
Abstract We report on experiments on the effects of

air bubbles on ultrasound velocity measurements in

fluids. We used an acoustic Doppler velocimeter sys-

tem for measuring the three velocity components in a

single point and an acoustic Doppler velocimetry pro-

filer system for measuring axial velocity in several

points along the beam. The results suggest that both

systems essentially measure the velocity of the bubbles,

independent of the low air-volume concentration and

of bubble radii in the flow field.

1 Introduction

Because of the entrapment or release of air, many

natural and technical fluid flows are two-phase flows. In

high-speed flows in open channels, air is entrapped by

macroturbulence reaching the free surface. Air

entrapment occurs at the toe of a hydraulic jump as

well as in most breaking waves. Vapour bubbles de-

velop as a result of cavitation.

Because of frequent unlocking, especially at high

void concentration, measurements of fluid velocity

using laser Doppler velocimetry (LDV) are quite dif-

ficult for a two-phase flow. Better results can be ob-

tained using phase Doppler velocimetry (PDV). PDV

makes it possible to measure the velocity and the

diameter of round particles and bubbles. PDV requires

complex electronics with several photodetectors; mul-

tiple detectors are necessary in order to prevent

ambiguity in the analysis of the signal or to compensate

for variable refraction index of the particles. PDV

ultimately requires optical accessibility to the zone of

measurement.

Hot film anemometry (HF) is intrusive and suffers

from the presence of gas bubbles, which strongly

modify the non-linear response of the system. The

presence of bubbles near the hot film is clearly de-

tected in the output signal, but the response of the

physical system with respect to heat exchange is dis-

torted and difficult to interpret.

Particle image velocimetry (PIV) can be used with

good results but with several other limitations, such as

the need for a transparent medium and optical acces-

sibility to the measurement zone.

A good candidate for the measurement of two-phase

flows is the Doppler ultrasonic technique. It was initially

applied to measure velocity in a single volume (acoustic

Doppler velocimetry, or ADV) and recently has been

applied to obtain velocity measurements at several

points along an axis (acoustic Doppler velocity profiler,

or ADVP). ADV and ADVP have several advantages

over other measurements of fluid velocity. They can be

used in optically opaque fluids such as mud and hot fluids

such as liquid sodium (Eckert and Gerbeth 2002).

ADVP can give information on spatiotemporal velocity,

with the data rate virtually independent of seeding

concentration [for a description of ADVP techniques,

see Takeda (1990, 1999); Lemmin and Rolland (1997)].

The overall errancy of the technique is closely related to

the accuracy of set-up and the precision achieved in

evaluating the parameters, such as wave celerity.
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The limits are essentially a result of the low data

rate, which allows only macro-turbulence measure-

ments, and the reduced spatial resolution in respect to

LDA or HF.

In some experiments in velocity measurements in

spilling breakers and bores (Longo et al. 2001), the

influence of entrapped air on measured velocity was

readily evident.

The present experiments were intended to generate

two-phase flows (water and air bubbles or water and

hydrogen bubbles) in a controllable manner and to

measure velocity through ADVP and ADV. The pur-

pose was to study the effects of the bubbles on the

measurements. In Sect. 2, the paper introduces the

goal of the experiments. In Sect. 3, the theoretical

approach to a pressure wave moving in a two-phase

medium is reported, with a short description of ultra-

sound techniques for measurements of fluid velocity.

Section 4 contains a description of the experimental

set-up. The results are detailed in Sect. 5. Section 6

reports on measurements (using ADV) of the velocity

of rising bubbles. Conclusions are reported in Sect. 7.

2 Scope and objectives

The aim of the present experimental work is to gen-

erate information on the influence of air (gas) bubbles

on measurements of velocity in flowing fluids using

ultrasound techniques based on Doppler. Experimen-

tal studies on this topic are scarce (see Nielsen et al.

1999, for ADV performance in bubbly flows) but

necessary: ultrasound velocimetry is increasingly being

used, not only in two-phase fluid flows, but also in mud

with air bubbles and several types of foodstuff.

In order to generate a relatively easy flow field, we

used a cylinder that rotates around a vertical axis and is

immersed in water. We generated air bubbles by con-

necting certain devices to an air-pressure pipe, and we

produced hydrogen bubbles through electrolysis.

3 Theory

3.1 The effect of bubbles on ultrasounds

In this section, using results from the literature, we

shall verify the extent of correction to wave celerity

due to air bubbles. In addition, we shall also verify that,

within the limits of the present application, the pres-

sure waves are not dispersive. Consequently, a dis-

tinction between phase celerity and group celerity is

not necessary.

The presence of gas bubbles in a random or pseudo-

random array modifies the celerity of the pressure

wave, while refraction, diffraction, reflection and

absorption take place at the interfaces. In techniques

based on ultrasounds, pressure-wave celerity is

important because the target position and target

velocity are inferred through the knowledge of the

wave celerity.

The celerity of the pressure wave depends on the

density and compressibility of the fluid. Treating the

two-phase medium as an equivalent, single-phase fluid,

the complex sound speed is given by

c2 ¼ 1

qK
: ð1Þ

Defining qa and qf as the density of the air and

water mass, respectively, and Ka and Kf as the com-

pressibility of the air and water, respectively, the

density q of the mixture is q = mqa + (1 – m)qf, and its

compressibility K is K = mKa + (1 – m)Kf.m is the

bubble volume fraction.

Substituting the expression for mass density and

compressibility in Eq. 1, the following relationship is

obtained:

c2
f

c2
¼ 1 � m þ mKa

Kf

� �
1 � m þ mqa

qf

 !
; ð2Þ

where c2
f ¼ 1

qf Kf
is the celerity in pure water. This

relationship is valid as long as the bubbles are unaf-

fected by pressure waves.

A more complex expression of the wave celerity can

be obtained by considering the deformation of the

bubbles for a plane incident wave. The compressibility

of bubbles m Ka can be expressed as

mKa ¼ NDV

Dp
; ð3Þ

where N is the number of bubbles having radius a for

unit volume, and DV is the variation in bubble volume

due to ultrasound pressure Dp. If ka << 1, with k the

wave number of the pressure wave, pressure acting on

a bubble due to an incident wave can be assumed to be

uniform. Otherwise, distribution of the pressure can be

expressed by

Dp ¼ 1

2a

Za

�a

ffiffiffi
2

p
ppeixteikxdx ¼

ffiffiffi
2

p
ppeixt sin ka

ka

� �
; ð4Þ

in which pp is the root mean square pressure of the

incident wave and x is the coordinate in the direction of
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propagation of the plane incident wave (Thuraising-

ham 1998). The corresponding radial deformation of

the single bubble is

f ¼
�i4pa2

ffiffiffi
2

p
pp sin ka=xkað Þ

� �
eixt

Rm þ i xm � s=xð Þ½ � ð5Þ

in which f = radial displacement; m = 4p a3qf (effective

mass riding with the bubble); i ¼
ffiffiffiffiffiffiffi
�1

p
; s ¼ mx2

R (stiff-

ness constant of the bubble, with xR the resonance

frequency of the bubble); and Rm = dx m is the

mechanical resistance, with d the damping constant gi-

ven by d = dr + dt + dv. dr, dt, and dv are the com-

ponents due to re-radiation, thermal conductivity and

shear viscosity.

For bubbles of uniform radius a, Eq. 5 reduces to

mKa ¼
N 4pa2
� �2

mx2 �1 þ x2
R

�
x2

� �
þ iRm=xm

� � ð6Þ

(Thuraisingham 1998).

Hence, on using Eq. 6, Eq. 2 reduces to

c2
f

c2
¼ 1 � mð Þ2 þ m

qa 1 � mð Þ
qf

þ 1 � m þ mqa

qf

 !

k2Na �1 þ x2
R

�
x2

� �
� id

� �
p �1 þ x2

R

�
x2

� �2 þ d2
h i ð7Þ

Only the last term in Eq. 7 depends on frequency. It

is also assumed that the bubble volume fraction is low

enough (m < 0.1) to allow bubble interactions to be

avoided.

If the wave frequency is much higher than the res-

onance frequency of the bubbles, the damping constant

reduces to re-radiation: d� dr = ka. In the present

experiments, this is the case. In fact, the resonance

frequency of a single bubble can be evaluated as

xR ¼ 1

2p

3Pgo

qf a2
0

� 2r

qf a3
0

 !1=2

; ð8Þ

in which r = surface tension, Pgo = Pf – Pv + 2r/a0, Pf

= absolute fluid pressure, Pv = vapour tension and a0 =

undisturbed bubble radius (see Cheeke 2002).

In the present experiments, the bubble radius is in

millimetres. Using Eq. 8, we can easily verify that the

corresponding resonance frequency is a few kilohertz,

much lower than the frequency of the carrier in both

devices (1–10 MHz). This is also true for the small

bubbles generated by electrolysis.

A second mechanism of resonance is related to the

coherent oscillation of bubbles in a collective mode

(Kolaini 1998). It has, however, a frequency of reso-

nance much smaller than the frequency resonance of a

single bubble. As a consequence we can confidently

assume that d� ka and, with the further condition

qa < < qf, Eq. 7 reduces to

c2
f

c2
� 1 � 2m � 3

2p
k
a

� �
m

1 þ k2a2

1

2p
k
a

þ i

� �
: ð9Þ

If k2a2 ‡ 1 and m<<1, Eq. 9 simplifies to

c ! cfffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � 2m

p : ð10Þ

All these expressions can be modified by introducing

the bubble radii distribution for non-uniform bubbles.

ADVP was used with a probe at 1 MHz, while ADV

has a carrier at 10 MHz; the corresponding wavelength

in water is ~ 1.5 mm and ~ 0.15 mm, respectively,

while in our experiments m < 0.05. Having satisfied all

the conditions reported above, we can evaluate the

ultrasound celerity using expression 10. The ultrasound

celerity has a variation equal to ~ 5% compared to

celerity in pure water. This variation is negligible be-

cause in most practical situations wave celerity is sub-

ject to stronger variations as a result of fluctuations in

temperature or the presence of suspended particles.

3.2 Ultrasound Doppler velocimetry and

measuring instruments

Our tests were carried out using two kinds of instru-

ments based on the Doppler effect. The first is an

ADVP. The instrument was originally developed for

the detection, quantification and evaluation of blood

flow. In an ADVP, a piezoelectric probe emits the

pulse, and the echoes are detected by the same probe

(monostatic configuration). By measuring the time

between the emission and reception of the pulse, the

position of the target is ascertained, once the ultra-

sound celerity is known. If one measures the shift in

frequency, the target velocity component along the

probe axis is detected. The volume of measurement

depends on the characteristic of the probe. Because of

the lateral spreading of the pressure wave, the volume

of measurement increases far from the probe. We used

a 1 MHz probe with a diameter of 14 mm and a total

angle of divergence of ~ 15�. ADVP allows measure-

ments more or less at the same time in several ‘‘points’’

(gates) in the axial location.
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The second instrument was an ADV. The principles

behind the ADV are the same as those behind the

ADVP. The main difference between the two devices

is that while the ADVP evaluates the velocity com-

ponent along the axis probe at several points at a

similar time with only a small delay, the ADV evalu-

ates the three components of fluid velocity at a single

point, elaborating the echoes as detected by spatially

oriented receivers (minimum three). The volume of

measurement for the probe used is a cylinder 3–9 mm

in length and 6 mm in diameter, starting at 5 cm from

the probe. The frequency of the carrier is 10 MHz.

4 Experimental set-up and measurement techniques

The experiments were carried out in a 2.5-m long, 1.0-

m wide and 50-cm deep tank. The tank had glass walls

and a Plexiglas bottom.

The flow-field generator is a cylinder made of alu-

minium (Fig. 1). Its diameter is 122 mm and its height

62 mm. It is rotated by an electric motor with variable

rotation rates electronically controlled in the range 0–

2,000 rpm. For the present experiments, only two rel-

atively low but stable velocities have been used:

velocity 1 (~ 170 rpm) and velocity 2 (~ 280 rpm),

corresponding to ~ 110 cm/s and ~ 180 cm/s at the

outer radius of the cylinder.

4.1 Flow facility

The theoretical approximate flow field can be com-

puted by solving the Navier–Stokes equation for an

infinite cylinder rotating in an infinite domain. A

sketch of the reference system is presented in Fig. 2.

Let us consider the steady-state solutions of the form

u ¼ u# rð Þe#; ð11Þ

with consequent circular streamlines and with the fol-

lowing no-slip boundary condition at the outer radius

of the cylinder:

u# að Þ ¼ xa: ð12Þ

Equation 12 automatically satisfies the mass-balance

equation. It can be demonstrated that a solution is

u# rð Þ ¼ xa2

r
; C rð Þ ¼ 2pxa2; r>a: ð13Þ

In the entire fluid domain, the velocity (only tan-

gential component) radial decays and the circulation is

uniform. Our cylinder is immersed in a square tank,

and the boundary condition at the walls of the tank is

not strictly satisfied by solution 13. A boundary layer

also develops at the walls of the tank, where the no-slip

condition has to be satisfied.

The velocity component along the US probe axis can

be obtained by applying a coordinate transformation to

solution 13. It is equal to

ux0 x0ð Þ ¼ xa2d sin b

x0 cos b � dð Þ2 þ x0 sin bð Þ2
; ð14Þ

where d ¼ OO0
		 		 and x¢ is the distance along the US

probe axis.

By including the effects of the US field dispersion,

the measured velocity can be obtained averaging over

the two extremes b 1 = b – D b and b 2 = b + D b,

obtaining

ux0 x0ð Þ ¼ xa2

2x0 b2 � b1ð Þ ln
d2 � 2x0d cos b2 þ x02

d2 � 2x0d cos b1 þ x02

 !
: ð15Þ

Fig. 1 Experimental set-up

Fig. 2 Coordinate systems for computing the flow field around
the cylinder and the velocity component along the ultrasound
probe axis

596 Exp Fluids (2006) 41:593–602

123



According to Eq. 15, measured velocity should

monotonically increase from the tip of the probe, with

a maximum near the surface of the cylinder.

Near the outer radius of the cylinder, the boundary

effect on ultrasounds reduces the S/N ratio signifi-

cantly. Near the tip of the probe, the boundary layer

damps the velocity to 0.

The discrepancies between the theoretical laminar

profiles and the measured profiles are caused by (1) the

growth of instabilities, (2) three-dimensional phenom-

ena owing to the finite length of the cylinder, (3) tank

boundaries (bottom and free surface) and (4) the

spreading of turbulence. This enhances the transfer of

momentum, even though it is expected that far from

the cylinder, turbulence and velocity decay.

4.2 Bubbly flow generators

We tested some devices in order to obtain bubbly flow

with a bubble volume fraction of up to 5% and bubble

diameters between a few hundred micrometres and a

few millimetres. The best results were obtained using

commercial oxygenators in balsa wood, as used for

aquaria. The oxygenators used are parallelepipeds

6 · 6 · 2 cm3 with an air-supply tube 6 mm in diame-

ter. The air is forced into the tank through the wood

fibres, which are uniformly packed. The radius and

void concentration of the bubbles generated depend on

the air pressure. Each oxygenator was connected sep-

arately to an air supply through a pressure-valve re-

ducer with a micrometry regulator. The average air

pressure in the supply pipe is 2.5 · 105 Pa, and it is

reduced to ~ 5 kPa by the pressure reducer. Unfortu-

nately, the device was unable to generate high-volume

concentration flows because the higher pressure gen-

erated unstable and non-uniform bubbles, and it was

used only for tests with void concentration < 1.55%. A

second device was built. It is a PVC pipe with a

diameter of 140 mm connected through a pipefitting to

a PVC pipe with a diameter of 80 mm (Fig. 3). The air

is insufflated in a chamber, which is separated by the

water through a balsa wood separator 3 cm thick, with

the fibre plane parallel to the tube axis.

The initial air flux is 140 mm in diameter and is then

reduced to 80 mm, increasing the air-volume concen-

tration about threefold. This device was called the

‘‘chimney’’, the analogy being obvious.

The bubble-volume fraction was measured using an

impedance probe (Ma et al. 1991; Lamarre 1993).

Impedance probes are based on the difference in

electrical conductivity and dielectric constants between

liquid and vapour or gas and are suitable for averaged

volume fraction measurements. Our probe has two

electrodes made of nickel–chromium wires whose

diameter is 0.3 mm connected to a 4 kHz oscillator.

The wires are fixed by PVC fittings. The output signal

of the impedance probe is filtered with a low-pass filter

at 4 Hz and acquired by a PC through an A/D board.

The output of the probe depends on geometry, and

it was necessary to calibrate it. The calibration was

performed in a cylindrical bubble tank with air insuf-

flated in a chamber at the bottom and diffused through

a balsa wood diffuser. Owing to the presence of air

bubbles, the bulk density of the mixture drops and the

free surface level rises. Measuring the absolute pres-

sure at the level of the static taps allows for the eval-

uation of the average mass density and hence of the

average air-bubble volume fraction. Several geome-

tries of probes were tested (Corradi 2002). The cali-

bration curve for the probe we adopted is a third-order

polynomial (Fig. 4).

The geometric characteristics of the bubbles were

measured using photographs taken with a digital

camera. Several pictures were taken, contouring the

bubbles having sharp contours (in the focus plane).

Most bubbles appear as ellipsoids. We defined the

equivalent volumetric radius

avol;eq: ¼
ffiffi
½

p
3� amaxð Þ2amin ð16Þ

as the radius of a sphere having the same volume as an

ellipsoid with the axis orthogonal to the focal plane

equal to 2amax; amax and amin are the maximum and

140
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0

220
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0
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Fig. 3 Device for generating high air-volume concentration
(‘‘chimney’’)
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minimum semi-axis of the ellipses, as observed in the

photo. The shape parameter is the ratio amax/amin. In

Fig. 5, two histograms typical of bubble production are

shown.

4.3 Single bubbles generator

In order to generate single bubbles and a very low void

concentration (and small radius), we used an insulin

needle (27 G, 0.4 mm external diameter) with careful

control of the air-supply pressure (Fig. 6).

The measured bubble radius is 0.76 ± 0.3 mm, and

the emission rate is nearly 50 bubbles per second.

4.4 Hydrogen bubbles generator

The last device was a hydrogen bubble generator

based on electrolysis. The electrolysis device had the

two electrodes made of nickel–chromium wires with

a diameter of 0.3 mm connected to a DC 24 V

source, with electric-flow current in the test condition

equal to 0.24 A. The radius of the hydrogen bubbles

was not measured, but it is assumed in the range 10–

100 lm (Volanshi et al. 1996). The bubble-volume

fraction is extremely low and cannot be detected and

measured by the impedance probe, but a crude

estimate is possible. The gas discharge is computed

on the basis of the electric current. For our device,

the discharge of hydrogen under standard conditions

is equal to 7 · 10–7 m3/s, the area of generation is ~
190 · 10–4 m2, and the mean velocity for m = 1 (only

gas) should be @ 3.7 · 10–5 m/s. The actual ris-

ing velocity of the hydrogen bubbles is of the

order of 1 cm/s, giving a bubble volume fraction of

~ 3.7 · 10–3.

Different bubbly flow regimes are observed as the

void concentration and the bubble size is increased:

• At low void concentration and small bubble radius,

the bubbles rise in a stable and regular way. They

do not collapse or coalesce.

• At high void fraction concentration, the bubbles are

unstable and the bubbly flow pulsates.

void fraction (%)
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Fig. 4 Void-fraction probe calibration. First probe. Bubbly flow
homogeneity test
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Fig. 5 Histograms of bubble
production, 0.6 ± 0.3 mm
(test 1 in Table 1). Number of
bubbles � 570

Fig. 6 Train of bubbles generated by the insulin needle. Digital
camera, f 8.0-1/1000s
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• The micro-bubbles generated by electrolysis tend to

diffuse and reach a very low rising velocity.

5 Description of the tests

5.1 Measurements using the ADVP

All tests were carried out with the rotation rate of the

cylinder set at the two lower values of ~ 170 rpm and

~ 280 rpm. The corresponding peripheral velocities are

~ 110 cm/s and ~ 180 cm/s. The probe of the ADVP is

in the plane of rotation, with the axis forming an angle

of incidence of ~ 10� with the normal to lateral surface

(see Fig. 1). Test conditions are summarized in Ta-

ble 1.

Data were collected averaging 512 emissions per

profile with spatial resolution (intended as the distance

between the baricenter of two subsequent volumes of

measurement measured along the probe axis) equal to

2.2 mm. Each emission consisted of a burst containing

eight cycles with a size of the volume of measurements

equal to 6 mm. The probe tip was at ~ 10 cm from the

surface of the cylinder. The first recording point was at

15.7 mm from the tip of the probe (to avoid the dis-

turbed near field); the last point was at 101 mm. The

data rate was ~ 8 Hz (frequency of acquisition and

elaboration of 512 profiles). The number of profiles

acquired for post-processing was 5,000, corresponding

to ~ 600 s. Some preliminary measurements were car-

ried out in still water for checking the Doppler noise

level of the ADVP. The results were negligible.

The computed mean velocity profiles are reported in

Fig. 7, and the velocity standard deviation (STD)

profiles are shown in Fig. 8. One of the measurements

lasted for 20,000 profiles, in order to test the stability of

the process.

The data in Figs. 7 and 8 clearly document the

strong influence of air bubbles on measured velocity.

The STD of velocity is always higher in bubbly flows

than in pure water. It is not caused by turbulence

enhancement only, and the presence–absence se-

quences of bubbles plays a major role in signal fluctu-

ations. Similar results were obtained by increasing the

emitted energy and the gain, checking also the energy

of the echoes.

In addition to the test conditions in Table 1, three

hydrogen bubble fluxes were introduced in the flow

field, taking up all the space between the probe and the

cylinder (test 1, not reported), part of the space nearest

to the cylinder and part of the space nearest to the

probe (test numbers 2 and 3 in Fig. 9). The probe tip

Table 1 Test conditions (measurements with the ADVP)

Test no. Void
concentration
m (%)

Bubble
radius
(mm)

Shape
parameter

Generator

1 0.13 ± 0.05 0.6 ± 0.30 1.47 Small
generators2 0.53 ± 0.1 1.3 ± 0.36 1.86

3 1.55 ± 0.15 1.7 ± 0.41 1.94
4 0.59 ± 0.1 1.4 ± 0.37 2.03 Chimney
5 2.03 ± 0.2 1.8 ± 0.42 2.18
6 5.35 ± 0.2 2.3 ± 0.45 2.03

Fig. 7 Mean velocity profiles, first set of tests with the ADVP

Fig. 8 STD velocity profiles, first set of tests with the ADVP
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was at ~ 14 cm from the cylinder surface with a spatial

resolution (US beam axis) of 3 mm.

Occasionally, some spurious data appear in the

profile. Observing the profiles, the first impression is

that the instrument is able to measure the bubble

velocity instead of the fluid velocity or a phasic average

velocity. The flow field generated by the cylinder is

unable either to accelerate the bubbles significantly or

to cause their path to deviate from the vertical. As a

consequence, the measured flow fields have to be cor-

related to the bubble plume dynamics. The importance

of micro-bubbles in US signal scattering has already

been highlighted in case of high frequency US.

Experimental results by Shen and Lemmin (1997,

2000) indicate that micro-bubbles able to follow the

turbulent motion of fluid elements allow for the reso-

lution of flow turbulence. In the present tests, the

bubbles do not follow the flow field, but the signal

scattered by the micro-bubbles overcomes in intensity

the signal scattered by the tracer particles and by other

sources of echoes in the flow field. They also induce a

bias of the peak frequency towards the velocity of the

bubbles.

5.2 Measurements using the ADV

The ADV probe was set up in order to have the

measurement volume near the outer radius of the

rotating cylinder (Fig. 10). The x-component is in the

horizontal plane and should be equal to the peripheral

velocity of the cylinder. The y-component is at ~ 24� to

the vertical. The z-component is orthogonal to the x

and y components.

Two sets of experiments were carried out, with six

bubble characteristics and two rotation rates of the

cylinder. Data were acquired for 300 s and then elab-

orated, extracting some classical statistical parameters.

The results reveal behaviour similar to that of the

ADVP. The Vx component is strongly damped,

whereas the Vy component increases with increasing

bubble radius. The z-component always has negligible

values.

The void concentration of bubbles is very low. The

results seem to show that the measured velocity is

bubble velocity and not fluid or phasic (weighted)

average velocity. In order to check this behaviour, a

new configuration has been tested. The bubbles are

generated below the cylinder, with the axis of the

vertical plume nearly coincident with the axis of rota-

tion of the cylinder. As soon as the bubbles reach the

lower surface of the cylinder, they are radial-acceler-

ated and detach from the cylinder with a horizontal

component of velocity close to the peripheral velocity

of the cylinder. It is more evident with small bubbles

than bigger bubbles. After detaching, buoyancy accel-

erates the bubbles in the vertical direction and drag

reduces the velocity component in the horizontal

plane.

Tests were carried out with two rotation rates of the

cylinder. For comparison, bubbles were generated be-

low the cylinder (strong entrapment by the fluid flow,

progressively reduced due to detachment from the

boundary layer of the lateral surface) and near the

lateral surface of the cylinder (reduced entrapment by

the fluid flow) (Table 2).

Fig. 9 Mean-velocity profiles with hydrogen bubbles present
only in the part of the domain between the cylinder and the
probe

Fig. 10 Set-up of the ADV probe
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Results for Vx and Vy are shown in Figs. 11 and 12.

Because of the orientation of the probe, the velocity

component Vy represents the bubble rising velocity by

cos 24�. The error bars represent ± 15% the estimated

velocity (Bowles and Daffern 1997).

Note that the vertical velocity for bubbles generated

below the cylinder (empty symbols in Fig. 12) tend to

be negative, presumably as a consequence of stable

macrovortices.

6 Bubble-rise velocity using the ADV

The experiments herein described indicate that the

ADV (and the ADVP) essentially measures bubble

velocity. In order to compare our results with the re-

sults of other authors, a set of experiments was set up

with various bubble plumes in still water. Measure-

ments of terminal bubble-rise velocity are compared

with similar experiments by Haberman and Morton

(1954), also cited in Kobus (1991).

Bubble-rise velocity has various expressions

according to the regime (Kobus 1991):

• For small bubbles (spherical regime) the bubble-

rise velocity is

vb m/sð Þ ¼ 1:448a2 mmð Þ ða ð17Þ

• For bubbles having a diameter in the range 0.2–

20 mm, the rise motion is unstable and spiral mo-

tion can occur. The results are different for pure

and contaminated water. The velocity is in the

range 0.1–0. 4 m/s, and the regime is ellipsoidal.

• For large bubbles of a spherical cap shape, the re-

sults are

vb m/sð Þ ¼ 0:1a1=2 mmð Þ ða > 10 mmÞ: ð18Þ

The results are summarised in Fig. 13 and compared

to results in Haberman and Morton (1954). The mea-

sured Vx components are negligible, and the ratio Vz/

Vy is equal to tan(24�) (~ 0.44), decomposing the

bubble-rising velocity along x and z, as expected.

Bubble-rising velocities measured by the ADV are

generally higher than experimental velocities reported

in Haberman and Morton (1954), valid for a single

Table 2 Test conditions (measurements with the ADV)

ADV no. 1 ADV no. 2 ADV no. 3 ADV no. 4

170 rpm 170 rpm 280 rpm 290 rpm
(110 cm/s) (110 cm/s) (280 cm/s) (280 cm/s)
Below the

cylinder
Near the

lateral surf
Below the

cylinder
Near the

lateral surf

bubble radius a (mm)

0

0 0.5 1 1.5 2 2.5 

100

200

V
x 

(c
m

/s
)

ADV No 1
ADV No 2
ADV No 3
ADV No 4

Hydrogen bubbles

Fig. 11 Horizontal velocity component Vx versus bubble radius.
Filled symbols (filled circle, filled triangle) refer to bubbles
generated laterally with respect to the cylinder. Empty symbols
(open circle, open triangle) refer to bubbles generated below the
cylinder

bubble radius (mm)
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Fig. 12 Measured velocity Vy versus bubble radius. For caption,
see Fig. 11
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onset of oscillation

Fig. 13 Bubble-rising velocity of a single air bubble in an
extended body of water at rest. Open circles refer to Haberman
and Morton (1954). Squares refer to present experiments with
the generation of multiple bubbles (see Table 1). The triangle
refers to sequential bubbles generated by an insulin needle
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bubble. It is consistent with the experimental evidence

that the bubble swarm in an unconfined flow induces

an upward flow of water, with effective rising velocities

two or three times higher than those for a single bub-

ble. In a confined flow, mass balance requires a

downward flow of water, which reduces the bubble-rise

velocity. In the present experimental set-up, the bubble

plume is small in relation to the size of the tank and

can confidently be assumed as being unconfined.

7 Conclusions

The conclusions essentially refer to the range 1–

10 MHz of the ultrasound carrier and are strictly lim-

ited to the range of void fraction of the present

experiments.

• Experiments and analysis of the results show that

measurements of velocity using ultrasound Dopp-

ler-based velocimeters in a two-phase flow field (air

or hydrogen bubbles and water) give the velocity of

the bubbles. This is because bubbles scatter sonic

energy efficiently and, in a detection algorithm

based on spectral peak estimation of the echoes,

they unavoidably dominate the scenario.

• This effect is independent of the void bubble vol-

ume fraction and still applies to micrometry

hydrogen bubbles.

• In most practical situations (bubble volume fraction

< 0.1) and using a carrier with a frequency far from

the resonance of the bubbles, ultrasound celerity is

unaffected by the presence of bubbles, and the

celerity in pure water can be adopted with negligi-

ble error. Thermal stratification usually has a more

important effect on the wave celerity of ultrasound.

• Because of the nature of bubbly flows, the STD of

the measured velocity is relatively high and is not a

good indicator of turbulence energy. Frequent

velocity spikes owing to the presence or absence of

bubbles increase the data dispersion without a

correlation to turbulence.
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