
Measurement and simulation of pressure wave attenuation in upward
air±water bubbly ¯ow

H. Wang a,*, G.H. Priestman b, S.B.M. Beck c, R.F. Boucher d

a Department of Chemical and Materials Engineering, University of Alberta, Edmonton AB, Canada T6G 2G6
b Department of Chemical and Process Engineering, University of She�eld, She�eld, UK

c Department of Mechanical Engineering, University of She�eld, She�eld, UK
d UMIST, Manchester, UK

Received 27 September 1997; accepted 17 June 1999

Abstract

This paper is concerned with the measurement and modelling of pressure wave transmission and attenuation in an upward air±

water bubbly pipe ¯ow. The pressure waves in this two phase mixture are produced by a ¯uidic pressure pulse transmitting ¯ow-

meter placed upstream of the vertical section. The pressure pulses produced by the ¯owmeter are proportional to the ¯ow going

through the ¯owmeter. This device has been shown to work well in single phase liquids, but it is known that oil production is

predominately two phase (oil and gas). To this end, the attenuation of pressure pulses in two phase ¯ow was a vital element in

assessing the viability of this device. Experimental work has been conducted to do with measuring the attenuation of the pressure

waves as they travel up a 6.6 m high, 0.1 m diameter vertical pipe, initially ®lled with water. Frequencies between 4 and 12 Hz and air

void fractions up to 25% were used for this series of experiments. The average air bubble radius was measured as being 3 mm. High

speed photography was employed to obtain a clear observation of the wave e�ect on the air bubbles. Theoretical modelling was

conducted using a CFD package (FLUENT) in order to predict the wave decay in the bubbly ¯ow. The modelled results were found

to agree well with experimental measurement of signal attenuation, con®rming the potential of the ¯owmeter for remote ¯ow

measurement of two phase bubbly ¯ow. Ó 2000 Elsevier Science Inc. All rights reserved.
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1. Introduction

Modelling and measuring travelling pressure wave attenu-
ation in pipe ¯uids is important in relation to oil production
metering and information transmission in oil production
strings. Two kinds of new ¯owmeter have been specially de-
veloped for remote oil ¯ow measurement in oil production
strings (Boucher et al., 1996; Wang et al., 1996, 1997, 1998).
The proposed ¯owmeters produce downhole pressure pulses
which are transmitted by wave action through the oil and oil±
gas bubbly ¯ow, respectively, in the pipe, to the surface for
detection and recording. The application of such meters de-
pends upon successful transmission of the pressure wave signal
along the pipe ¯uids.

In the case of air ¯owing through pipes, the theoretical and
experimental results of pressure wave attenuation were found
to give good agreement (Wang et al., 1999). However, in two-
phase bubbly ¯ow, the mechanism of pressure wave trans-
mission is far more complicated, and the wave attenuation is

greater than in the single phase. Since it is di�cult to model
crude oil±gas bubbly ¯ow in the laboratory, the pressure wave
attenuation measurements have been conducted up a vertical
pipe containing water with air bubbles. The measured results
can be then compared to the results from theoretical modelling
to enable prediction of the signal decay in an oil-gas two-phase
bubbly ¯ow.

The ¯ow of the air±water bubbly mixture in a pipe is a
complex phenomenon. The turbulent structure of an air±water
bubbly up¯ow in a circular pipe has been investigated exper-
imentally by many researchers e.g., Serizawa et al. (1975);
Theofanous and Sullivan (1982); Liu and Banko� (1993);
Bertodano et al. (1994). Up to date, no complete mathematical
model of the two phase ¯ow has been derived. Some attempts
e.g., Pauchon and Banerjee (1988); Lisseter and Fowler (1992);
Vreenegoor and Geurst (1993), only predict the distribution of
the air void fractions over a cross-section of the pipe for the
two-phase bubbly ¯ow. An experimental investigation of the
pressure ¯uctuations due to bubble deformation was con-
ducted by Leutheusser (1978). The propagation of interfacial
pressure and void fraction ¯uctuation is another characteristic
phenomenon of bubbly two-phase ¯ow (Akselrod, 1993;
Revankar and Ishii, 1992). Although wave phenomena in
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bubbly liquid have been investigated by many researchers over
the years (Silberman, 1957; Prosperetti and Kim, 1988; Com-
mander and Prosperetti, 1989; Nigmatulin, 1982; Nakoryakov
et al., 1990; Miksis and Ting, 1992; Chung et al., 1992; Ky-
tomaa and Brennen, 1991; Beylich, 1994; Van Wijngaarden,
1995), including some recent development (Kameda and
Matsumoto, 1996; Kameda et al., 1998), current understand-
ing of the various wave disturbances in bubbly liquid is not
satisfactory.

The new ¯uidic ¯owmeters (Wang et al., 1996, 1998),
produce periodic variations in pressure downstream of the
¯owmeters. These pressure ¯uctuations can be regarded as
severe pressure pulsations in the ¯uid down the pipe. In
transient analysis of the pipe ¯ow, these ¯uctuations may be
expressed as harmonic pressure pulsating waves, which coin-
cide with severe ¯ow pulsations, or ¯ow steady-oscillations.
These waves can be also regarded as dynamic waves (Wallis,
1969), which propagate with the speed of sound through the
¯uid ¯ow (Beck et al., 1995), the speed of sound depends on
the type and temperature of the ¯uids (Thorley, 1991).
Transmitting these waves is a forced oscillatory motion pro-
cess, similar to the water hammer e�ect (Wylie and Streeter,
1985).

Travelling wave attenuation is a process during which
some of the incident acoustic energy is converted to heat and
some to new sound waves, which are out of phase with the
incident wave. The attenuation of any pressure disturbance in
the air±water bubbly ¯ow is far higher than single phase ¯ow.
The presence of air bubbles has two e�ects on the acoustic
properties of the mixture. Firstly the compressibility of the
mixture increases. This will decrease the speed of sound of the
mixture since the propagation sound velocity is inversely
proportional to the square root of the mixture's compress-
ibility. Secondly there is the additional acoustic energy ab-
sorption due to the bubbles themselves. Another important
aspect of the two phase ¯ow which is introduced along with
the presence of the bubbles is that the applied wave frequency
causes bubble oscillation. This can be very important when
the wave frequency lies close to the bubble resonant fre-
quency. Resonance causes a large radial displacement. The
result is an increase of the attenuation constant and com-
pressibility and therefore a reduction in the amplitude and the
speed of the waves.

In general, the air±water bubbly ¯uid is a dispersive and
dissipative medium, and the propagation properties of pres-
sure waves depend on the air void fraction, size of the bubbles,
amplitude of waves and frequency content of the imposed
signals. Much research concerned with wave transmission
in liquid±gas bubbly ¯ow has been conducted by di�erent
researchers over the years (Hsieh and Plasset, 1961; Van
Wijngaarden, 1972; Kuznestov et al., 1978; Ruggle, 1988;
Watanabe and Prosperetti, 1994), producing di�erent results
which were based on di�erent versions of the conservation
equations from the Navier±Stokes equations. However, these
results have little usage to the authorsÕ present work. Fur-
thermore the computer code of SUNAS, which comes from the
authorsÕ previous work (Beck and Boucher, 1993), treats the
bubbly mixture as a non-Newtonian ¯uid and takes into ac-
count a two-phase ¯ow parameter in modelling the wave at-
tenuation, but this code requires re®nement to handle the
bubbly ¯ow.

This paper describes the measurement and simulation of the
transmission decay of forced pressure waves, as measured in a
vertical ¯ow rig operated with an upward air±water bubbly
¯ow. High speed photography is used for detailed visual ob-
servation of the behaviour of air bubbles in a pressure wave. A
CFD code, FLUENT, is also used to study the pressure wave
decay in the upward bubbly pipe ¯ow.

2. Experimental arrangement

The basic rig design is shown in Fig. 1. The original air±
water loop consisted of a triplex piston pump, pressure wave
generator (the brass BV pulse transmitting ¯owmeter (Wang
et al., 1996)), bubble generator, test section, water header
tank and a downcomer pipe. The ¯ow was circulated by a
triplex pumping unit. The water ¯ow was controlled by a
variable speed motor and measured by an electromagnetic
¯owmeter. The discharge of the triplex piston pump was
limited to 100 l/min, although it could deliver a high pressure
up to 10 MPa. To get a higher water ¯ow, a centrifugal water
pump was used in parallel as shown. The BV ¯owmeter
generates the AC part of the pulsation in the ¯ow and the
centrifugal and the triplex piston pumps produce the DC part
of the ¯ow.

There was an air bubble generator placed at the bottom of
the test section, which was supplied from a compressed air
supply. Air bubbles were injected to the settled water ¯ow
around the bubble generator. Thus air±water bubble ¯ow en-
tered the pipe test section. Fig. 1 also shows the four elevations
(P0, P1, P2, P3) of the measurement stations. Each of the
stations was attached to a pressure transducer and a pressure
gauge. At the top of the test section there was a water plenum
(box with 0.71 m length, 0.63 m width and 0.61 m height)
which was open to the atmosphere, so that air was removed
from the ¯ow. After removing the air bubbles the water returns
via a downcomer pipe to the pump. Based on the principle of
continuity, the water level in the header tank is kept constant
when the system is running.

The test section consists of three pipe segments, two of
them (the bottom and the top segments) are made from per-
spex and the other one from opaque PVC, all with an internal
diameter of 100 mm. The perspex pipe segments were used for
observing the air bubble behaviour using a high speed camera.
The pressure wave signals were detected by the pressure
transducers. The pressure oscillation data was recorded and
analysed using a PC, an oscilloscope and a signal analyser.
Data acquisition software called ÔGLOBAL LABâÕ was used
to capture the pressure wave signals from the transducers with
a sample rate frequency of 2000 Hz. In order to ensure reliable
pressure signals, the transducer tapping holes were degassed
after the test section is ®lled with water. Additionally, the four
transducers were calibrated prior to use. They were put at the
same height in the pipe and found to give reasonable consistent
readings of the pulse amplitude on a cross section pro®le, as
shown in Fig. 2.

The purpose of the bubble generator was to create an air±
water two-phase ¯ow that was as homogeneous as possible. It
was important that there was uniformity in velocity distribu-
tion, turbulence intensity, void fraction and bubble size at the
test section. Fig. 3 illustrates the design outline of the bubble
generator. Pressurized air was supplied to four wing-shaped
injectors installed in parallel across the passage at 25 mm pitch.
As the ®gure indicates, the injectors had side walls made of
perforated 1 mm thick brass sheet and the air formed tiny
bubbles on the surfaces. In order to use di�erent void fractions
and distributions in the test, two designs of the bubble gen-
erators were used having 1600 and 160 holes of 0.75 and
0.5 mm diameter, respectively. The thickness of the injector
pro®le reduces to 0 from 6 mm at the leading edge. The air
supply system is also illustrated schematically in Fig. 1. Pres-
surized air from a low pressure air supply entered a pressure
regulator and then its ¯owrate was controlled by a valve and
measured using a rotameter. Air was supplied to the four in-
jectors via independent, ¯exible, small diameter piping. As
gravity can force the water into the air feed piping, a non-re-
turn valve was needed in the air supply line. In the event of
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water dropping through this valve, a perspex separation
chamber was used to accumulate and drain the water.

3. Pressure wave transmission measurements

Before the experimental results are described, two impor-
tant parameters for the bubbly pipe ¯ow, void fraction and
homogeneous Reynolds number, are required to be de®ned.

The term global air void fraction can be de®ned in integral
form as

a �
R

Vg
dVR

Vg�VL
dV

; �1�

where Vg and VL are the volumes of air and water phase, re-
spectively. In engineering applications it is customary to des-
cribe ¯ow condition in terms of ¯owrate ratios. Eq. (1) can be
approximated by a volume-average or bulk void fraction as

Fig. 1. Schematic of air±water bubbly ¯ow rig for pressure wave transmission.
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a �
R

Qg
dQR

Qg�QL
dQ
� Qg

Qg � QL

; �2�

where Qg and QL are volume ¯owrates of the air and water,
respectively. Eq. (2) was used to calculate the air void fractions
from the tests and is independent of bubble size. The size of the
individual bubbles is a function of the nature of the bubble
generator.

The two-phase ¯ow is usually considered as homogeneous
¯ow in analyses. Thus suitable average properties can be de-
termined and the mixture can be treated as a pseudo¯uid that
obeys the usual equations of single phase ¯ow (Beylich, 1994).
From the homogeneous air±water bubbly ¯ow model, de®ning
the single phase ¯uid with density of the mixture and the vis-
cosity of the continuous phase, the homogeneous Reynolds
number for the bubbly ¯ow in the test can be given as:

Reh � qmDVm

lL

; �3�

where D is the diameter of the test section, lL denotes the
viscosity of water, the continuous phase, and qm is mean
density of the mixture, which is de®ned as

qm � aqg � �1ÿ a�qL; �4�

where qg and ql are densities of air and water, respectively. Vm

in Eq. (3) is the super®cial velocity or total ¯ux (j) for the
mixture which is noted as

Vm � j � jL � jg; �5�
where jL and jg are the ¯uxes or super®cial velocities for water
and air phase, respectively, which are given as

jL � 4QL

pD2
; jg � 4Qg

pD2
: �6�

Thus the homogeneous Reynolds number for the bubbly ¯ow
can be re-written from Eq. (3) as

Reh �
�jL � jg�D aqg � �1ÿ a�qL

� �
lL

: �7�

Using Eqs. (2), (5) and (6), the super®cial velocity for the
mixture can be re-written as

Vm � 4
1

1ÿ a

� �
QL

pD2
� 1

1ÿ a

� �
jL: �8�

So from Eq. (8), another form of Eq. (3) can be written as

Reh � 4
a

1ÿ a
qg

�
� qL

� QL

plLD

� a
1ÿ a

� qg

qL

�
� 1

�
ReL

�9�

because of qL � qg;Reh � ReL and thus independent of air
void within the void fraction range tested.Using the experi-
mental facilities shown and described in Fig. 1, tests were done
to detect pressure waves with di�erent void fractions (up to
25%) and wave frequencies (between 4 and 12 Hz). Fig. 4
shows the pressure waveforms at the di�erent measuring sta-
tions at a frequency of 9.6 Hz for air void fractions of 4% and
9.1%, respectively. The captured pressure signals shown in Fig.
4 are clear (noting the scale change on graphs), with some
ÔnoiseÕ which can be attributed to random interfacial pressure
¯uctuations, a characteristic phenomenon of bubbly two phase
¯ow, as reviewed earlier.

The pressure wave decay along the pulsating ¯ow is of vital
importance to know how much pressure wave remains for
detection downstream. The experimental amplitude reduction
shown in Fig. 4 between successive stations is seen to increase
with increasing void fraction at the same frequency. The wave
amplitude, A, is simply de®ned as

Fig. 3. Outline of the bubble generator.

Fig. 2. Pressure pulse waveforms from the four transducers in a pipe

cross sectional pro®le for f� 3.6 Hz and a� 6.7%.
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A � Pmax ÿ Pmin: �10�
This is found from statistical data of the global characteristics
of the wave transmission, where Pmax and Pmin are maximum
and minimum transient pressures, respectively. A simple pa-
rameter, the pressure wave remaining (PWR), was used to
describe a relative amplitude for the wave decay. The PWR
was de®ned as

PWR�%� � A
A0

100; �11�

where A and A0 are downstream and upstream pressure wave
amplitude, respectively, and the upstream measuring station is
speci®ed as P0 (reading of the bottom transducer). Fig. 5
shows how the PWR decreases with the elevation above the
bottom transducer for di�erent air void fractions. It can be
seen that increasing the air void fraction increases the pressure
wave decay at a given wave frequency.

Fig. 6 shows how the pressure wave decays with height for
di�erent frequencies at a given void fraction of 9.1%, with all
the water ¯ow passing through the BV ¯owmeter. It can be
seen that, over the range tested, increasing frequency increases
wave attenuation (or reduces the wave remaining) at each
measuring station. It should be noted that the higher frequency

waves also had higher amplitudes, this being a characteristic of
the BV ¯owmeter as the water ¯owrate increased. Furthermore
a linear relationship of wave frequency and water ¯owrate was
veri®ed, as shown in Fig. 7, when all the water ¯ow was
passing through the BV ¯owmeter. The water ¯owrate and
wave frequency were measured using the electromagnetic
¯owmeter and signal analyzer, respectively.

4. Behaviour of air bubbles in a pressure wave

The e�ect of bubble size and distribution on the pressure
waves in the air±water bubble ¯ow was studied using high
speed photography. A high speed motion picture camera,
operating at approximately 4000 frames/s, was used. The
camera was located at the top and bottom elevations (Fig. 1).
Pictures were taken in selected runs with di�erent air void
fraction and wave frequency. Many sequential photographs
were analyzed in detail by a ®lm projecting the photographs to
a large screen, both at various projection speeds and frame by

Fig. 5. E�ect of elevation on pressure wave decay for di�erent air void

fraction.

Fig. 6. Pressure wave decay along the mixed ¯ow for di�erent wave

frequency.

Fig. 4. Pressure waveforms in air±water bubbly ¯ow for wave fre-

quency 9.6 Hz. Thin lines: experiment; thick lines: modelling.
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frame, to decide: (1) the initial state (no pressure waves) of the
bubbly ¯ow in the test section; (2) the gross e�ect of the
pressure wave on the bubbly mixture; (3) the e�ect of the
pressure wave on individual air bubbles.

Fig. 8 shows sample photographs of the air bubbles pass-
ing the bottom and top elevations (Fig. 1), for a� 4% and
f� 9.64 Hz. It can be seen that the shapes and distribution of
the air bubbles are variable along the ¯ow. For the initial state
(no pressure waves) of the air±water bubbly mixture, studying
the ®lms to determine bubble size distribution showed that, for
any given run within a < 20%, the bubbles were of approxi-
mately uniform size and that there was essentially no change in
average bubble size even though the void fraction was varied
up to 20%. If we neglect the shape change of the bubbles, for
the case of Fig. 8, the bubble radius is approximately 3 mm. It
was noted that with the bubble rise velocity remained constant,
with an increase in the air ¯owrate resulting in an increase in
the void fraction with more bubbles were formed in the ¯ow.
When void fraction exceeded about 20%, the chances of two
bubbles colliding and coalescing greatly increased, such that
the average bubble size increased until individual bubbles be-
came comparable in size with the pipe diameter.

Another observation was that there were insigni®cant
¯uctuations in the average void fraction with time at a given
axial location in the pipe. Over the range of void fractions used
as 4% < a < 20%, the bubble density was almost uniform. This
means that the bubble generator worked well and produced
homogeneous bubbles with only small voidage ¯uctuation.

The overall pressure wave in the bubbly mixture was followed
by observing the changes in oscillation frequency or velocity of
the mixture (note the frequency is proportional to the water
¯owrate when all the water went through the ¯owmeter) as the
wave passed a given axial location in the pipe.

One general conclusion reached from viewing the ®lms in
detail was that the visible e�ects of the pressure wave on the
occurred simultaneously over the cross section of the pipe. For
example, observing the advancement of the wave front
through the mixture frame by frame showed that as a bubble
near the axis of the pipe started to compress, all the other
bubbles in the perspex segment having the same axial position
started to compress simultaneously. The e�ect of the pressure
wave on the individual bubbles was found to be strongly de-
pendent on the amplitude of the wave and to a lesser extent on
the void fraction. Using the BV ¯owmeter to generate the
pressure wave, increasing water ¯owrate also caused growth of
both wave amplitude and frequency. Thus the e�ect of a
pressure wave on individual bubbles cannot be distinguished
from any possible e�ect of ¯owrate, but the latter is not ex-
pected to be signi®cant.

For the waves and void fractions used, the bubbles were
seen to be oscillating as a result of their initial compression by
the wave. In general, the bubbles remained intact. At low void
fractions, if the amplitude of the oscillations was fairly large,
the bubbles often became badly distorted, with their horizontal
diameter much larger than the vertical diameter. When initially
compressed, some of the larger bubbles were distorted into a
dished shape, the bottoms of the bubbles having been pushed
up through the centers of the bubbles. Although a single
¯uctuation period for the bubbles was di�cult to de®ne, nev-
ertheless the order of magnitude of the bubble ¯uctuation
frequencies as measured from the motion pictures were the
same as the frequencies of the recorded pressure ¯uctuations in
the captured signals.

5. CFD modelling and comparison with experiments

There are several commercial CFD codes in use, and the
majority have some capability for multi-phase ¯ow modelling,
each with its own particular set of features (Freitas, 1995). In
this work the CFD code FLUENT (Fluent, 1996) was used.
Both the Eulerian multiphase and the time dependent models
are required to perform calculations of the pressure wave de-
cay. The modelled ¯ow ®eld in the CFD simulation is an up-
ward air±water bubbly ¯ow, as shown in Fig. 1. The geometry
of the ¯ow domain is simple: a vertical pipe and its appended
large plenum which relates to the water header tank. To sim-

Fig. 8. Photographs of the air bubbles in pulsating ¯ow.

Fig. 7. Flowmeter calibration.
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plify the problem, the out¯ow from the water header tank is
neglected. This will have negligible e�ect on the accuracy of the
solution as the size of the out¯ow duct is very small compared
with the area of the water in the header tank. Moreover, the
out¯ow position is remote from the in¯ow position connected
to the test section and it does not a�ect the ¯ow conditions of
the upward ¯ow in the test section.

To further simplify the geometry of the modelled domain to
reduce computer e�ort, the appended plenum was treated as a
cylinder with the same axis to the pipe. Obviously changing
shape of the large plenum from cube to cylinder has a little
e�ect on the ¯ow in the test section. Thus the modelled domain
has a cylindrical geometry enabling a cylindrical polar co-or-
dinate system to be used. Assuming the mixture ¯ow is axi-
symmetric, a two-dimensional solution can be used. The
centerline of the pipe and cylinder is represented by a set of
boundary cells along the ÔleftÕ vertical line of the domain
(j� 1), in which the cells are set as symmetry cells, de®ned as a
wall without shear. Therefore the geometry of the modelled
domain with a length of pipe and cylinder was simulated using
a Cartesian grid of I cells along the elevation by J cells wide
along the radius as geometric grids. The heights of the pipe and
cylinder were treated as the same as in the experiments. Hence,
the mixture ¯ow was modelled as a two-dimensional grid
formed from 250 by 70 grid nodes in the I and J directions,
respectively. Finer grid spacing was used in the junction region
of the pipe and cylinder, where steep gradients of the depen-
dent variables were expected.

Boundary conditions were speci®ed as following: a no slip
condition was used on the wall of the pipe and cylinder; a
symmetry condition was applied on the center line; the in¯ow
boundary condition was utilised as a Pressure INLET boun-
dary condition I1, which was composed from a time-dependent
harmonic pressure pro®le, based on the measured data from
the test. In FLUENT, this in¯ow pressure INLET boundary is
required to be input as total pressures. Clearly the out¯ow
boundary for the domain is a free surface of the ¯uid. How-
ever, in the conditions of a test, the level of the free surface is
constant due to continuity. Thus the out¯ow boundary can
also be speci®ed as a Pressure INLET Boundary condition I2,
and the static pressure is required to be input. It was assumed
that the I2 pressure could be de®ned as a constant at ambient
pressure, and that the pressure wave signal decays completely
in the I2 boundary. It is also important to note that in
FLUENT the default gravitational acceleration is zero. For
the current case of upward ¯ow, the gravity force must be
included and de®ned in magnitude and direction as the gravity
vector.

To reduce the signi®cant computational e�ort of solving the
complicated problem of the bubble ¯ow, solving techniques
are required in calculations. For the ®rst solution attempt it is
customary to start with simple approximations and work up to
the ®nal form of the bubbly pulsating ¯ow. An initial guess for
the ¯ow ®eld and volume fractions is required for the mixture
¯ow calculation. For the unsteady ¯ow calculation required
for this system, a steady-state ¯ow solution is also necessary
prior to the time dependent model being applied.

For this calculation, a grid of 17,500 nodes was used for the
¯ow ®eld and the computation was performed on a super-
computer. Each run required several hours of CPU time. For
di�erent ¯ow conditions of air void fraction and pressure wave
frequency, di�erent CFD modelling results were obtained.
Fig. 4 shows the modelled wave forms at the four measuring
stations, for void fraction a� 4 and 9.1% respectively and a
pulsation frequency of 9.64 Hz. The modelled harmonic
pressure of P0 was imposed from the measured data of P0, and
it was used as a time-dependent pressure pro®le of the in¯ow
boundary condition in the CFD modelling.

The two comparisons which were made between experi-
mental wave amplitude results and CFD predictions show a
marked di�erence. From Fig. 4, the CFD predictions for the
two void fractions can be seen to be in reasonable agreement
with the measurements, but there is discrepancy between the
measurements and predictions of the pressure pulse waveforms
in particular the amplitude at P2 and P3. It is important to
note that the observed and recorded waveforms not only de-
pend on the gross ¯ow conditions of wave frequency and void
fraction, but also on many other factors, e.g., interfacial
pressure ¯uctuations between the air and water phases, inter-
action of the pressure transducer with the di�erent numbers
and sizes of bubbles in its sensitive area, non-axisymmetric
bubble number and di�erent size distributions. The air phase
in the mixture, the ¯ow is susceptible to compressibility e�ects.
The pressure ¯uctuations will be associated with the air volume
expanding and contracting including inertial e�ects of the ra-
dially accelerating liquid. Interfacial e�ects (bubble vapour
and air di�usion) and non-spherical bubbles are factors which
a�ect the waveform but which the FLUENT Eulerian multi-
phase model cannot take into account.

In an attempt to know the di�erences between the measured
wave amplitudes and CFD predicted results in tested range of
void fraction (0±18.7%) within the bubble ¯ow regime, CFD
modellings for each case were also conducted. Fig. 5 shows the
modeled and measured PWR along the bubbly ¯ow with a
wave frequency of 9.64 Hz for void fractions between 0% and
18.7%. Comparing the modelled results, it can be seen that
increasing the void fraction produces a decrease of the pre-
dicted pressure wave amplitude at a given frequency and that
the predictions from FLUENT gave reasonable agreement
with measurement of the wave decay up to void fraction
14.8%. There is however disagreement between the measured
and simulated results in the higher void fraction of 18.7%. It is
probable that interfacial ¯uid exchange and non-axisymmetric
bubble number distributions, not accounted for in the com-
putations, became more important at higher void fractions.

6. Conclusions

Experiments and simulations have been conducted in order
to investigate pressure wave attenuation along an upward
¯owing air±water bubbly ¯ow. It is shown from the results of
both experiments and simulations that the wave decay mainly
depends on distance travelled, wave frequency and air void
fraction. It was found that increasing void fraction results in
the reduction of the detected wave amplitude at each mea-
suring station. The experimental work has also veri®ed that the
pressure wave, produced by a BV ¯uidic pressure pulse
transmitting ¯owmeter, propagates along the upward bubbly
¯ow with a frequency proportional to the water ¯owrate, and
that su�cient signal remains for remote ¯ow measurement in
the bubbly ¯ow.

High speed photographs of the experiments show some of
the e�ects of the pressure wave on the mixture and individual
bubbles, providing an understanding of energy losses and
bubble behaviour during the wave passing the mixture ¯ow.
Within the bubble ¯ow regime of a6 20% in the test, the av-
erage bubble size did not vary with void fraction when using a
specially designed bubble generator in the test.

It has been shown that CFD modelling can give a reason-
able realistic prediction of pressure wave attenuation in up-
ward air±water bubbly ¯ow. Using its Eulerian multiphase and
time dependent models, predictions from FLUENT gave rea-
sonable agreement with measurements in the range of wave
frequencies between 4 and 12 Hz, air void fractions between
0% and 14.8% and the homogeneous Reynolds numbers up to
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1.2 ´ 104. There were, however, substantial di�erences between
the measured pressure wave amplitudes and CFD predictions
at higher void fractions.
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