2nd and 4th pictures in Fig. 1,
two of the highest consecutive blowouts
have approximate heights of 2.5 and 4.5 m,
respectively. Because the opening procedure
in the prototype was not well defined, the
blowout height estimated from the pictures
serves as a reference for comparison. The
comparison shows that the modelled and
measured blowout heights agree with each
other and are within the same order of
magnitude. The blowout height is also a
measure of the air pocket volume. Because
the heights are comparable in the model and
in the prototype, the modelled air pocket
volume should be similar to that of the
prototype.
To mitigate blowouts and flow fluctuations
in the system, a de-aeration chamber with a
vertical tube is added to the model. It is
found that most of the air is released
through the chamber. The greatest deaeration rate achieved is 4.4 m3/s. However,
this is not complete de-aeration; a small
portion of the air is carried away
downstream, causing minor water surface
fluctuations (Fig. 37). With the installation
of the de-aeration structure, the average
water surface fluctuation is 0.91 m,
representing 10% of the highest blowout. If
no de-aeration measures are undertaken, the
corresponding average fluctuation is 3.23 m.
The de-aeration chamber effectively reduces
the water surface fluctuations despite its
incomplete air removal.

with de-aeration
chamber
4

without de-aeration
chamber

2

0
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120

-2
Time (s)

Fig. 37. Downstream water surface
fluctuations with and without a deaeration device for t = 40–120 s.
due to entrained air, the efficiency of a deaeration chamber, the critical submergence
of the intake to avoid air entrainment due to
vortex formation, the critical velocity of the
incipient motion of air pockets and detailed
flow structures around the air pockets. The
findings are summarised as follows:
Effect of intake geometry on air entrainment due to
vortex formation
• The intake positioning involves both
technical and economic considerations. A
smaller critical submergence is required if
the entrance profile is modified by rounding
off or edge-cutting, i.e., the inflow pattern is
improved at the streamlined edges.
• A closer sidewall usually leads to smaller
critical submergence at moderate and strong
circulation. However, at low Froude numbers, the effect is the opposite.
• If a risk for air entrainment due to vortex
formation is perceived, physical model tests
or numerical simulations are suggested to
verify the results with the existing empirical
formula.
Incipient motion of air pockets
• The critical velocity for solitary air
pockets in a pressurised circular pipe is
dependent on pipe slope, diameter,
roughness and air-pocket volume. However,
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if the pipe is rough, it is independent of the
air-pocket volume due to successive losses
of air pocket volume, and it is larger than
those in a smooth pipe. In a horizontal pipe,
the critical velocity for all air pocket sizes is
greater than zero because the surface tension
effect is negligible. The critical Froude
number in a larger pipe is slightly smaller,
possibly due to the scale effect and/or a
smaller reduction in the cross-sectional area
occupied by the air pocket.
• In a rectangular pipe, air pockets stay
under the pipe roof or in the corner
depending on the flow conditions. Only air
pockets < 150 ml in a horizontal pipe and
< 100 ml in an inclined pipe can exist under
the roof, indicating that the corners are
cross-sectional equilibrium positions for
larger air pockets. If a rectangular pipe is
horizontal, the air-pocket shape under the
pipe roof is volume-dependent. With
increasing volume, its shape undergoes a
transition from being stretched crosssectionally to being elongated along the flow
direction.
• If the pipe is horizontal, air removal is
generally easier in a rectangular pipe than in
a circular one. Air is less likely to be trapped
in a horizontal rectangular pipe. In contrast,
if it is downward-inclined, air removal is
easier in a circular pipe.
Flow structure around air pockets
• Depending on the volume and
dimensions of an air pocket, three modes of
flow structure around the air pocket can be
identified: Mode I: fully separated
intermittent flow; Mode II: Intermittent
reattached flow and Mode III: fully
reattached flow.
• The flow along the plane of symmetry is
characterised by a horseshoe vortex
upstream of the air pocket’s leading edge,
shear layer below the air pocket and a
reverse flow in the wake. Prominent velocity
gradients are observed in the shear layer
beneath the air pockets, especially those with
smaller volumes.
• Due to the deformation of an air pocket
induced by turbulence, the positions of the
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stagnation and separation points randomly
move along the interface with respect to the
mean locations. Additionally, the core of the
horseshoe vortex oscillates in the flow
direction randomly with respect to the mean
position.
• The air―water surface has a non-zero
velocity and moves with the adjacent flow.
Based on the specific length and velocity
scales, a similarity profile is obtained for the
mean streamwise velocity in the shear layer
beneath the air pocket. The similarity profile
takes a form similar to one previously
proposed for shear layers in, e.g., skimming
flows downstream of a vertical drop, flows
around a horizontally placed circular cylinder
and flows below a partially inundated bridge
deck, showing the diversity of applications
for various shear flows.
Dynamics of air entrainment during gate opening
• For the bottom outlet with a gate shaft
open to the atmosphere, the air entrainment
stops when the gate opening becomes
submerged.
• The total amount of air entrained during
gate opening depends on the initial water
level in the conduit; a fully filled conduit
results in much less air entrainment.
• At the downstream outlet, the
magnitudes of the modelled blowout heights
agree with those of the prototype. With the
addition of a de-aeration chamber, most of
the entrained air is removed; the average
water surface fluctuations at blowout events
are reduced by 60―70%.
Future prospects
In this thesis, I present the results obtained
from experiments and numerical simulations
of air-pocket transport in pipes and the
transient behaviours of air―water flow in
the bottom outlet. Future studies could
continue with the following lines of
investigation.
• Regarding transient air entrainment, it
would be of value to build a physical
hydraulic model to validate the CFD
simulations.
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• The complex flow structure and transient
behaviour of multiphase flow poses a
challenge for CFD simulations. Usually, the
CPU time needed to obtain a satisfactory
resolution is prohibitively long. It is
desirable to develop a model that leads to a
shorter CPU time.
• The HSPIV experiment of the flow
structure is focused on stationary air
pockets. It might be of interest to study the
corresponding characteristics of moving air
pockets or the characteristics of the incipient
motion.
• The air bubble distribution of an
air―water flow mixture is an interesting
parameter in both numerical and
experimental modelling. It is desirable to
develop a suitable device to measure this
parameter; currently difficult to make such
measurements.

29

Ting Liu

TRITA-LWR PHD 2014:02

R EFERENCES
Alves IN, Shoham O, Taitel Y. 1993. Drift velocity of elongated bubbles in inclined pipes.
Chemicnl Engineerin Science. 48(17): 3063―3070.
Anderson A. 1979. A novel type of surge shaft instability. Proceedings of Institution of Civil Engineers,
Part 2. 67(3): 695―706.
ANSYS Inc. 2011. ANSYS FLUENT Theory Guide. Canonsburg, PA.
Anwar H, Amphlett M. 1980. Vortices at vertical inverted intake. Journal of Hydraulic Research.
18(2): 123―134.
Anwar H, Weller J, Amphlett M. 1978. Similarity of free-vortex at horizontal intake. Journal of
Hydraulic Research. 16(2): 95―105.
Bacopoulos T. 1984. The motion of air cavities in large, water-filled conduits, PhD thesis. University of
Strathclyde, Glasgow, UK.
Baines W, Wilkinson D 1986. The motion of large air bubbles in ducts of moderate slop. Journal
of Hydraulic Research. 25 (3): 157―170.
Baker O. 1954. Baker chart. Oil Gas Journal. 53(12): 185―195.
Bendiksen K. 1984. An experimental investigation of the motion of long bubbles in inclined
tubes. International Journal of Multiphase Flow. 10(4): 467―483.
Benjamin TB. 1968. Gravity currents and related phenomena. Journal of Fluid Mechanics. 31(2):
209―248.
Chanson H. 2004. Air-water flows in water engineering and hydraulic structures. Basic processes
and metrology. Hydraulics of Dams and River Structures. Yazdandoost and Attari (eds). 3―16.
Tehran: Taylor & Francis Group.
Chanson H. 2008. The known unknowns of hydraulic engineering. Engineering and Computational
Mechanics. 161(EMI): 17―25.
Chanson H. 2013. Hydraulics of aerated flows: qui pro quo? Journal of Hydraulic Research. 51(3):
223―243.
Chau, K., Jiang, Y. 2001. 3D numerical model for Pearl River estuary. Journal of Hydraulic
Engineering. 127(1): 72―82.
Chau K, Jiang Y. 2004. A three-dimensional pollutant transport model in orthogonal curvilinear
and sigma coordinate system for Pearl River estuary. International Journal of Environment and
Pollution. 21(2): 188―198.
Coleman JW, Garimella S. 1999. Characterization of two-phase flow patterns in small diameter
round and rectangular tubes. International Journal of Heat and Mass Transfer. 42: 2869―2881.
Collier J. 1981. Convective boiling and condensation, 2nd edition. McGrau Hill.
Corcos G. 2003. Air in water pipes: A manual for design of spring-supplied gravity-driven drinking water rural
delivery systems. Agua para la vida, 2nd edition. Available at: www.aplv.org.
Dath J, Mathiesen M. 2007. Förstudie hydraulisk design: Inventering och översiktlig utvärdering av
bottenutskov i svenska dammanläggningar. Stockholm: SWECO VBB.
De Schepper S, Heynderickx G, Marin G. 2008. CFD modeling of all gas-liquid and vapor-liquid
flow regimes predicted by the Baker chart. Chemical Engineering Journal. 138(1―3): 349―357.
Denny D. 1956. An Experimental Study of Air-Entraining Vortices in Pump Sumps. Proceedings of
the Institution of Mechanical Engineers. 170 (1): 106―125.
Dicmas J. 1967. Development of an optimum sump design for propeller and mixed-flow pumps.
Proceedings of ASME Fluids Engineering Conference, paper 67-FE-26. Chicago: ASME, New York.
Escarameia M. 2005. Air problems in pipelines: A design manual. HR Wallingfor Lid.

30

Modelling air-water flows in bottom outlets of dams

Escarameia M, Dabrowski C, Gahan C, Lauchlan C. 2005. Experimental and numerical studies on
movement of air in water pipelines. HR Wallingford Report SR661.
Estrada OP. 2007. Investigation on the Effects of Entrained Air in Pipelines, PhD thesis. Institute of
Hydraulic Engineering of the University of Stuttgart.
Falvey H. 1980. Air-water flow in hydraulic systems. Bureau of Reclamation, Engineering monograph No
41.
Falvey H. 1990. Cavitation in chutes and spillways. Engineering Monogragh 42. Denver: US Bureau
of Reclamation.
Falvey H., Weldon, J. 2002. Case Study: Dillon Dam Trashrack Damage. Journal of Hydraulic
Engineering. 128(2): 144―150.
Flödeskommittén 1990. Guidelines for determinaton of design floods for dams. Stockholm and
Norrköping: Statens Vattenfallsverk,Svenska Kraftverksföreningen, Sveriges Meteorologiska
and Hydrologiska Institut.
Gandenberger W. 1957. Design of overland water supply pipelines for economy and operational reliability (In
German). Munich, Germany: R. Oldenbourg Verlag.
Guo Q, Song C. 1991. Dropshaft Hydrodynamics under Transient Conditions. Journal of Hydraulic
Engineering. 117(8): 1042―1055.
Hecker GE. 1987. Fundamentals of vortex intake. In Swirling flow problems at intakes, IAHR
Hydraulic Structures Design Manual 1. Balkema, Rotterdam, NL: Taylor & Francis. p 13―38.
Kalinske AA, Bliss PH. 1943. Removal of air from pipelines by flowing water. Proceedings of the
American Society of Civil Engineers. 13(10): 480―482.
Kent J. 1952. The entrainment of air by water flowing in circular conduits with downgrade slopes, PhD thesis.
University of California, Berkeley.
Knauss J. 1987. Swirling flow problems at intakes. Rotterdam: Balkema.
Kommittén för komplettering av Flödeskommitténs riktlinjer, KFR. 2005. Dimensionerande flöden
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