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Abstract This paper presents measurements of the speed

of sound in two-phase flows characterized by high void

fraction. The main objective of the work is the character-

ization of wave propagation in cavitating flows. The

experimental determination of the speed of sound is

derived from measurements performed with three pressure

transducers, while the void fraction is obtained from

analysis of a signal obtained with an optical probe.

Experiments are first conducted in air/water mixtures, for a

void fraction varying in the range 0–11%, in order to dis-

cuss and validate the methods of measurement and analy-

sis. These results are compared to existing theoretical

models, and a nice agreement is obtained. Then, the

methods are applied to various cavitating flows. The evo-

lution of the speed of sound according to the void fraction a
is determined for a varying in the range 0–55%. In this

second configuration, the effect of the Mach number is

included in the spectral analysis of the pressure transduc-

ers’ signals, in order to take into account the possible high

flow compressibility. The experimental data are compared

to existing theoretical models, and the results are then

discussed.

1 Introduction

The speed of sound in cavitating flows varies significantly

according to the local void fraction a. Actually, it is close

to 1,500 m/s in pure water, 400 m/s in the vapor, and it

may decrease drastically in the liquid/vapor mixture,

according to the theoretical model proposed by Jakobsen

(1964). This implies that cavitating flows are nearly

incompressible in areas of pure liquid, and highly com-

pressible in two-phase flow regions. In configurations of

high-speed flows occurring, for example, in pumps or

injectors, the Mach number in the liquid/vapor mixture is

expected to increase up to 10, whereas it is close to zero

outside the mixture. Transition between these two behav-

iors may be abrupt, because of high local density gradients.

This large amplitude of compressibility variations in

cavitating flows is of paramount importance for the

understanding of their unsteady behavior, since it may be

involved in the mechanism of periodical vapor shedding

associated with cloud cavitation. Actually, it has been

suggested by several authors that pressure waves resulting

from cloud collapse downstream from a pump blade or a

hydrofoil may have some influence on the unsteady

behavior of the sheet cavities, which is observed in such

situations (Arndt et al. 2000; Leroux et al. 2005). It has

been shown, for example, by Leroux et al. (2005) in a

configuration of cloud cavitation on a 2D foil section that

different types of periodical cavitation cycles are obtained

according to the intensity of the pressure wave emitted

during the implosion of the cloud of vapor.

Therefore, taking into account the compressibility of the

flow in numerical simulations is necessary to reproduce

some complex mechanisms associated with cavitation

instabilities. However, this requires a correct estimation of

the local speed of sound in the cavitating medium. For
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example, some cavitation models are based on a barotropic

state law that controls the density variations of the mixture

according to the local pressure evolution (see for example

Delannoy and Kueny 1990; Merkle et al. 1998; Coutier-

Delgosha et al. 2003). In such models (Fig. 1), the local

slope S of the state law is directly linked to the local speed

of sound by Eq. (1).

c2 ¼ oP

oq
¼ 1

S
ð1Þ

The speed of sound c in Eq. (1) is either the isentropic or

the isothermal one. Indeed, Gouse and Brown (1964) have

shown that for any liquid/gas two-phase flow, both speeds

are nearly identical if mg is negligible in comparison with

ml, where mg and ml are the gas and liquid mass, respec-

tively, in the measurement volume V.

In the numerical simulations based on such barotropic

state law, the maximal slope Smax is a crucial parameter, as

it controls the thickness and the internal structure of the

sheet cavity. Therefore, it should be consistent with the

physics. At the present time, its value has been usually

obtained from the theoretical model proposed by Jakobsen

(1964), which gives a minimal speed of sound cmin close to

3.3 m/s for cold water (20�C). The final value used in the

numerical simulations by Coutier-Delgosha et al. (2003) is

cmin = 1.5 m/s, in order to obtain sheet cavity shapes

similar to the ones observed in the experiments.

However, no consensus currently exists concerning the

cmin value and more generally regarding the evolution of c

according to the volume fraction of the vapor phase b. The

initial model proposed by Jakobsen (1964) and revisited by

Wallis (1969) is based on the respective compressibility of

the vapor and the liquid: if a volume V containing a mass m

of liquid and vapor is submitted to a pressure variation DP,

then the respective volume variations of vapor and liquid

can be calculated, and the resulting volume variation can

be obtained, which results in the following formula:

1

c2
¼ 1

c2
v

b2 þ b 1� bð Þql

qv

� �
þ 1

c2
l

1� bð Þ2þb 1� bð Þqv

ql

� �

ð2Þ

where cv, cl, and c are the speeds of sound in the pure

vapor, in the pure liquid, and in the liquid/vapor mixture,

respectively, qv and ql denote the densities in pure vapor

and pure liquid, and b is the volume fraction of the vapor

phase.

In expression (2), mass and heat transfers are neglected,

so it can be applied to any gas/liquid mixture, in so far as

no major effect due to vaporization or condensation must

be taken into account. This may not be the case for cavi-

tating flows; therefore, Eq. (2) may not valid for such

complex mixtures that never reach equilibrium.

Another model has been proposed by Nguyen et al.

(1981) for configurations of diluted gaseous phase in the

liquid. These authors obtain a slightly different expression

of the speed of sound in the medium, as can be observed in

Fig. 2 in the case of a water/air mixture at temperature

20�C and atmospheric pressure. Note that for both models,

the speed of sound in the mixture depends implicitly on the

local pressure through the variations of the gas density qg

and the speed of sound in the gaseous phase cg according to

the pressure.

More recently, Brennen (2005) has proposed more

complete expressions of the speed of sound in two-phase

mixtures: mass and heat exchanges are taken into account.

However, calibration of the mass and heat exchanges

requires some further experimental investigations. Con-

cerning the heat transfer in single-component two-phase

mixtures, two extreme solutions are considered: ‘‘homo-

geneous equilibrium model’’, i.e. instantaneous thermal

equilibrium between the two phases, and ‘‘homogeneous

frozen model’’, which assumes zero transfer between them.

Cmin=1.5 m/s
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Fig. 1 Barotropic state law used for numerical simulation in water by

Coutier-Delgosha et al. (2003)
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air/water mixture according to volume fraction of the air. (Logarith-

mic scale, atmospheric pressure at 20�C, adiabatic process)
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It is shown by Brennen (2005) that experimental results

usually lay between these two solutions. If mass transfers

are neglected, the following relation is obtained by

Brennen:

1

c2
¼ bqg þ 1� bð Þql

� �
� b

n � Pþ
1� b
ql � c2

l

� �
ð3Þ

where n is the polytropic index and P is the pressure in both

phases if surface tension is neglected. It can be checked

that expressions (2) and (3) are equivalent.

Some experiments devoted to the measurement of the

wave propagation speed in two-phase flows are also

reported in the literature. Testud et al. (2007) have inves-

tigated cavitation downstream from a diaphragm, and they

have measured the speed of sound with a method based on

three pressure transducers. A minimal speed of 13 m/s has

been found by these authors, but the associated void fraction

was not measured. Experiments in stratified air/water flows

are also reported by Henry et al. (1971): propagation time of

a pressure wave between two cross-section is measured

with two piezo-electric transducers. Measurements in air/

water mixtures were also performed by Costigan and

Whalley (1997), using a single pressure transducer that

detects the propagation of a pressure wave generated by the

closure of inlet air and water valves. Time propagation of

the wave enables to derive its speed in the liquid/gas

medium. Results have been obtained for a void fraction

varying between 0 and 50%, and a good agreement with the

model proposed by Brennen was shown.

The present study consists of experiments whose basic

aim is to measure the evolution of the speed of sound c

according to the void fraction a in a cavitating flow. The

speed of sound is defined by Eq. (1), while the void fraction

a is obtained in any point according to expression 4:

a Mð Þ ¼ Dtk=Dt ð4Þ

where Dtk is the time of presence of phase k at point M

during the time Dt.

However, the technique for the determination of the

speed of sound is not local, since it is based on the signal

analysis of three piezo-electric transducers. Consequently,

a volume V of flow characterized by nearly constant

physical properties is required in order to perform space-

averaged measurements of wave propagation speed. The

main challenge of the present work was thus related to the

creation of a homogeneous volume V of cavitating flow,

i.e. a volume containing a liquid/vapor mixture character-

ized by a small space variation of the void fraction.

Simultaneous measurements of c and a were performed,

where a denotes the mean value of a in the volume V:

aðVÞ ¼
Z
V

a � dV ð5Þ

The value a is obtained by space averaging local

measurements performed with an optical probe. Not only

cavitating flows (single-component two-phase mixture) but

also air/water flows (two-component two-phase flows)

were investigated in this study, in order to validate the

experimental technique.

For the purpose of these experiments, an existing cavi-

tation tunnel of the LML (Laboratoire de Mécanique de

Lille, France) has been equipped with a Plexiglas test

section in order to visualize cavitation. A grid is located

perpendicular to the flow upstream from the test section, in

order to obtain cavitation in its wake. For investigation into

air/water flows, an air injection device through a circular

ring located in the flow upstream from the test section has

also been installed. A honeycomb structure is used to

obtain the best homogeneity of the two-phase flow in the

test section. The experimental test facility and instrumen-

tation are detailed in Sect. 2. The methods used to measure

the void fraction and the speed of sound, including their

validation in air/water flow configurations, are presented in

Sects. 3 and 4, respectively. Section 5 is devoted to the

experimental results obtained in cavitating flows and the

subsequent analysis and discussion.

2 Experimental setup

An existing cavitation tunnel at the LML laboratory has

been modified for the present experiments (Fig. 3). The test

facility is mainly composed of an axial pump driven by an

electrical motor and two tanks. The nominal volume flow

rate and net power of this axial pump are respectively

0.092 m3/s and 5,800 W. Tank 1 (downstream from the

pump) is full of water, while tank 2 (upstream from the

pump) has a free surface. Pressure in the installation can

be decreased from the atmospheric pressure down to

Fig. 3 Scheme of the cavitation tunnel
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200 mbar, using a vacuum pump connected to tank 2. The

water volume flow rate in the cavitation tunnel can be

varied according to the rotation speed of the axial pump

(from 950 up to 1,600 rpm) and also by opening more or

less a valve located between the pump and tank 1 (Fig. 3).

The volume flow rate of water is measured with a Rose-

mount differential pressure sensor connected to two pres-

sure taps located inside and downstream of the orifice plate

indicated in Fig. 3. The measurement uncertainty of this

device is estimated to ±6.5%.

For the purpose of the present experiments, the initial

iron duct between tanks 1 and 2 has been replaced by a

cylindrical Plexiglas test section. As detailed hereafter, two

successive test sections, of diameter 14 and 5 cm, respec-

tively, have been used.

2.1 Test section 1

The internal diameter of the test section 1 is 14 cm. Air/

water mixture can be obtained inside by air injection

through a circular ring located inside the upstream con-

vergent (Fig. 4). The compressed air source is the labora-

tory network. The air volume flow rate, which can be

varied by modifying the injection pressure, is measured

with a flowmeter. This one is calibrated for air at atmo-

spheric pressure, so appropriate corrections are applied to

take into account the effect of the injection pressure. For

experiments in cavitating flows, wake cavitation is created

behind a grid installed perpendicular to the flow upstream

from the test section (Fig. 5). The grid is 3 mm thick, and it

is composed of 500 holes whose average diameter is

5.7 mm. To obtain cavitation, the pressure is decreased in

the tunnel down to 200 mbar.

In this configuration, the maximum available volume

flow rate Ql is 60 l/s, which corresponds to a mean velocity

in the Plexiglas tube close to 3.9 m/s. The maximum vol-

ume flow rate of air Qa is limited by the injection device.

So, to reach high void fractions in air/water flow configu-

rations, the water volume flow rate is reduced down to 26

l/s by decreasing the rotation speed of the circulation pump

down to 1,000 rpm. The resulting mean velocity of water is

close to 1.7 m/s. In such situation, the Reynolds number

based on the tube diameter is Re = 2.4 9 105, so the flow

is fully turbulent. If Ql was still reduced, a stratified two-

phase flow would be obtained in the test section, which

would modify the speed of sound: indeed, Nguyen et al.

(1981) have shown the difference of pressure wave prop-

agation between a stratified two-phase flow and a homog-

enous one.

Taps for pressure sensors and the optical probe are

manufactured in several cross-sections (see Fig. 6), in

order to enable various measurement stations within the

two-phase mixture. Three cross-sections located, respec-

tively, 18, 28, and 38 cm downstream from the grid are

investigated in the present study. They will be denoted

hereafter stations 1, 2, and 3, respectively. Each one is

equipped with four taps: (1) one is connected to a Rose-

mount pressure sensor that gives the time-averaged local

pressure with relative uncertainty 0.5%, (2) one is used for

the optical probe, whose tip can be moved from r = 0

(center of the test section) to r = 6.5 cm (close to the

wall), (3) the two last taps are used for hydrophones or

piezo-electric pressure transducers, for the measurement of

the speed of sound (see Sect. 3).
Fig. 4 Scheme of the air injection method for air/water (test

section 1)

Fig. 5 a Test section 1, b grid

that generates cavitation
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Test section 1 has been used in the first part of the study for

the calibration of the void fraction measurements with the

optical probe, in situations of air/water two-phase flows (Sect.

3). Then, it has been found not appropriate to measurements

in cavitating flows, since the two-phase structure downstream

from the grid is not homogeneous, as can be observed in

Fig. 6. Consequently, a 10-cm-long honeycomb structure

was added at the inlet of the test section, but only minor

improvement was obtained, as will be shown in Sect. 4. Thus,

a second test section of smaller diameter was manufactured.

2.2 Test section 2

The internal diameter of the second test section is 5 cm. It

will be demonstrated in Sect. 3 that the two-phase flow

obtained after this modification is characterized by a fair

homogeneity. The test section is also manufactured in

Plexiglas, it is 78 cm long, and it is equipped with the same

taps as test section 1. In order to integrate this test section in

the cavitation tunnel, new convergent and divergent pieces

are mounted upstream and downstream as shown in Fig. 7.

Two grids of thickness 2 mm have been used to create

cavitation in test section 2 (Fig. 8). Grid 1 is composed of

69 holes whose diameter is 5 mm. It results in cavitating

flows characterized by high void fractions but low mean

velocity of water, because of the supplementary head losses

generated by the grid obstruction. To obtain flows with

higher velocity, grid 2 was used: it is composed of 19 holes

whose diameter is 10 mm. The measurements are per-

formed in various cross-sections located between 20 and

60 cm downstream from the grid.

All results presented in Sects. 4 and 5 of the present

paper were obtained in flow configurations generated in

test section 2.

3 Measurement of the void fraction

The optical probe technique and signal post-processing

applied for the determination of the space-averaged void

fraction a in the volume V where the speed of sound is

measured are presented in this section. The validation of

this process is also included.

3.1 Signal acquisition

The determination of the local void fraction a is based on

optical probe measurements. This technique has been

already used in many situations of two-phase flows, and it

was applied previously to air/water and cavitating flows by

Gabillet et al. (2002) and Stutz and Reboud (1997),

respectively. It is based on the Snell Descartes law. Infra-

red light is emitted inside the optical probe, and then a part

of this light is reflected back from the tip of the probe and

measured. The intensity of the refracted light depends on

the index of refraction of the medium surrounding the

probe. The refractive indices of liquid and gas are different,

which enables the phase detection on the probe signal. The

optical signal is converted to an electronic one through the

optoelectronic module, and then it is recorded on a com-

puter with LABVIEW.

According to previous definition (4), the void fraction

a(M) at point M is the ratio of the gas-phase residence time

to the experiment duration time Texp. Given Tgi the resi-

dence time of the ith gas structure crossing M:

a Mð Þ ¼ lim
Texp!1

P
Tgi

Texp

ð6Þ

The residence time of the gas bubbles is obtained with a

single threshold technique, as proposed by Stutz and

Reboud (1997): when a gas bubble passes on the probe tip,

Fig. 6 Cavitating flow (test section 1)

Fig. 7 Test section 2

Fig. 8 a Grid 1, b grid 2 (test section 2)
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detection of both interfaces is based on a single signal

level, which is a percentage of the signal amplitude

(Fig. 9). In the present study, the optical probe is equipped

with a sapphire tip of diameter 80 lm. The signal of the

probe was recorded to during a time T = 15 s at frequency

100 kHz, which results in 1.5 millions of points per

acquisition. These data were post-processed with Matlab.

3.2 Calibration for air/water two-phase flows

In the present work, the optimal threshold was determined

in a configuration of air/water two-phase flow. The cali-

bration process is based on the comparison between the

space-averaged void fraction a derived from optical probe

measurements in a cross-section and the volume fraction of

the gaseous phase b calculated from the measured air and

water volume flow rates. This comparison requires the two

following assumptions: (1) the flow is axisymmetric, so the

void fraction is investigated along one radius of the cross-

section only, (2) the flow is globally steady, i.e. no large-

scale fluctuations affect the two-phase area, which has been

checked by visual observation. The measurements with the

optical probe are performed in the cross-section located at

station 2 of test section 1. Values of the void fraction are

obtained at points located on a radius, for r varying

between zero and 6.5 cm by steps of 0.5 cm. Then, the

mean void fraction in the cross-section is calculated by

space averaging the local values, according to Eq. (7):

a ¼
P

i ai � p � ri þ drð Þ2� ri � drð Þ2
� 	

p � R2
ð7Þ

where R is the test section radius, ri is a radius where the

measurement is performed, and dr equals 0.25 cm,

excepted at the axis tube and close to the wall.

The measured air volume flow rate is corrected

according to the local pressure in the cross-section and the

perfect gas law (Eq. 8), and the volume fraction of the

gaseous phase is calculated according to Eq. (9).

Qtest section
air

Qflowmeter
air

¼ Pinjection

Pbubbles

ð8Þ

b ¼ Qcross section
air

Qwater þ Qcross section
air

ð9Þ

where Pinjection and Pbubbles refer to the pressure in the air

flowmeter and inside the air bubbles at station 2 of the test

section, respectively, while Qflowmeter
air and Qcross section

air are

the air volume flow rates at the same locations. Note that

Pbubbles used in Eq. (8) is slightly different from the

pressure Pwall measured at the wall at station 2, because of

the surface tension:

Pbubbles ¼ Pwall þ
r
ra

ð10Þ

where r = 73 9 10-3 N m-1 is the surface tension and ra

is the average radius of the bubbles during the experiment.

It is derived from the signal of the optical probe: each

bubble diameter di is obtained from the passage time ti of

the bubble on the probe (see Fig. 9), according to Eq. (11):

di ¼ ti � Vmoy ð11Þ

where Vmoy is the mean flow velocity in the test section.

Values of a and b are compared for various volume flow

rates of injected air (Fig. 10). For b, a 10% relative

uncertainty (reported on the graph) is calculated from the

precision of the air flowmeter and Rosemount sensor that

are used for the measurements of the flow rates. A preci-

sion of 15% was estimated previously regarding the mea-

surements of the void fraction with the optical probe (Stutz

and Reboud 1997). Several values of the threshold S are

investigated, from 1.2 up to 10% of the signal amplitude.

Although in the previous studies, S = 10% has been

Fig. 9 Example of signal from the optical probe
Fig. 10 Calibration of the void fraction measurement. (Test sec-

tion 1, station 2, air/water two-phase flow)
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usually found to be appropriate (Stutz and Reboud 1997),

the best agreement is obtained presently in the range 2–5%,

as can be seen in Fig. 10. The RMS value related to a� b
is minimized for S = 5%, so this value is applied hereafter

for all experiments in air/water flows.

The resulting evolutions ofa andb according to the injected

air flow rate Qa, at stations 1, 2, and 3, are drawn in Fig. 11.

The uncertainties mentioned previously are reported on the

charts. As can be seen in Fig. 11, a good general agreement is

obtained, which confirms the validity of the calibration.

However, it can be noticed that a is usually smaller than b for

small values of injection rates, especially at stations 2 and 3.

For high injection rates, such difference is not observed. This

discrepancy may be related to a significant underestimation of

the gas volume with the optical probe, because of the small

size of bubbles: as a matter of fact, the optical probe is not able

to detect the air bubbles with diameters smaller than the

thickness of the probe tip (80 lm). Moreover, it is mentioned

by Stutz and Reboud (2000) that the probe tip does not even

penetrate correctly some bubbles of larger size.

An estimation of the average size of the bubbles

according to the radius is given in Fig. 12, at stations 1, 2,

and 3, for a low air flow rate Qa = 20 l/min. It can be

observed that the size of the bubbles close to the center of

the test section is similar to the diameter of the probe tip,

which suggests that a significant amount of very small

bubbles may be contained in water in such configuration.

For higher values of air flow rate, the order of magnitude of

the mean size of the detected bubbles increases, so it is

expected that the amount of very small bubbles is smaller.

It is also observed at station 1 that the discrepancy

between both measurements increases drastically when Qa

is higher than 30 l/min. This may be due to spurious cav-

itation: indeed, the pressure in the cavitation tunnel is

decreased down to 200 mbar for the air/water investiga-

tions, to obtain larger void fractions. Even if the flow

velocity is small, cavitation in the grid wake may be

induced by high rate of included air.

4 Measurement of the speed of sound

4.1 Measurement technique

Several methods can be used in order to get experimentally

the speed of sound in the liquid/gas medium. One-first

category of techniques is based on the use of two trans-

ducers: one sound or ultrasound emitter and one receiver,

with a measurement of the time delay between them. Such

technique enables a quite local measurement, since only

the flow between the emitter and the receiver is concerned.

It is used, for example, in ultrasonic flowmeters, generally

with a periodical excitation of the emitter. However, issues

related to this method come from the large variations of the

speed of sound which are expected for gas/liquid mixtures

with variables void fractions. Measurements are also per-

turbed by multiple reflections of the incident wave, due to

the walls of the tests sections. This is why another method

Fig. 11 Comparison between the space-averaged void fraction and

the volume fraction of air. Test section 1, stations 1–3 (top to bottom),

air/water two-phase flow

Fig. 12 Estimation of the mean bubble diameter at stations 1, 2, 3 for

Qa = 20 l/min (test section 1)
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is used in the present study: three pressure transducers were

mounted flush on the Plexiglas test section, at equal dis-

tance from each other in the flow direction (Fig. 13). This

method was developed by Margolis and Brown (1976) and

enables to derive the mass flow rate and the speed of sound

from the spectral analysis of the signals given by the three

pressure transducers. That technique is rather well known

and has been applied successfully, for a long time, to liquid

or gas flows in pipes (see for example, Bolpaire 2000). It

can be used without external excitation of the flow, as the

existing hydro-acoustics sources in systems, due to pumps,

valves and other singularities, are sufficient. The effect of

the deformability of the pipe wall on the celerity of the

waves has usually to be taken into account. The main

assumptions related to this method are the following:

• One-dimensional wave propagation in ducts of constant

cross-section: it means that the wavelengths of waves

propagating in the duct have to be larger than the

diameter of the pipe. Consequently, the method applies

well in the low-frequency domain.

• The deformability of the pipe wall must be taken into

account, assuming that the cross-section remains circular

during deformations. The wave celerity c in the infinity

must be derived from the apparent wave propagation

speed c0 measured in the pipe, according to the Allievi

formula (Wylie and Streeter 1978) given in Eq. (12).

c ¼ c0 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ D

e � E � v � C1

s
ð12Þ

where D, e, E, and v are the pipe diameter, the wall

thickness, the Young’s modulus of pipe material, and

the coefficient of compressibility of the fluid, respec-

tively. Non-dimensional coefficient C1 is related to the

pipe mechanical boundary condition according to its

installation and Poisson ratio of its material. In this

work, for both Plexiglas test sections C1 = 0.856.

• Viscous effects are assumed to be negligible.

• The mean flow velocity in the duct is assumed to be

much lower than the celerity of the waves (no

compressibility effect is taken into account).

With such hypotheses, from the mass and momentum

conservation equations for a fluid, the following equation

can be obtained in the case of small fluctuations:

~P x; tð Þ ¼ C1ej xtþkxð Þ þ C2ej xt�kxð Þ ð13Þ

where ~P x; tð Þ is the pressure fluctuation at position x,

k = x/c0 is the wave number, c0 is the wave celerity in the

pipe, and C1, C2 are two coefficients.

This relation can be expressed also in the frequency

domain:

P x; fð Þ ¼ C1 fð Þejkx þ C2 fð Þe�jkx ð14Þ

By applying x = -L, 0, ?L in Eq. (14) for the three

pressure transducers and then combining the three

relations, the transfer function H can be written as:

H ¼ 1

2

P �L; fð Þ þ P L; fð Þ
P 0; fð Þ ð15Þ

The real part of H should be periodical and the

imaginary part should be zero.

Re H½ � ¼ cos
xL

c0

� �
ð16Þ

Thus, the speed of sound can be deduced from the first

frequency f0 for which the real part becomes zero:

c0 ¼ 4f0L ð17Þ

The speed of sound obtained from Eq. (17) is the

propagation speed of plane waves in a pipe, not in the

Fig. 13 Location of the

pressure transducers for

measurement of the speed

of sound

1366 Exp Fluids (2010) 49:1359–1373

123



infinity. The wave celerity in the infinity c is obtained from

Eq. (12), combined with Eq. (18) which is the definition of

c:

c ¼ 1ffiffiffiffiffiffiffiffiffi
q � vp ð18Þ

where q ¼ bqg þ 1� bð Þql is the density of the liquid/gas

mixture, and qg, ql are the gas and liquid densities,

respectively. Note that b is obtained with the optical probe,

as detailed in the previous section.

4.2 Signal acquisition

Three Kistler 701A piezo-electric pressure transducers

were used for signal acquisition. Their precision is esti-

mated to 1%. To apply the method detailed in the previous

section to the calculation of the speed of sound, a cutoff

frequency above which the waves do not propagate any-

more in the form of plane waves has to be taken into

account (Abom and Boden 1988). For test section 1, this

frequency is close to 2,100 Hz, so the investigated range of

frequency is 0–2,048 Hz. Each recorded signal is the

average of 100 acquisitions and is sampled in 4,096 spec-

tral lines according to Shannon sampling requirements. For

test section 2, the cutoff frequency is about 10,000 Hz, so

the investigated range of frequency is 0–10,240 Hz and the

sampling frequency is 20,480 Hz.

In previous applications of this method (Bolpaire 2000),

a coherence function was used to eliminate the measure-

ments whose coherence is lower than 0.8. However, in the

present experiments, significant vibrations of the test sec-

tion were observed during the measurements. Indeed, in

order to facilitate the installation of the Plexiglas tubes, a

dilatation facility is used downstream from the test section.

The drawback is a significant increase of the vibrations due

to the flow and the vacuum pump, which may perturb the

measurements. Bolpaire (2000) pointed out this reason to

explain the decrease of the coherence function for some of

his results, in a similar configuration of measurement. This

is the reason why no condition related to the coherence

function is applied in the present study, neither for air/

water experiments nor for cavitating ones. This enables to

obtain enough points to plot the transfer function (H) and to

obtain clearly the value of frequency f0.

The records of the signals and the calculation of the

transfer and coherence functions are performed with the

signal-processing software LMS.

4.3 Validation of the method in water/air configuration

Before performing the experiments in a cavitating flow, the

speed of sound is measured in air/water mixtures with

various mean void fractions. Air is injected upstream from

the test section (see Sect. 2) and a bubbly flow is obtained.

With test section 1, it is observed that the bubbly flow

becomes more and more inhomogeneous when the air

volume flow rate is increased, in spite of the use of a

honeycomb structure between air injection and the Plexi-

glas tube. Such inhomogeneous flow can be clearly

observed for Qa higher than 20 l/min, as can be seen in

Fig. 14, which presents two visualizations of the two-phase

flow, for Qa = 15 l/min and Qa = 30 l/min, respectively.

Situation obtained in Fig. 14b looks similar to the slug flow

regime detailed by several authors such as Brennen (2005).

As the transducers are parietal measurement devices, this

flow configuration is not appropriate for measurements of

the speed of sound.

This issue is confirmed by Fig. 15: quantitative evolu-

tions of the void fraction with the radius of the test section

are drawn for the same air injection rates. Radius r = 0 is

the center of the Plexiglas tube, while radius r = 7 cm is

the inner wall of the pipe. Results are given at stations 1, 2,

and 3. The maximum void fraction in each cross-section is

indicated on the charts. It can be observed for Qa = 30

l/min that the void fraction increases drastically at the tip of

Fig. 14 Air/water flow structure for a Qa = 15 l/min, b Qa = 30

l/min
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the test section, for 4 cm \ r \ 6 cm. This result can be

associated with the non-homogeneity observed in Fig. 14b.

Therefore, test section 2 is used for all measurements

presented hereafter. The mean void fraction in each cross-

section is calculated according to Eq. (7) with measure-

ments of a from r = 0 cm to r = 2.25 cm with steps of

3 mm. Charts drawn in Fig. 16 indicate the distribution of

void fraction according to the radius for different air flow

rates, in a cross-section located 50 cm downstream from

the inlet of the test section. It can be observed the homo-

geneity is much better than previously: the modifications of

the void fraction between r = 0 and r = 2.25 cm do not

exceed 50%, even for high injection rates, while it was

varying between 1% and more than 50% with test sec-

tion 1. So, it was considered that the two-phase flow

homogeneity in this configuration enables to perform

measurements of the speed of sound and mean void frac-

tion according to the methods presented previously.

Results are presented in Fig. 17 in logarithmic scale and

compared with the theoretical models proposed by Jakob-

sen (1964) and Nguyen et al. (1981). The models were

applied with values cl = 1,500 m/s and ql = 1,000 kg/m3

for the liquid phase, while the air density qa is calculated

by Eq. (19) according to static pressure and T = 293�K.

The static pressure is measured for each experiment in the

cross-section where the optical probe is located in front and

middle of transducers (see Fig. 13).

qa ¼
P

R � T ð19Þ

with R = 287 J/kg/K.

The speed of sound for air is obtained from Eq. (20):

ca ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n � R � T
p

ð20Þ

where n = 1.4 is the polytropic index of perfect gas in the

case of an adiabatic process. It has been shown by Gouse

and Brown (1964) that for an air/water mixture character-

ized by ql � qa, the adiabatic speed of sound is less than

3% higher than the isothermal one. So, in the present case,

both speeds can be considered as nearly identical.

The maximum void fraction obtained in these experi-

ments is about 10%, which is sufficient to check the nice

agreement between the two models and the present

(a) 

(b) 

Fig. 15 Distribution of a with radius at stations 1, 2, and 3, with air

injection rates a 15 l/min, b 30 l/min

Fig. 16 Distribution of a according to r for different values of Qa

(z = 50 cm, test section 2)

Fig. 17 Speed of sound according to a. (Air/water mixture, test

section 2)
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measurements. A 15% mean uncertainty on the celerity

values is estimated from the discrepancies between the

experimental and theoretical results, as indicated on

the experimental chart in Fig. 17. It can be noticed that the

minimal speed of sound obtained in the experiments is

close to 20 m/s. Since the mean flow velocity is about

2 m/s in this case, the mean Mach number increases up to

0.1, so the hypothesis of incompressible flow used in the

method based on the three pressure transducers remains

valid in this configuration.

These results confirm that the experimental method

developed here for the investigation into the speed of sound

enables to perform valid measurements, in spite of the

issue reported in the previous section regarding the

decrease of the coherence function due to the vibrations of

the test section.

5 Results

5.1 Theoretical aspects

In all theoretical models reported in the introduction

(Jakobsen 1964; Wallis 1969; Nguyen et al. 1981; Brennen

2005), the speed of sound decreases drastically in the two-

phase mixture, compared with each phase separately. This

is due to two main reasons:

1. In any liquid/gas mixture, the compressibility is much

higher than the one of each component considered sepa-

rately. This can be understood by considering the effects of

applying a pressure variation DP to a volume V that con-

tains either pure liquid, pure gas, or a mixture of gas and

liquid. The compressibility of the pure liquid volume can

be expressed as:

vl ¼
Dql

DP
¼ 1

DP

ml

V 0 �
ml

V

� 	
¼ ml

DP
� V
0
l � V

V � V 0l
ð21Þ

where Dql is the density variation due to the pressure var-

iation, V 0l is the liquid volume after the pressure variation,

and ml is the mass of liquid inside the initial volume V.

For the volume of pure gas, the compressibility has a

similar expression:

vg ¼
Dqg

DP
¼ 1

DP

mg

V 0
� mg

V

� 	
¼ mg

DP
�
V 0g � V

V � V 0g
ð22Þ

with Dqg the gas density variation,V 0g the new gas volume,

and mg the mass of gas inside the initial volume V.

In the mixture, the compressibility is the following:

v ¼ Dq
DP
¼ 1

DP

m

V 0
� m

V

� 	
¼ m

DP
� V
0 � V

V � V 0 ð23Þ

where m denotes the mass of the mixture and V0 is the new

volume of the mixture.

In this last case, m is close to ml/2 (if the gas mass is

neglected), while V0 - V can be decomposed into:

V 0 � V ¼ V 0g � Vg

� 	
þ V 0l � Vl

� �
ð24Þ

where V0g and V0l are the new volumes of gas and liquid

initially contained in V, respectively.

If we define w ¼ cl

cg
the ratio between the gas and the

liquid speeds of sound, then the following relation can be

obtained:

1

w2
¼

oq=oP
� �

l

oq=oP

� 	
g

¼ ml

mg

�
o 1=V
� �

l

o 1=V

� 	
g

¼ ml

mg

�
V2

g

V2
l

� oVl

oVg

ð25Þ

If the initial volume fraction of gas before pressure

variation is b, then Vg ¼ b � V and Vl ¼ 1� bð ÞV:
So, the ratio of the volume variations in liquid and in gas

can be written as:

V 0l � Vl

V 0g � Vg

¼ oVl

oVg

¼ mg

ml

� 1� b
b

� �2

� 1
w2

ð26Þ

Equation (26) shows that the volume variation of gas is

much higher than the liquid one: if b = 0.5, the ratio is

about 6 9 10-5. So Eq. (23) can be approximated as:

v ¼ m

DP
� V
0 � V

V � V 0 �
ml

DP

V 0g � Vg

V � V 0 ð27Þ

Equation 27 shows why compressibility in the mixture

is much higher than the one in liquid or in gas, by

comparison with the results of Eqs. (21) and (22):

• The mass involved in Eq. (27) is the liquid one, which

is much higher than the gas one, so v � vg.

• The volume variation is the gas one, which is much

higher than the liquid one, so v � vl.

2. In the special case of two-phase flow with mass

exchanges, strong density variations can also arise from

slight vaporization or condensation due to DP.

5.2 Experimental investigations

Measurements in cavitating conditions were performed

with test section 2. To reach high void fractions in the

cavitating areas, the water mass flow rate was much

increased, compared with the experiments reported in the

previous section. Therefore, the rotation speed of the cir-

culation pump was increased from 1,000 up to 1,600 rpm.

This leads to a significant intensification of electromagnetic

field created by electrical motor of the pump, which results

in a strong perturbation of the optoelectronic device that

converts the optical signal into an electronic one. Conse-

quently, a supplementary noise in the signal of the optical

probe is observed, and a non-zero void fraction is obtained
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even in pure liquid flow. To get rid of this effect, the

threshold level S is set at a higher position: it is progres-

sively increased until a = 0 is obtained in pure water (see

Fig. 18). The appropriate value is found to be S = 15%. It

is applied for all measurements reported hereafter.

The flow homogeneity has been checked for several

flow conditions. Void fraction profiles are similar to the

ones obtained previously with air injection: no large vari-

ation was detected, which confirmed the nice flow homo-

geneity observed visually.

The mean velocity in the test section slightly depends

on the development of cavitation downstream from the

grid, since the head losses in the pipe vary significantly

according to this parameter. With grid 1 (see Fig. 8), the

mean velocity was obtained in the range 3.7–4.6 m/s. A

first set of data obtained for various values of mean void

fraction was analyzed, and the values of the Mach number

M in each case were derived from the measured speed of

sound and flow velocity. It can be observed in Fig. 19

that in most of the case, M [ 0.4, so the compressibility

effects should not be neglected in the method used to

obtain the speed of sound from the three pressure

transducers.

Without taking into account any effect of compress-

ibility, the matrix Tr of the hydro-acoustics transfer

between two cross-sections 1 and 2 can be written as

follows:

P
q � c � v

� �
2

¼ Tr �
P

q � c � v

� �
1

with Tr ¼
cos kLð Þ �j� sin kLð Þ

�j� sin kLð Þ cos kLð Þ

� � ð28Þ

where P and v denote here the Fourier transforms of the

pressure and velocity at a given frequency. Expression (28)

results in the Eqs. (15–17) given in Sect. 4. According to

Miles (1981), the transfer matrix that includes the

compressibility effects can be written as follows:

Tr ¼ e�n�M�L cos nLð Þ �j� sin nLð Þ
�j� sin nLð Þ cos nLð Þ

� �
ð29Þ

where n = k/(1 – M2) depends on M and the wave number

k. As it can be checked, the transfer matrix defined in Eq.

(29) becomes identical to the one defined in Eq. (28) when

M = 0.

By applying the relation (29) between cross-sections 1

and 2, and between 2 and 3, the following relations are

obtained:

P2

q � c � v2

� �
¼ A �jB
�jB A

� �
P1

q � c � v1

� �
ð30Þ

P3

q � c � v3

� �
¼ A �jB
�jB A

� �
P2

q � c � v2

� �
ð31Þ

with A ¼ e�n�M�L � cos nLð Þ and B ¼ e�n�M�L � sin nLð Þ:
The combination and rearrangement of expressions (30)

and (31) lead to the following relation:

P3

P2

þ A2 þ B2
� �P1

P2

� 2A ¼ 0 ð32Þ

where A2 þ B2 ¼ e�2n�M�L:
By combining the real and imaginary parts of expression

(32), Eq. (33) is obtained:

Ff � 2A ¼ 0 ð33Þ

with Ff ¼ Re P3

P2

� 	
�

Im
P3
P2

� 	

Im P1
P2

� 	 � Re P1

P2

� 	
:

Equation (33) should be verified for each frequency if

included in the spectrum of the experimental measure-

ments, but in practice, the experimental errors systemati-

cally lead to non-zero values of Ff - 2A. To determine the

speed of sound, the following iterative procedure has been

applied to the experimental data: (1) a initial value of M is

calculated with the incompressible method, (2) the real and

imaginary parts of the transfer functions are calculated in

the all range of measured frequencies (0–10,240 Hz), using

this first value of M, (3) a least square method is used to

Fig. 18 Measurement of the void fraction with different values of the

threshold, for increased rotation speeds of the circulation pump (pure

water flow)

Fig. 19 Mean Mach number according to mean flow velocity.

(Cavitating conditions, test section 2, grid 2)
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find the value of the wave celerity that minimizes the sum,

over the frequency range, of Ff - 2A. All contributions

Ff - 2A that give too high values or the error are sup-

pressed. It has been checked that the removed frequencies

include the ones that are higher than the cutoff frequency

related to the speed of sound. Indeed, this cutoff frequency

decreases drastically in configurations of liquid/vapor

mixture. Figure 20 presents a result for a single experi-

mental point: the measured wave celerity is obtained at the

minimum of the curve. (4) The calculated speed of sound

gives a new Mach number, which is used to calculate a new

speed of sound, and the whole process is repeated until the

convergence is reached.

A comparison between the results obtained with and

without taking into account the compressibility effects is

presented in Fig. 21. Speeds of sound are drawn according

to the mean void fraction. It can be observed that signifi-

cant differences are obtained for high values of void frac-

tions, i.e. for values of celerity lower than 4.5. Since the

mean flow velocity is close to 4 m/s, it means that com-

pressibility effects should be included in the present anal-

ysis when the Mach number becomes higher than 0.9.

Consequently, all results presented hereafter take com-

pressibility effects into account for the calculation of c.

The experiments were performed for various values of

the pressure in the test section, in order to obtain different

extents of the cavitation area and different values of the

mean void fraction in each investigated cross-section.

Moreover, the device shown in Fig. 13 was successively

located in several cross-sections, between 20 and 60 cm

downstream from the grid, in order to increase the range of

investigated void fractions. The final range is 0–55%.

Speeds of sound measured in cavitating conditions are

drawn in Fig. 22, according to the mean void fraction a.

Note that a logarithmic scale is applied in ordinate. The

experimental results are compared with the model pro-

posed by Jakobsen (1964) for adiabatic and isothermal

processes. The vapor density is derived from Eq. (19) with

R = 462 J/kg/K for the vapor and T = 293�K. To draw the

theoretical values, the mean pressure measured during the

experiments in the section where the void fraction is

measured (position 2 of the pressure sensors) was used.

The polytropic index for vapor equals 1.3 if the process is

adiabatic and it equals 1 if it is isothermal. In Fig. 22, the

theoretical values for both processes are also indicated with

their tendency curves (T.C.). The 15% uncertainty on c

calculated previously in air/water configurations is indi-

cated on the experimental chart. However, the uncertainty

is expected to increase significantly with cavitating flows:

indeed, (1) regarding the determination of the void frac-

tion, the threshold S was increased from 5 up to 15%, to

avoid the spurious signal fluctuations induced by the

high rotation speed of the circulation pump and the asso-

ciated vibrations of the test section. (2) The measurement

precision of the speed of sound may be also partially

deteriorated, because of the vibrations of the Plexiglas

tube that reduce the coherence function of the pressure

measurements.

Fig. 20 Determination of the wave celerity. Mean flow velocity

3.7 m/s. Calculation in the incompressible case c = 4 m/s. Calcula-

tion with compressibility effects c = 5.8 m/s

Fig. 21 Comparison of the speeds of sound obtained with/without

Mach number effect. (Logarithmic scale in ordinate)

Fig. 22 Speed of sound in cavitating flow according to a. (Logarith-

mic scale, grid 1, flow velocity in the range 3.6–4.7 m/s)
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It can be observed that the tendency curve derived from

the experimental data lies between the tendency curves of

the adiabatic and isothermal processes. It shows that the

models proposed by Jakobsen (1964) and Brennen (2005)

remain valid in the case of cavitating flow, although

no mass transfer was considered in these approaches.

This result suggests that the density variations associated

with the mass transfers may have only a little influence

on the compressibility of the liquid/vapor mixture. Con-

versely, the mechanism detailed in Sect. 5.1 would remain

preponderant.

5.3 Effect of the flow velocity

As mentioned before, the cavitating flow obtained in the

wake of grid 1, which is characterized by mean velocities

close to 4 m/s, does not have a wide range of mean flow

velocity. To check the influence of the mean flow

velocity on the speed of sound, grid 2 is used instead of

grid 1 (see Fig. 8). Holes are bigger, so head losses

decrease and the mean flow velocity in the test section

can be increased up to 13 m/s. New measurements have

been performed with velocity comprised between 7 and

13 m/s. Velocity variations were obtained by changing

the pump rotation speed. For each velocity, the acquisi-

tion device was located in all possible locations in the

cavitation area, in order to record measurements with

various void fractions.

Grid 2 creates much less cavitation than grid 1, so the

values of a are systematically lower than 5%. To investi-

gate the influence of the flow velocity, only the data

leading to void fractions in the range 1–3% were consid-

ered. It can be observed in Fig. 23 that nearly all values of

the speed of sound are obtained in the range 10–20 m/s.

Two measurements for which the celerity of sound exceeds

30 m/s (framed by an ellipse) correspond to void fraction

close to 1%, while all others exceed 1.5%. This confirms

that the mean flow velocity should not have any influence

on the values of the speed of sound obtained with the

present acquisition device and post-processing.

6 Conclusion

An experimental technique that enables to produce a rea-

sonably homogeneous two-phase flow area in a constant

cross-section duct has been proposed and validated in this

study. The flow homogeneity has been checked in various

situations of air/water mixtures and cavitating flows, using

an optical probe calibrated previously. The main objective

of the work was the experimental determination of the

wave celerity in a cavitating flow, according to the void

fraction, in order to discuss the validity of some theoretical

models available in the literature. For that purpose, a

method based on three pressure transducers mounted flash

along the pipe has been applied for the measurement of the

speed of sound. Because very small values of celerity have

been obtained when high void fractions are encountered,

the effect of Mach number has been included in the post-

treatment of the signals of the three transducers. This new

methodology, which is based on an iterative process, has

been developed and used for the purpose of the present

work. The results demonstrate that the impact of the Mach

number should be taken into account in configurations of

high void fractions. The experimental results in cavitating

flows are consistent with several theoretical models which

do not include any effect of mass transfer, which suggests

that the flow vaporization and condensation plays only a

minor role in the compressibility of the liquid/vapor mix-

ture. The present method may be improved in the future by

using a more local device for the measurement of the speed

of sound. A technique based on two hydrophones—one

emitter and one receptor—located on opposite sides in a

cross-section is currently developed. The objective is to use

impulsions instead of periodical signals, in order to get rid

of the spurious reflections that were observed when this

technique was applied in the frame of the present study.
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