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Investigation of the combined effect of air pockets and air
bubbles on ﬂuid transients
Oscar Pozos-Estrada

ABSTRACT
This paper presents numerical and experimental investigations of the combined effect on pressure
transients of air pockets and homogenous water–air bubble mixtures. An air pocket can accumulate
at a high point of a pipeline along the control section located at the transition between pipes with
sub- and supercritical slope, forcing open channel ﬂow conditions underneath the pocket that ends
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in a hydraulic jump at the downward sloping pipe. The turbulence action at the jump generates small
air bubbles that are entrained and transported along the pipe producing a two-component bubbly
ﬂow within the continuous liquid phase. A numerical model is developed, combining the explicit–
implicit scheme proposed by McGuire and Morris and the method of characteristics for solving the
quasi-linear hyperbolic partial differential equations for transient two-phase ﬂow expressed in
conservation form. To verify the proposed model, an experimental apparatus made of PVC was used
to carry out hydraulic transient experiments. Tests were conducted in a tank–pipe–valve system and
a valve with a pneumatic actuator at the downstream end generated transients. Numerical results at
the test section pipe compares favorably with experimental data. The results show that pressure
transients are signiﬁcantly reduced with increasing air-pocket volumes and bubbly ﬂow air content.
Key words
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INTRODUCTION
Air in pipelines cannot be always completely eliminated but

Entrapped air in pipelines may lead to a variety of pro-

understanding the ways how it enters a pipe helps engineers

blems. For instance, air pockets accumulated at summits of

to minimize its occurrence. Air in the line comes from differ-

closed conduits can throttle the ﬂow, which generates an

ent sources, for instance, a pipeline is full of air during its

increment of head losses (Richards ; Edmunds ).

ﬁlling. If the air is not completely released through air

Incorrect readings on measurement devices are produced

valves, vents, and standpipes, air may remain at high

by free air. Vibrations are caused by the transition from a

points throughout the system in the form of air pockets

partly full pipe to a full pipe because of the presence of air

(Falvey ). Air also enters through pumps; they introduce

pockets. Important quantities of accumulated air cause blow-

air by the vortex action of the suction in quantities of 5% to

backs that drive to vibrations and structural damage (Sailer

10% of the water discharge (Qiu ). When pressure in a

). Air may build up in important quantities such that

pipeline decreases below the atmospheric pressure, air can

the air pockets can cause the partial or complete blockage

enter by means of damaged packing at joints and valves

of ﬂowing water, reducing the capacity of the pumping sys-

(Wisner et al. ). Moreover, water at standard tempera-

tems as well as the gravity pipeline systems (Thomas ).

ture and pressure can contain at least 2% of dissolved air

Blockage distributed along a pipeline diminishes its capacity

by volume (Fox ).

and meanwhile increases energy costs (Sun et al. ).
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If the entrained air is transported along a pipeline by the

Many numerical models have been implemented to

ﬂowing water, it may accumulate in the form of air pockets

investigate transient changes in the ﬂow rate and pressure

at its summits formed by the change in pipe slope, when air

for the simultaneous occurrence of free surface and pressur-

valves are not installed. Although air valves are placed, they

ized ﬂows in sewer systems. Most recent models are based

might fail and air will not be released. Various researchers

on the Saint Venant equations and the concept of the Preiss-

have studied stationary air pockets at summits of pipelines

mann Slot (Vasconcelos ; Leon ). More recently,

that force water under the pockets to achieve free surface

Leon et al. (), Trindade & Vasconcelos (), and

ﬂow conditions (Walski et al. ; Pozos ; Pozos

Vasconcelos et al. () have developed more sophisticated

et al. ).

numerical models to simulate entrapment and release of air

In the same way, the large pressure peaks originated

pockets during rapid ﬁlling of large stormwater systems.

immediately after an air pocket has been released through

Regarding ﬂuid transients the effect of entrained air in

an air/vacuum valve or through an oriﬁce, during the rapid

water pipeline systems may be either beneﬁcial or harmful;

ﬁlling of a pipeline have been investigated experimentally

it dependents on the volume of air, its distribution and

and theoretically by several researchers. Some of them

location, the characteristics of the pipeline proﬁle, as well

have studied the air release through an air valve located at

as the causes of the transient (Martin , ). In water

a high point of an undulating pipeline (Izquierdo et al.

and wastewater pipelines, usually entrapped air present is

; Arregui et al. ; Kruinsbrick et al. ; Carlos

present either as stationary pockets or as small air bubbles

et al. ; Balacco et al. ; Apollonio et al. ), while

dispersed within the continuous liquid phase (Lauchlan

others considered an oriﬁce at the end of a horizontal pipe

et al. ). The consequences related to entrapped or

(Zhou et al. ; Lee ). The general ﬁndings of the

entrained air on ﬂuid transients are considered in the follow-

above authors were focused on the factors affecting the

ing sequence.

peak transient pressure, for instance, the size of the oriﬁces,

Gahan () highlighted that small and large stationary

the location and length of the entrapped air pocket, the driv-

air pockets located at high points of pipelines can be deﬁned

ing pressure head, and the water column length. Recently,

in terms of their effect on hydraulic transients, but there are

Zhou et al. () investigated numerically and experimen-

limits to the volumes of air, outside of which, these effects

tally the transient pressure associated with rapid ﬁlling of

do not occur. Several researchers have shown that peak

an undulating pipeline containing two entrapped air pockets.

pressure transients can be enhanced by small air pockets,

It is important to highlight that during the study air release

since they can act as unwanted nonlinear springs that

was not considered. The authors found that when the two

amplify surge pressures, sufﬁcient to cause pipe failure

air pockets in length are very different, the maximum incre-

(Jönsson , ; Burrows & Qiu ; Qiu & Burrows

ment of the pressure always occurs in the smaller air

; Izquierdo et al. ; Burrows ; Pozos-Estrada

pocket, irrespective of the length of the blocking column.

et al. , ; Martins et al. ; Besharat et al. ).

Likewise, the case when the two entrapped pockets have a

On the other hand, when the volume of air that remains

similar length is the most complicated and dangerous, since

localized at a high point is large this usually behaves as an

they can generate an extreme pressure surge.

air cushion that absorbs the transient pressure waves

In a similar manner, two-phase ﬂow with air pockets is

(Thorley ). Stephenson () stated that the formation

present in pipes of storm-water and sewer systems, causing

of large air pockets in pipelines, if adequately managed,

many unpleasant situations and accidents because of rapid

may be beneﬁcially used to reduce water hammer.

water ﬁlling due to an extreme storm, above the designed

Likewise, in transient ﬂow, air bubbles distributed

values of the systems. High-pressure variation provoked by

within the continuous liquid phase may arise due to free

the appearance and releasing of air pockets has caused sig-

air or as a result of the release of dissolved air in water,

niﬁcant damage in pipes, for example, the incidents in the

when the pressure drops or temperature increases above

city of Edmonton, Alberta, Canada (Zhou et al. ) and

its saturation level. Liquid–gas mixture ﬂows are compli-

Minneapolis, Minnesota, USA (Wright et al. ).

cated by a number of factors. First, the internal structure
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adopted by the multiplicity of liquid–gas interfaces become

signiﬁcantly reduced with increasing air-pocket volumes

very complicated in physical form. Second, the mixture

and bubbly ﬂow air content.

has relatively high density due to its liquid component and
has a low bulk modulus due to the gas component. The mixtures

have

low

propagation

velocities

for

pressure

NUMERICAL MODEL

disturbances (Davis ). The dampening of the pressure
waves has an overall beneﬁcial effect on pipeline systems.

The numerical model was developed with the main goal to

Ewing () stated that the damping occurs due to dis-

investigate the combined effect of both air pockets and

persion breaking down of the main wave surge into

water–air mixtures on hydraulic transients. The numerical

shorter wave length components, which are damped out

simulation of ﬂuid transients taking into account stationary

more readily. Pearsall () found that air dispersed in

air pockets accumulated at summits of a pipeline system and

water as small bubbles results in an important reduction of

a bubbly ﬂow at the downstream end of them is evaluated by

the pressure surges, the most likely cause of the damping

using the homogeneous model. The procedure to solve the

observed is due to the internal reﬂection of the acoustic

equations used in the analytical model is the explicit–

wave in bubbly water.

implicit method proposed by McGuire & Morris ()

Based on the above, it can be stated that several authors

and the MOC.

have reported the effects of trapped air on hydraulic transi-

The effect of the air pockets is taken into account as out-

ents in pipeline systems. However, usually these studies

lined below. Some assumptions made by Burrows & Qiu

considered a single horizontal pipe, whereas most of the

() are as follows. (a) The MOC is used to obtain the

pipelines for water supply and the transport of wastewater

ordinary differential equations. They are then solved along

are formed of upward and downward sloping pipes. Like-

characteristic lines with ﬁrst-order approximation and with-

wise, researchers that have investigated pressure transients

out

with entrapped pockets in undulating pipelines have not

Numerical models based on the MOC are known to give

considered the two-phase bubbly air–water mixtures that

accurate results and have been demonstrated to be effective

commonly occur downstream of the air pockets ending

(Almeida & Ramos ). They have been successfully

with a hydraulic jump. This prompted the author to study

applied in the design and analysis of water pipe systems

numerically and experimentally the combined effects of

involving transient cavitation, air pockets, and leak detec-

both air pockets and homogenous water–air mixtures on

tion (Burrows & Qiu ; Ivetic ; Soares et al. ).

hydraulic transients.

(b) Known air-pocket volumes can be placed at selected

interpolation

to

eliminate

numerical

instability.

In this paper, a numerical model based on an explicit–

nodal points; it is assumed that the pocket included will

implicit scheme proposed by McGuire & Morris () and

not result in water column separation all along the numeri-

the method of characteristics (MOC) was developed to simu-

cal simulations. In addition, the air pocket does not occupy

late ﬂuid transients with stationary air pockets ending in a

the entire cross-section of the conduit and remains in its

hydraulic jump that entrain small air bubbles producing a

original position during the time scale of the hydraulic tran-

two-component bubbly ﬂow within the continuous liquid

sient. (c) The air in the pocket is supposed to follow the

phase. To verify the proposed model, an experimental appar-

polytropic equation of state. (d) Friction and local losses

atus was designed and constructed; the setup has a test

are considered in the analytical model. (e) For simulations,

section that simulates a high point of a pipeline with an

the known air-pocket volumes are located at a junction

undulating proﬁle. In the experiments, the hydraulic transi-

between adjacent pipe reaches. It is important to emphasize

ents were generated by the sudden closure of a butterﬂy

that there are situations when it is quite permissible to use a

valve with double acting pneumatic actuator located at the

lumped parameter analysis of portions of piping systems

downstream end of the test section. It was found that the

(Wylie et al. ). In this case the lumped elements are

numerical and experimental results were in good agreement.

the air pockets that interact with a compatibility equation

Further, the results showed that pressure transients were

(Equation (1)) in the pipeline. During the investigation air
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pockets were considered as accumulators, where the

). In addition, Zhou (), Lee (), and Zhou

pressure at any instant is the same throughout the air

et al. () showed that the peak pressure of an entrapped

volume. The compressibility of the liquid in the accumulator

air pocket in a rapidly ﬁlling pipeline is better predicted

can be neglected since it is very small compared with the air

with ψ ¼ 1.4.
Equation (1) can be also presented as:

compressibility.
Figure 1 shows a stationary air pocket located at the ith
junction of a pipeline followed by a hydraulic jump, indicat-

(HUi,nþ1  z þ Hb )VUψi,nþ1 ¼ C

(2)

ing the hydraulic grade line with and without an air pocket.
It is apparent that in the case of the presence of an air

where HUi,nþ1 is the elevation of the hydraulic grade line at

pocket, the total head loss across the pipeline section is

section (i, n þ 1) at the end of the time step (m), z is the dis-

caused by pipe friction and local losses, as well as the

tance to the centreline of pipe above datum (m), Hb is the

head loss as a result of the presence of the air pocket and

barometric pressure head (m), VUi,nþ1 is the air-pocket

the hydraulic jump generated turbulence.

volume at the end of the time step (m3).

The air pocket polytropic change given by Equation (1)
is used as boundary condition:
HA V ψ ¼ C

It is important to highlight that the subscript U refers to
the variables that are unknown at the end of the time step
t þ Δt, and the variables without the subscript U are

(1)

known at the beginning of the time step t. In the following
discussion, a t denotes the beginning of the time step and

where HA is the absolute head (m), V is the air-pocket
volume (m3), C is constant obtained from the initial
steady-state condition for the air pocket, ψ is the polytropic

t þ Δt refers to the end of the time step.
The conservation of mass equation at the air pocket can
be written as:

exponent that ranged from 1.0 to 1.4. In this investigation,
ψ ¼ 1.4 was employed, since a fast transient occurred after
the rapid closure of a butterﬂy valve. Further, various

VUi,nþ1 ¼ Vi þ


Δt 
(QUiþ1,1 þ Qiþ1,1 )  (QUi,nþ1 þ Qi,nþ1 )
2

(3)

researchers have demonstrated experimentally and numerically that fast transients with entrapped air pockets are

where Vi is the volume of air at t, Δt is the time step (s), Qi,nþ1

better simulated with ψ ¼ 1.4 (Lee & Martin ; De

and Qiþ1,1 are the water discharges at the beginning and the

Martino et al. ; Fuertes et al. ; Martin & Lee

end of the air pocket at t, respectively. QUi,nþ1 and QUiþ1,1 are

Figure 1

|

Notation for the air pocket location.
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the water discharges at the beginning and the end of the air

where g is the acceleration due to gravity (m/s2), D is the

pocket at t þ Δt, respectively.

internal diameter of the pipe (m), f is the Darcy–Weisbach

Since the boundary conditions are simulated by use of

roughness coefﬁcient, A is the total cross section area of

the MOC, then the positive and negative characteristic

the pipe (m2), c is the celerity for water alone (m/s), and

equations at the end of each computational time step are

cm is the celerity for presence of the water–air mixture

deﬁned as:

(m/s).

QUi,nþ1 ¼ C(þ)  Bci HUi,nþ1

ate c, the celerity in the presence of water only (Wylie et al.

Equation (10) was used in the numerical model to evalu(4)

):
QUiþ1,1 ¼ C() þ Bciþ1 HUiþ1,1

(5)

Further, as can be seen from Figure 1, upstream from the

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(Kw =ρ)
c¼
1 þ (Kw =E) (D=e)

(10)

air pocket the conduit ﬂows full (no air). Likewise, downstream from the pocket the agitation present in the

where ρ is the water density (kg/m3), Kw is the bulk mod-

hydraulic jump caused the water to entrain air and mix it

ulus of elasticity of water (Pa), E is the Young’s modulus of

with the ﬂowing water producing a two-component bubbly

elasticity of the pipe material (Pa), D and e are the internal

ﬂow within the continuous liquid phase. For the analysis

diameter and the wall thickness of the pipe (m),

of the transients under these conditions, the effect of air-

respectively.

void fraction on the celerity at the downward sloping pipe

Furthermore, it is well known that small quantities of

should be considered. Therefore, the numerical model

free air in the form of bubbles in liquids cause the celerity

herein proposed evaluates the transient pressures upstream

to be reduced substantially from that in the pure liquid

from the pocket by using the MOC including the boundaries

itself (Kobori et al. ; Pearsall ; Ewing ).

with a celerity for water alone. On the other hand, down-

Numerous researchers have presented expressions to

stream from the pocket the characteristics equations are

evaluate the wave propagation speed in the water–air mix-

only applied to compute the boundary conditions with a cel-

ture during the ﬂuid transients (Kalkwijk & Kranenburg

erity for the homogenous water–air mixture, and the interior

; Fanelli & Reali ; Raiteri & Siccardi ; Rath

sections are simulated by means of the explicit–implicit

; Bergant & Simpson ; Guinot ). During this

scheme proposed by McGuire & Morris () that is

investigation, Equation (11) formulated by Martin et al.

described in detail within this section.

() was used to study the ﬂuid transients considering

Then, based on the above, the constants C(þ), C(), Bci
and Bciþ1 used in Equations (4) and (5) may be written as:

C(þ) ¼ Qi,nþ1 þ Bci Hi,nþ1 



fi Δti
Qi,nþ1 Qi,nþ1 
2Di Aii

(6)

a water–air mixture:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
cm ¼
ρ(1  α)ð(μD=Ee) þ (α=Ka ) þ ((1  α)=Kw )Þ

(11)

where Ka is the bulk modulus of elasticity of air, α is the
C() ¼ Qiþ1,1  Bciþ1 Hiþ1,1 

fiþ1 Δtiþ1
2Diþ1 Aiþ1



Qiþ1,1 Qiþ1,1 

(7)

air-void fraction and μ is the pipe constraint factor.
Moreover, if the losses at the junction (i þ 1,1) are neglected, then:

Bci ¼

gAi
ci

Bciþ1 ¼

gAiþ1
cmiþ1

Downloaded from http://iwaponline.com/jh/article-pdf/20/2/376/656719/jh0200376.pdf
by guest

(8)

HUi,nþ1 ¼ HUiþ1,1

(12)

Substituting Equations (3)–(5) and (12) into Equation (2)
(9)
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of partial differential equations that will be solved by the

HUiþ1,1 , yields:

κ
Δt
þ Hb  z) Cair þ (Bci þ Bciþ1 )HUi,nþ1 ¼ C
2

Journal of Hydroinformatics

explicit–implicit scheme proposed by McGuire & Morris
(13)

(). It is important to highlight that the latter method is
used for the computations at the interior grid points.
In the same way, a comparison made by Padmanabhan

Cair ¼ Vi þ

Δt
(Qiþ1,1  Qi,nþ1 þ C()  C(þ) )
2

(14)

et al. () shows that the explicit–implicit scheme is preferred over the well-known Lax–Wendroff two-step scheme
(Lax & Wendroff ), since shock wave propagation as

Equation (13) is resolved for HUi,nþ1 with the method of

well as shock reﬂections and interactions are better simu-

Newton–Raphson. The values of the other unknown vari-

lated. Further, the explicit–implicit scheme requires about

ables can be evaluated from Equations (2) through (12).

10% less of the computing time needed by the Lax–Wend-

For the convergence and stability of the ﬁnite difference
scheme, the Courant condition always satisﬁed overall the
pressure transient simulations.

roff method.
For the homogeneous model, the water–air bubbly ﬂow is
considered as a single pseudoﬂuid with average properties.
The relative velocity between the components is neglected

Δx
c
Δt
Δx
 cm
Δt

(15)

phase, and for the dynamic equations for the mixture
(Martin et al. ; Wiggert & Sundquist ). Likewise,
(16)

During the simulation Δt is ﬁxed, likewise c and cm
should be known and then the numerical model automatically adjusts the value of Δx for each pipeline section.
In this particular investigation, the boundary condition
at the upstream end is a constant head tank and at the downstream end a butterﬂy valve that closes suddenly (closure
time 0.15 s). The characteristic equations that deﬁne these
boundaries are discussed in detail in the standard literature
on ﬂuid transients, for instance, Wylie et al. () and
Chaudhry ().
At this stage, it is important to emphasize that the analysis
of transients in two-component ﬂows is more complex and
difﬁcult than in single-component ﬂows. Further, the probability of occurrence of shock waves due to the steepening
of compression waves usually limits the use of the MOC,
since it would be necessary to include the shock equations
as internal boundary conditions in the characteristic grid
(Chaudhry et al. ). Therefore, the one-dimensional homogeneous model is used to investigate the pressure surges
considering two-phase bubbly water–air mixtures downstream of the stationary air pockets. The continuity
equations for the gas phase and liquid phase, as well as the
dynamic equation for the water–air mixture, yield a system
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in the development of the continuity equations for each

the system of equations takes into account the compressibility
of air and water, as well as the pipe wall elasticity.
Regarding the homogenous model, the following considerations were made. (a) The water–air mixture is a
homogenous two-component bubbly ﬂow. Although the
growing bubbles may join, for the most part they remain uniformly distributed in a continuous liquid phase along the
pipe. (b) The momentum interchange between the air and
water components is neglected. (c) The momentum of the
air component relative to the liquid is small and hence
can be neglected. (d) The average cross-sectional representation of air void fraction, water–air mixture velocity, and
component densities can be employed. (e) No gas release
and absorption takes place during the transients. (f) The circulation region, also called net air transport, does not extend
beyond the end of downward sloping pipe section (see
Figure 1).
By using a control-volume approach the conservation of
mass can be developed for each phase (Yadigaroglu &
Lahey ). This formulation is not strictly speaking a separated ﬂow model because it is considered that the relative
velocity between the ﬂuids is zero. Therefore, the conservation of mass equation is given by:
@
@
(ρ αA) þ (ρa αAva ) ¼ 0
@t a
@x

(17)
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where ρa is air density (kg/m3), A pipe cross-sectional area

values of α are considered to remain constant, since it is

(m2), va average air velocity (m/s), t time (s), x axial distance

taken into account that no gas release and absorption

along the pipe (m).

occurs during the transients:

For the liquid phase the conservation of mass equation
is written as:

α¼

@
@
(ρ(1  α)A) þ (ρ(1  α)Av) ¼ 0
@t
@x

(18)

β¼

Neglecting the contribution of the gas phase, the
dynamic equation for the water–air mixture can be formulated from a control-volume as:

(23)

β is the air to water ﬂow ratio:

where v is the water velocity in the pipe (m/s), which has
been assumed equal to the gas phase velocity.

β
1þβ

Qa
Qw

(24)

where Qa is the air discharge and Qw the water discharge.
The values of β are calculated using the relationship proposed by Ahmed et al. () (Equation (25)). This


@
@ 
@p
ρ(1  α)Av2m þ A
½ρ(1  α)Avm  þ
@t
@x
@x
þ πDτ 0  gρ(1  α)Asinθ ¼ 0

relationship is used in the numerical model implemented
to simulate the two-component ﬂuid transients within the
(19)

continuous liquid phase downstream of the hydraulic
jump, because it is supported on a three-year testing pro-

where p is the average pressure at the particular cross-

gram. A total of 2,250 test runs had been made in closed

section (kg/m2), vm ¼ va ¼ v mixture velocity (m/s), τo

conduits sloping from horizontal to vertical. Further, the

2

boundary shear stress (kg/m ), θ angle of pipe with respect
to the horizontal.

relationship includes the scale effects arising during the air
entrainment process:

The boundary shear stress is based on the deﬁnition of
β ¼ 0:04(F1  1)0:85

the Darcy–Weisbach resistance coefﬁcient f :

τ0 ¼

f
(1  α)ρvm jvm j
8

(20)

(25)

where F1 is the Froude number at the toe of the hydraulic
jump.
Equations (17)–(19) can be formulated in conservation
form for use by the implicit–explicit scheme. For subsequent

The mixture density is:

development it is convenient to deﬁne the total differential
ρm ¼ (1  α)ρ þ αρa

(21)

For most of the gas–liquid mixtures, Equation (21) can
be approximated by:
ρm ¼ (1  α)ρ

operator:
d
@
@
¼ þv
dt @t
@x

(26)

and the transformations:
(22)

In the numerical model the air-void fraction is calcu-

1 dρk
1 dp
¼
ρk dt
Kk dt

(27)

1 dA μd dp
¼
A dt
Ee dt

(28)

lated with Equation (23), deﬁned as the ratio of the area of
the gas phase and the total area in the given cross-section.
It is worth noting that for this particular investigation the
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To apply the explicit–implicit scheme the set of conservation Equations (32)–(34) is considered to be of the form:

(19) and assuming no gas production results in:


Journal of Hydroinformatics

1
μD dp 1 dα @v
þ
þ
¼0
þ
Ka Ee dt α dt @x

(29)

1
μD dp
1 d(1  α) @v
þ
þ
¼0
þ
Kw Ee dt (1  α)
dt
@x

(30)

@Qi1 @Qi2
þ
¼ Qi3
@t
@x

(39)

where the quantity Qi1 (for i ¼ 1, 2, 3) deﬁnes the functions
of the pressure, velocity, and void fraction.
The explicit–implicit method conjugates the explicit
scheme with the implicit scheme previously formulated by

The simpliﬁed dynamic equation for the water–air mixture is given by:

McGuire & Morris () and McGuire & Morris ().
In the explicit scheme, the three-equation set represented
by Equation (39) is approximated by difference formulas,

dv
1
dp
f
þ
þ
vjvj  gsenθ ¼ 0
dt ρw (1  α) dx 2D

(31)

The three-equation set represented by Equations (29)–
(31) constitute a quasi-linear hyperbolic system that can be
rewritten as:
@α
@α
@v
þv
 φ1
¼0
@t
@x
@x

(32)


@p
@p
@α
@α
þv
 φ2
þv
@t
@x
@t
@x

¼0

@v
@v
@p
þ v þ φ3
¼ ϵ1
@t
@x
@x



1
1

Ka Kw

Qi1 ½(jΔx, (m þ a)Δt)




1
1
1
Qi1
Δx, mΔt þ Qi1
jþ
j  Δx, mΔt
¼
2
2
2




1
1
 ar Qi2
Δx, mΔt  Qi2
Δx, mΔt
jþ
j
2
2




aΔt
1
1
þ
Qi3
Δx, mΔt
j þ Δx, mΔt þ Qi3
j
2
2
2
(40)

(34)



Dμ
α
(1  α) 1
þ
þ
Ee Ka
Kw

and (41):

(33)

where

φ1 ¼ α(1  α)

then Qi1 and Qi1 can be found by solving Equations (40)

(35)

Qi1 ½(jΔx, (m þ 1)Δt) ¼ Qi1 ½ jΔx, mΔt

r
1

1
½Qi2 f(j þ 1)Δx, mΔtg  Qi2 f(j  1)Δx, mΔtg
2
2a


r
1
þ
Q
Δx, (m þ a)Δt
jþ
2a i2
2


1

j  Δx, (m þ a)Δt
Qi2
2
Δt
(41)
þ ½Qi3 f(j þ 1)Δx, mΔtg þ Qi3 f(j  1)Δx, mΔtg
2
where ( jΔx, mΔt) denote the grid points, j and m assume
integer values 1, 2, 3, … etc. Δx and Δt refer to the reach




1
1
1

φ2 ¼ α(1  α)
Ka Kw

φ3 ¼

1
ρw (1  α)

length and the computational time step, respectively. The
(36)

stability of the explicit–implicit scheme is satisﬁed if and

(37)

1
1
only if rjωj  1 and   ad  , where jωj is the maximum
2
2
modulus eigenvalue of the coefﬁcient matrix of the linearized version of the system (Equation (39)). For the
implementation of the numerical model the parameters

ϵ1 ¼ gsinθ 

f
vm jvm j
2D
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a ¼ 2 and d ¼ ¼ were used for all pressure transient
simulations.
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In Equations (40) and (41), Q* denotes the predicted

pipe section of 7.5 m in length. A plastic hose with a

value to Q. The implicit method formulated by McGuire &

length of 60 cm and an internal diameter of 200 mm was

Morris () consists of Equation (40) and a ﬁnite differ-

used to connect both transparent PVC pipe sections. At

ence approximation for Qi1 ½(jΔx, (m þ 1)Δt), as follows:

the end of the test section, a gooseneck pipe was connected



r 1
þ d(a  1)
2 2

r 1
 ad
½Qi2 f(j þ 1)Δx, mΔtg  Qi2 f(j  1)Δx, mΔtg þ
2 2

Qi1 ½ð jΔx, (m þ 1)ΔtÞ ¼ Qi1 ½ jΔx, mΔt 

½Qi2 f(j þ 1)Δx, (m þ 1)Δtg  Qi2 f(j  1)Δx, (m þ 1)Δtg


1
þ rd Qi2
Δx, (m þ a)Δt
jþ
2


1
Δx, (m þ a)Δt
j
Qi2
2
Δt
(42)
þ ½Qi3 f(j þ 1)Δx, mΔtg þ Qi3 f(j  1)Δx, mΔtg
2

by which the water returned to the rectangular tank. A schematic drawing of the experimental apparatus is shown in
Figure 2.
Instrumentation of the experimental apparatus
The following measurement instruments were used in the
experimental investigation.
One-quarter turn ball valves were placed at every 15 cm
throughout the test section (tapping points) allowing air to
enter and to exhaust during dewatering and ﬁlling operations. In addition, a compressor was used to inject air to

To verify the proposed numerical model, an experimen-

the pipe through a tapping point.

tal apparatus made of polyvinyl chloride (PVC) was used to

The water depths underneath the air pockets immedi-

perform hydraulic transient experiments. The setup has a

ately upstream of the hydraulic jump were measured in

test section that simulates a high point of a pipeline with

two ways. (1) An acoustic metallic sensor was introduced

an undulating proﬁle. During the experiments, the pressure

through the tapping points, once the point of the sensor

transients were generated by the sudden closure of a butter-

was in contact with the water surface, the electronic sound

ﬂy valve with double acting pneumatic actuator located at

system emitted a whistle, and then the measurement was

the downstream end of the test section.

taken. (2) When the beginning of jumps did not coincide
with the location of a tapping point, the depths were
measured circumferentially from outside of the pipe and cor-

EXPERIMENTAL INVESTIGATION

rected for pipe wall thickness.

A setup was implemented in order to study the combined

the total head losses (i.e., pipe friction, pipe entry, bends,

A U-tube manometer ﬁlled with water served to measure
effects on surge pressures of entrapped air pockets ending

energy loss in the jump, and butterﬂy valve) throughout

with a hydraulic jump that seal a conduit with supercritical

the transparent pipe section with and without air pockets.

slope and a homogeneous water–air mixture within the con-

The difference in elevation Δh read directly from the man-

tinuous liquid phase immediately downstream of the pockets.

ometer was utilized to compute the friction factor fexp by
the well-known formula of Darcy–Weisbach.

Description of the experimental apparatus

The initial steady-state water ﬂow rate in the experimental apparatus was measured with an ultrasonic ﬂowmeter

A hydropneumatic vertical standing tank with a capacity of
3

PrimeFlo-T, Model RXG 845.

2.3 m serves as upstream constant head tank. The test sec-

A butterﬂy valve with double acting pneumatic actuator

tion of the setup was 12.6 m in length, and the transparent

was installed at the downstream end of the test section to

PVC pipes used have an internal diameter of 200 mm,

cause the transients. Two piezoelectric transducers (Omega-

thus making surface tension effects negligible (Pothof &

dyne, Model PX103U1) were used for the pressure

Clemens , ; Pothof ). The test section was ﬁxed

measurements in the test section. They were placed at

and mounted on metallic frames. It is formed by an

4.0 m and 5.4 m downstream from the hydropneumatic

upstream pipe of 4.5 m long and by another downstream

tank, respectively. The transducers are capable of measuring
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Experimental apparatus.

pressures in the range of 0 to 690 kPa with an accuracy of

The tank is equipped with a safety exhaust valve at its

±0.5%. The signal of the sensors was registered by means

top, a Bourdon pressure gauge to register the pressure

of a demodulator (Validyne, Model CD23) and a data acqui-

during the test runs, and sight plastic to visualize water

sition board (National Instruments PCI-6281). The pressure

level in the tank. Minimum air volumes of 0.3 m3 and

surge data of the two sensors were stored in the hard disk of

2.0 m3 of water were maintained in the tank to ensure

a laptop for analysis. In addition, a pre-triggering program

that it serves as a reservoir. In addition, the pressure in

was implemented to register the air pocket pressure with

the tank did not register any variation during the fast tran-

the transducers at steady state before energizing the

sient (just a few seconds).

double acting pneumatic actuator.

The upstream portion of the test section has an adverse
slope of Sup ¼ 0.532 (θ ¼ 28 ), and the downward sloping

Experimental procedure

pipe was set at Sdown ¼ 0.466 (θ ¼ 25 ) to simulate a high
point of a pipeline with an undulating proﬁle. During the

In order to investigate the effect on pressure surges of air

tests, stationary air pockets accumulated along the control

pockets with a water–air bubble mixture downstream of

section located at the transition between pipes with sub-

them, two different experiments were developed in the

and supercritical slope (Sup and Sdown), always ending in a

setup. Subsequently, experimental data obtained during

hydraulic jump at the downward sloping pipe. The turbu-

the measurements were utilized to simulate numerically

lence kinetic energy of the jump generated small air

the hydraulic transients with and without entrapped air.

bubbles that were entrained and transported along the

For both experiments, each run was repeated at least ﬁve

pipe producing a two-component bubbly ﬂow within the

times to avoid errors. For all tests, pressure transient oscil-

continuous liquid phase (see Figure 2).

lations showed repetitiveness and the same pressure pattern.

As previously mentioned, it is well-known that small air

The absolute head at the upstream tank was constant

pockets can amplify pressure surges great enough to pro-

throughout the experiments, equal to 139.7 kPa (20 psi).

duce pipe rupture. Further, plastic pipes are signiﬁcantly

Three different initial air pocket volumes were tested, for

limited due to the low range of stress values that this kind

each of the four water ﬂow rates that ranged from

of material can support. Therefore, enough air was injected

0.020 m3/s to 0.035 m3/s.

at each run to produce the accumulation of large stationary

A hydropneumatic vertical standing tank with a
capacity of 2.3 m3 serves as upstream constant head tank.
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Experiment 1. The test section was ﬂowing full without

prior to injection. In order to compute the air pockets’

air. The pressure transients were generated closing the but-

volumes at the test section, the relationship (Equation

terﬂy valve by the pneumatic actuator from full opening in

(43)) proposed by Pozos et al. () was used.

0.15 s and assuming a linear valve closure.
Experiment 2. In order to investigate the effect on

VAirPocket ¼ Aup Lup þ Adown Ldown

(43)

hydraulic transients of entrapped air after the sudden closure (0.15 s considering a linear closing valve law) of the

where VAirPocket is the air pocket volume, Aup and Adown are

butterﬂy valve that was fully open, the following procedure

the areas of the air pocket at the upward and downward

was performed: the test section was ﬂowing full, while air

pipes of the test section, respectively. Lup and Ldown

was injected through a tapping point located at the begin-

denote the lengths of the air pocket at the upstream and

ning of the upward sloping pipe of the apparatus. The ball

downstream pipe portions of the test section, respectively.

valve was open to allow injection of air by means of a ﬂex-

Table 1 states the air pocket volumes calculated using

ible tubing connected to a compressor. The air was

Equation (43), the length of the ﬂow proﬁles underneath

transported by the water ﬂow along the pipe to the high

the air pockets, water ﬂow discharges, the absolute pressure

point at the change of slope, where air accumulated in the

inside the pocket at steady-state, as well as the air-void frac-

form of an air pocket that remained stationary. The hydrau-

tions. In addition, the water depths ‘y’ at the point of

lic jump that ﬁlled the conduit at the downward pipe with

hydraulic jump initiation and the air–water ﬂow ratio β are

supercritical slope was forced by locating a gooseneck

summarized.

pipe downstream of the butterﬂy valve. Following the
jump the regime presented was the bubbly ﬂow.
During the investigation, preliminary runs were devel-

RESULTS AND DISCUSSION

oped based on the studies carried out by Kalinske &
Robertson () and Kalinske & Bliss (), in order to

Results from the experimental investigation and simulations

analyze the behavior of the air bubbles distributed within

in numerical model are presented in this section. Figure 3

the continuous liquid phase downstream of the jumps.

shows the pressure transient comparison of the experimen-

Experimental observations conﬁrmed that water ﬂow rates

tal results and the pressure transient simulations following

3

3

ranging from 0.020 m /s to 0.035 m /s are insufﬁcient to

the closure of the butterﬂy valve without any air in the test

remove the small bubbles from the downward sloping

section by using only the MOC due to no air being

pipe, likewise the bubbles would gradually coalesce into

entrapped at the high point. It can be observed that the

large bubbles and eventually move in the upstream direction

pressure amplitudes calculated are slightly higher than the

through the jump towards the air pocket. Accordingly, it

measured values. This could be due to uncertainty in the

was considered that the volume of air remained invariant

measurements. Therefore, it can be stated that the numerical

at each run.

and experimental results have a good agreement.

In addition, the water depths at the point of hydraulic

Figures 4–6 show the effect of three different air pocket

jump initiation were recorded to estimate the air entrained

volumes on pressure transients for a water discharge of

by the hydraulic jump β and the void fraction α in the

0.02 m3/s (20 L/s). It can be observed that the presence of

water–air mixture.

air in the test section clearly reduce the amplitude of the

Once the test was ﬁnished, the air was released from the

pressure oscillations, and also increase the period of the

test section and the steps repeated at a different injected air

waves. It is important to emphasize that the pressures

volume.

obtained from the piezoelectric transducers’ measurements

During experiment 2, the air pocket volume decreased

gave similar results. Further, pressure transient simulations

in size because the pressure in the transparent pipe section

with and without air and different water ﬂow discharges

is higher than the atmospheric pressure in Mexico City

showed the same pressure pattern. Therefore, only part of

(≈78.5 kPa) and therefore its volume could not be measured

the results are presented.
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Air pocket volumes and lengths of ﬂow proﬁles

Volume of air (m3)

Length of the air
pocket proﬁles (m)

Length of the air
pocket proﬁles (m)

Absolute pressure in

Water

Equation (43)

Proﬁle upstream

Proﬁle downstream

the air pocket (kPa)

depth y(m)

β (–)

α (%)

0.0331

0.564

0.503

138.7

0.043

0.106

9.6

0.0387

0.564

0.682

139.2

0.039

0.124

11.1

0.0468

0.564

0.942

139.9

0.036

0.147

12.8

0.0306

0.441

0.574

139.1

0.048

0.106

9.7

0.0368

0.441

0.778

139.8

0.044

0.125

11.1

0.0460

0.441

1.072

140.2

0.041

0.148

12.9

0.0360

0.294

0.868

139.7

0.049

0.126

11.2

0.0462

0.294

1.196

140.1

0.045

0.148

12.9

0.0616

0.294

1.694

140.9

0.041

0.177

15.0

0.0285

0.209

0.711

139.3

0.058

0.109

9.8

0.0362

0.209

0.962

139.3

0.054

0.127

11.3

0.0474

0.209

1.324

140.7

0.049

0.150

13.1

3

Qw ¼ 0.02 (m /s)

3

Qw ¼ 0.025 (m /s)

3

Qw ¼ 0.03 (m /s)

Qw ¼ 0.035 (m /s)
3

Figure 3

|

Pressure transient comparison between experimental and computed results
without air.

Figure 4

|

Pressure transient comparison between experimental and computed results
with air.

Figure 4 shows the numerical comparison of the calcu-

depicted, it is noticeable that the air pocket volume has an

lated results from the simulations of ﬂuid transients with

important dampening effect. Moreover, it can be seen that

3

an air pocket (V ¼ 0.033 m ) with and without a water–air

when a water–air mixture occurs downstream of the air

mixture (air-void fraction, α ¼ 0.096) immediately down-

pocket, the reduction of the pressure transient envelope is

stream of it, as well as the pressure transient registered

even more considerable than that compared without

during the experiment. From the results obtained and

water–air mixture.
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From the results presented in Figures 5 and 6 it is
demonstrated that the distribution of the air void fraction
greatly inﬂuences the pressure transients. It can be observed
that the pressure oscillations decrease considerably throughout the test section with increasing the air-void fraction α
and the air-pocket volume V.
From the computations obtained, it can be seen in
Figure 6 that the reﬂection of the transient pressure wave
almost disappears due to the presence of the mixture of air
and water. For this speciﬁc situation this volume of air
with its corresponding air-void fraction (V ¼ 0.047 m3, α ¼
0.128) has a beneﬁcial effect.
For experiment 2, each run was repeated ﬁve times to
determine the consistency of results. In all cases, pressure

Figure 6

|

transient oscillations show the repetitiveness of the transi-

Pressure transient comparison between experimental and computed results
with air.

ent. For example, in Figure 7 the pressure surges obtained
from the piezoelectric transducer 2 (PT2) following the closure of the butterﬂy valve is plotted for the simulations of
ﬂuid transients with a water discharge of Qw ¼ 0.02 m3/s,
an air pocket volume of V ¼ 0.033 m3, and an air-void fraction of α ¼ 0.096. Data for all the ﬁve runs exhibit the same
pressure pattern and small deviations.
From the previous graphs, it is possible to suggest that
the large air pockets with a water–air mixture downstream
of them contribute to reduce considerably the pressure transients in the test section of the experimental apparatus.
Further, it can be stated that the cushioning effect produced
by the large air volumes and the corresponding air void
Figure 7

|

Pressure transients for all runs with Qw ¼ 0.02 m3/s, V ¼ 0.033 m3, and α ¼
0.096.

fractions on the transients is even more considerable than
that compared without bubbly ﬂow air content.
The important dampening effect on the experimental
and calculated pressure transients might be explained as follows, when the air-pocket volume increases the water depth
at the point of hydraulic initiation decreases (see Table 1),
increasing the intensity of turbulence in the hydraulic
jump, which entrains more small air bubbles from the air
pocket, reducing the wave celerity passing through the
water–air mixture (Pearsall ; Davis ; Ewing ).
Figure 5

|

Pressure transient comparison between experimental and computed results
with air.
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The important cushioning effect on the experimental
and simulated pressure transients might be explained as follows, when the air-pocket volume increases the water depth
at the point of hydraulic initiation decreases, causing an

CONCLUSIONS

increment in the intensity of turbulence in the hydraulic
jump, which entrains more small air bubbles from the air

Air pockets can accumulate at high points of pipelines with

pocket, reducing the wave celerity passing through the

undulating proﬁle, and at the end of the air pockets a

water–air mixture.

hydraulic jump usually occurs. The turbulence action at

In terms of future research, both experimental and

the jump generates small air bubbles that are entrained

analytical studies are required for scenarios with small air-

and transported along the pipe producing a two-component

pocket volumes to analyze the possible occurrence of gas

bubbly ﬂow within the continuous liquid phase. A numerical

release and absorption during the transients. It is rec-

model is developed here to simulate the combined effect on

ommended to perform the experimental investigation in

pressure transients of air pockets and homogenous water–

an apparatus with a test section made of metallic pipes,

air bubble mixtures. The proposed model is validated by

since plastic pipes are signiﬁcantly limited due to the low

using an experimental apparatus to perform hydraulic tran-

range of stress values that this kind of material can support.

sient experiments.
The numerical model is based on the explicit–implicit
scheme proposed by McGuire & Morris () and the
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the Lax–Wendroff method and the MOC, because it possesses the facility to reduce the overshooting and attendant
high-frequency oscillations by selecting the most adequate
values of two parameters (a and d) used during the simulations. Further, the shock-waves as well as the shock
reﬂections are simulated better, and the computation time
is reduced.
Pressure transients resulting from the rapid closure of
the downstream valve in a test section of irregular proﬁle
containing an air pocket and a water–air mixture can be
reasonably well predicted by the numerical model herein
presented.
The results show that the large air pockets with a water–
air mixture downstream of them contribute to diminish signiﬁcantly the pressure transients in the test section of the
experimental apparatus. Moreover, it can be stated that
the dampening effect generated by the large air pocket
volumes and the corresponding air-void fractions on the
transients is even more considerable than that compared
without bubbly ﬂow air content, acting as effective accumulators, suppressing the pressure transients.
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