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Résumé—Développement d’un modèle de dispersion gaz-liquide de type mousse liquide visqueuse—

L’objectif est de développer un fluide modèle représentatif des « mousses liquides », c’est-à-dire

présentant un taux de vide en deçà de l’empilement aléatoire de sphères, dont les propriétés

rhéologiques et la stabilité peuvent être prédites. Tout d’abord, la préparation de ces fluides

modèles sera décrite à la fois en termes de formulation et de procédés. Ensuite, les résultats

expérimentaux seront discutés. Ceux-ci montrent que des mousses liquides visqueuses modèles

présentant une distribution de tailles de bulles monomodales ont été obtenues avec un taux de

vide entre 25 % et 50 % (v/v). Leurs propriétés viscoélastiques en écoulement et aux faibles

déformations résultent des interactions entre la formulation de la phase continue, le taux de

vide et le diamètre des bulles. Leur viscosité apparente peut être décrite par un modèle de

Cross et la viscosité à cisaillement nul peut être prédite par le modèle de Mooney jusqu’à un

taux de gaz de 40 %. Les mesures en mode harmonique ont montré que les règles de Cox-

Merz et de Laun s’appliquent quand le nombre capillaire Ca est inférieur à 0,1. L’étendue du

plateau Newtonien à faible cisaillement décroı̂t lorsque le taux de vide augmente ou lorsque la

taille des bulles diminue. Dans le domaine rhéofluidifiant, la contrainte de cisaillement varie

proportionnellement à Ca1/2, comme dans les mousses humides présentant des interfaces

immobilisées. Finalement, les mousses liquides visqueuses obtenues ont pu être cisaillées

jusqu’à des valeurs de Ca de 0,1 sans modifier leur microstructure. La stabilité de ces fluides

au repos atteint plusieurs heures et elle augmente avec le taux de vide à cause des contraintes

stériques entre les bulles ; ils constituent donc des fluides modèles intéressants pour l’étude des

mousses liquides visqueuses présentant un taux de vide en deçà de l’empilement aléatoire de

sphères.

Abstract — Development of a Model Foamy Viscous Fluid — The objective is to develop a model

viscous foamy fluid, i.e. below the very wet limit, the rheological and stability properties of which

can be tuned. First, the method used for the preparation of foamy fluids is detailed, including process

and formulation. Then, experimental results highlight that stable foamy fluids with a monomodal

bubble size distribution can be prepared with a void fraction between 25% and 50% (v/v). Their vis-

coelastic properties under flow and low-strain oscillatory conditions are shown to result from the

interplay between the formulation of the continuous phase, void fraction and bubble size. Their

apparent viscosity can be described using the Cross equation and zero-shear Newtonian viscosity

may be predicted by a Mooney equation up to a void fraction about 40%. The Cox-Merz and the
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Laun’s rules apply when the capillary number Ca is lower than 0.1. The upper limit of the zero-shear

plateau region decreases when void fraction increases or bubble size decreases. In the shear-thinning

region, shear stress varies with Ca1/2, as in wet foams with immobile surfaces. Finally, foamy fluids

can be sheared up to Ca about 0.1 without impairing their microstructure. Their stability at rest

achieves several hours and increases with void fraction due to compact packing constraints. These

constitute, therefore, versatile model fluids to investigate the behaviour of foamy fluids below the very

wet limit in process conditions.

NOMENCLATURE

di Bubble diamater (m)

d43 Volume-average bubble diameter (m)
�d Number-average bubble diameter (m)

DS Surface diffusion coefficient (m2.s�1)

ES Interfacial elasticity (N.m�1)

f Viscosity function

fi Number fraction of spheres of diameter di
g Acceleration of gravity (m.s�2)

G* Complex shear modulus (Pa)

G0 Storage modulus (Pa)

G00 Loss modulus (Pa)

h(t) Liquid height (m)

h0 Beaker height in destabilization experiments (m)

kB Constant of the modified Barnea-Mizrahi model

kC Constant of the Cross model

m Cross model exponent

N1 Primary normal stress difference (Pa)

N2 Secondary normal stress difference (Pa)

Qc Flow rate of the continuous phase (m3.s�1)

Qd Flow rate of the dispersed phase (m3.s�1)

R32 Bubble Sauter mean radius (m)

S Destabilization parameter (%)

t Time (s)

vb Bubble rise velocity in the foamy fluid (m.s�1)

v1 Terminal rise velocity of a single bubble (m.s�1)

GREEK LETTERS

a, b Dimensionless constants

c Shear strain

_c Shear rate (s�1)

d Phase angle (�)
dd Difference between bubble diameter and number-

average bubble diameter (m)

Dq Density difference between continuous and dis-

persed phases (kg.m�3)

/ Void fraction

/m Maximum packing fraction of spherical bubbles

g Viscosity of the foamy fluid (Pa.s)

g* Complex viscosity of the foamy fluid (Pa.s)

gc Viscosity of the continuous phase (Pa.s)

g0 Zero-shear viscosity (Pa.s)

g1 Infinite-shear viscosity (Pa.s)

j Viscosity ratio

q Density of the foamy fluid (kg.m�3)

qc Density of the continuous phase (kg.m�3)

qd Density of the dispersed phase (kg.m�3)

r Surface tension (N.m�1)

s Shear stress (Pa)

DIMENSIONLESS NUMBERS

Ca Capillary number

Fr Froude number

Ma Marangoni number

Pe Péclet number

Re Reynolds number

INTRODUCTION

Foamy fluids constitute a particular class of gas-liquid

dispersions that has been disregarded in the recent liter-

ature in comparison to foams or to conventional bubbly

flows. In the oil and gas industry, they have gained inter-

est only in the 90s because of the “foamy oil phenome-

non” that causes higher production rates than expected

for unconventional oil reservoirs, as this phenomenon

could be explained by the particular viscosity behavior

of foamy fluids. In practice, conventional bubbly flows

have been extensively studied since the 70s, in the pres-

ence or in the absence of tensioactive agents in the liquid

phase (see, e.g., Camarasa et al., 1999). Conventional

bubbly flows cover the situation where a gas phase is dis-

persed in forms of bubbles of various shapes (spherical,
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ellipsoidal but also spherical caps, etc.) in a low-viscosity

aqueous solution (Ruzicka et al., 2003) or in an organic

liquid (Chaumat et al., 2007). They can be observed only

under flow conditions, are characterized by a gas volume

fraction / usually lower than 25% (also denoted void

fraction), are mainly driven by bubble-bubble interac-

tions known to play a key role when / is above 5%

and are usually modeled as turbulent flows (Ekambara

et al., 2008). They are encountered first in the chemical

and petrochemical industries to carry out oxidation,

hydrogenation and chlorination reactions, in biochemi-

cal fermentations and in water treatment processes in

which the gas dispersion is produced mechanically,

pneumatically or using the kinetic energy of the liquid

phase (Gourich et al., 2008). They are also common in

gas, coal and nuclear power plants in which the disper-

sion is produced by the nucleate boiling process (Hibiki

et al., 2006). In parallel, the physics of foams has been

extensively investigated since the pioneering works of

H.M. Princen in the 80s (Weaire and Hutzler, 1999), in

particular their complex rheologicial properties exhibit-

ing a viscoelastoplastic behavior (Herzhaft, 1999; We-

aire, 2008). These are considered as the simplest

example of soft condensed matter. Foams are commonly

divided into dry foams (/ � 99%) in which bubbles are

polyhedral, and wet foams (64% � / � 99%) in which

bubbles progressively approach a spherical shape when

/ decreases. A summary of the recent research on their

yield stress and viscous friction is provided by Denkov

et al. (2012), with a special focus on the key role of

surfactants on the surface mobility of the bubbles by

Politova et al. (2012).

As mentioned above, less attention has been paid to

foamy fluids, i.e. below the very wet limit: as / � 64%,

these are not intrinsically “true” foams because of the

reduced packing constraints, so that they exhibit no yield

stress. However, they also differ from the conventional

gas-liquid dispersions found in bubbly flows because

they are constituted by a viscous or viscoelastic continu-

ous matrix which stabilizes the dispersed phase in form

of tiny spherical bubbles exhibiting colloidal interactions

with the matrix. Figure 1 highlights the differences

between the respective bubble topologies at rest: spheri-

cal in foamy fluids, slightly deformed spheres in wet

foams and “deformed ellipsoidal” in conventional air-

water bubbly flows. Foamy fluids cover many typical

industrial situations, such as foamed cement (Ahmed

et al., 2009), foamy oils (Abivin et al., 2009) or food

foams (Murray et al., 2011) but they also describe bub-

bles in magma (Pal, 2003). Even though the presence

of foaming agents adsorbed at the interface is often

required to delay bubble coalescence, the role of interfa-

cial properties is reduced in comparison to wet or dry

foams because it is counterbalanced by the influence of

the bulk properties (mainly viscosity) and the role of

the microstructure of the continuous phase, such as the

partial coalescence of fat in whipped cream (Hotrum

et al., 2005).

Foamy fluids are often compared to emulsions and

treated as concentrated emulsions of bubbles, as the rhe-

ology of concentrated emulsions has been more deeply

investigated and reviewed in the literature (e.g.,

Derkach, 2009). However, the rheology of foamy fluids

may significantly differ from that of concentrated emul-

sions. For example, depending on gas volume fraction

and the interactions between the adsorbed layers and

the microstructure in the bulk, the apparent viscosity

of foamy fluids may be higher or lower than that of its

continuous phase, which is never reported for emulsions

(Pal, 2006). This specific behavior has been already

observed in foamy oils (Abivin et al., 2009), but also in

aerated foods in which the gas phase can make the

matrix softer or more consistent (Thakur et al., 2008).

As a conclusion, the rheology and the properties of

foamy fluids remain far less understood than those of

emulsions and foams. This is reinforced by a lack of

experimental results. For example, rheological data

remains scarce on bubbles in magma for which they

are limited either to very high viscosity values for the

continuous phase (above 50 Pa.s for Llewellin et al.,

2002) or to moderate void fraction (/ < 17% for Rust

and Manga, 2002) but always without any surfactant.

Similarly, rheological data is scarce on foamy oils in

which asphaltenes seem to play a tensioactive role

(Abivin et al., 2009; Wang et al., 2009), and on aerated

food products because of proteins: a typical example is

whipped cream for which data on rheology, void frac-

tion and bubble size can hardly be found simultaneously

except in a few papers (e.g., Jakubczyk and

Niranjan, 2006). Finally, further work is still needed to

better understand the underlying physics of the rheology

of foamy fluids.

The objective of the present paper is, therefore, to

develop a model foamy fluid, the rheological and stabil-

ity properties of which can be tuned and predicted, so

that it can be used to investigate more deeply the rheol-

ogy of foamy fluids, first from a theoretical point of view,

but also in their industrial applications, such as foamy

oils. First, the method used for the production of the

continuous and the dispersed phases will be detailed.

Then, the stability over time and the rheology of the

foamy fluids will be investigated experimentally as a

function of the preparation procedure, with the aim to

establish predictive models. For this reason, the theoret-

ical background on the rheology of dispersions and sus-

pensions will be reviewed first.
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1 THEORETICAL BACKGROUND

The rheology of dilute, semi-dilute and concentrated

foamy fluids using a Newtonian fluid as the continuous

phase has retained less attention than that of non-colloi-

dal and colloidal emulsions or suspensions of spherical

particles. However, similar models have often been

applied, neglecting the compressibility of the gas phase.

For very dilute systems, the Taylor equation applies to

bubbles with clean interfaces at low shear. This equation

assumes that the suspension is Newtonian at low shear

and gives access to the zero-shear viscosity (g0) as a func-

tion of void fraction / and of the viscosity of the contin-

uous phase (gc), as follows:

g0 ¼ gc 1þ 2þ 5j
2 1þ jð Þ/

� �
g0 7!

j!0
gc 1þ /½ �

g0 7!
j!1gc 1þ 5

2
/

� �
ð1Þ

In Equation (1), j is the viscosity ratio between the dis-

persed and the continuous phases. j is lower than 10�5

for bubbles in viscous fluids in this work. For this rea-

son, it is usually assumed that j tends towards 0 for bub-

bles in viscous fluids in the literature. Actually, this ratio

measures to which extent the shear stress in the continu-

ous phase is transmitted into the dispersed phase at the

interface, but only for mobile interfaces. As a result,

bubbles with interfaces rigidified by surfactants or any

surface-active agent may behave as solid particles in

terms of interface mobility, so that the tangential viscous

stresses at the interface may vanish in the dispersed

phase. The consequence is that for rigid interfaces, g0

values may correspond to those obtained when j ? 1
in Equation (1) even if j ? 0 in practice.

Extensions to semi-dilute systems involve higher order

approximations, such as those developed by Choi and

Schowalter (1975):

g0 7!
j!0

gc 1þ
4� 10/7=3

� �
/

4� 10/þ 10/7=3 � 4/10=3

2
4

3
5

g0 7!
j!1gc 1þ

10 1� /7=3
� �

/

4� 25/þ 42/5=3 � 25/7=3 þ 4/10=3

2
4

3
5 ð2Þ

or Yaron and Gal-Or (1972):

g0 7!
j!0

gc 1þ 22/
10 1� /ð Þ

� �

g0 7!
j!1gc 1þ

11=2ð Þ � 10þ 4/7=3 � 84=11ð Þ/2=3
� �

10 1� /10=3
� �

� 25/ 1� /4=3
� � /

2
4

3
5 ð3Þ

Alternative models developed until the late 90s have

been reviewed by Llewellin et al. (2002). More complex

approaches take more accurately into account:

– the mobility of the interface which depends on the

presence of adsorbed compounds able to promote

either surface tension gradients or surface viscoelastic-

ity;

– the order of magnitude of the interfacial, inertia,

buoyancy and viscous forces, in particular their influ-

ence on bubble deformation under flow conditions.

The respective influence of these phenomena can be

estimated using the dimensionless quantities defined in

Table 1: namely, the Reynolds (Re), capillary (Ca),

Froude (Fr), surface Péclet (Pe) and Marangoni (Ma)

numbers. Using the typical values of the shear rate ( _c)
applied and of the Sauter mean radius (R32) measured

c) Foamy fluids (φ ≤ 50%) a) Bubbly flow (φ~10%) b) Wet foam (φ~90%) 

200 μm

200 μm 200 μm
5 mm

Figure 1

Examples of gas-liquid dispersions corresponding to conventional bubbly flows, wet foam and foamy fluids, respectively.
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in this work, Table 1 shows that viscous forces prevail

over inertia, which corresponds to creeping flows. Buoy-

ancy forces cannot be neglected at low shear, which high-

lights that foamy fluids will be unstable at rest and that

bubbles will only exhibit a kinetic stability against grav-

ity resulting from the high viscosity of the continuous

phase. The capillary number measures the influence of

viscous forces under steady flow conditions (Llewellin

et al., 2002), as used in this work. Ca values show that

surface forces predominate, except at high shear rate

when interfacial effects and viscous forces achieve the

same order of magnitude. It must however be mentioned

that, even at intermediate Ca values, bubbles may

undergo deformation, which may drastically modify

the viscosity of the foamy fluid (Pal, 2006). g0 can be

estimated, therefore, using first-order deformation mod-

els that account only for Ca. However, this approach

constitutes only a rough approximation, as it does not

account for surface elasticity that can have a greater

impact than surface tension on g0, especially in the pres-

ence of proteins.

At the level of the air/water interface, proteins are

known to diffuse slowly in water, with a diffusivity about

10�10 m2.s�1 (Jung and Ebeler, 2003), which gives an

order of magnitude of 10�13 m2.s�1 for the diffusivity

in the foamy fluid on the basis of the Stokes-Einstein

equation. This suppresses the tangential mobility of the

adsorbed compounds and the Marangoni effect, which

is highlighted by the elevated Pe values. But proteins also

promote surface elasticity that induces interface immobi-

lization, emphasized by the high Ma value, as surface

elasticity (ES) is about 30 9 10�3 N.m�1 for whey

proteins at air/water interfaces as used in this work

(Marinova et al., 2009). This modifies drastically the rhe-

ology of wet foams (Denkov et al., 2005), even though

the influence of surface elasticity on foamy fluids is still

to be investigated. As a conclusion, bubble interfaces

may be considered as partially or totally immobilized

in this work.

For low Ca values, Pal (2011) developed a generalized

approach able to describe the zero-shear viscosity of

concentrated emulsions which is based on those sug-

gested in Pal (2003) for bubbles in magma. This can be

expressed using the viscosity of the continuous phase

(gc) and a viscosity function (f), as follows:

g0

gc

� �a

¼ f /;/mð Þ ð4Þ

with a= 1 for rigidified interfaces and a= 5/2 for clean

mobile interfaces. In this equation, /m is the maximum

packing fraction of the spherical bubbles. Several

f(/,/m) functions, depending only on the void fraction

/ � /m, have been proposed in the literature. They

describe the extent of the packing constraints, i.e. the dif-

ficulty to add a volume fraction d/ of bubbles in a foamy

fluid with a void fraction / � /m. They are summarized

in Table 2 in which Equation (5a), (5b) and (5c)

correspond to the Brinkman-Roscoe, Mooney and

Krieger-Dougherty models, respectively (Pal, 2011).

For spherical bubbles assumed to be rigid and mono-

disperse, common /m values are 0.637 for close random

packing and 0.74 for the thickest regular packing. For

foamy fluids, the random packing value seems more

TABLE 1

Typical values of the dimensionless numbers describing the phenomena involved in foamy fluids

and their values in this work in the conditions of rheological testing

Dimensionless number Ratio Values in this work

Re ¼ qc _c 2R32ð Þ2
gc

Inertia / viscous force Re � 10�6

Ca ¼ gc _cR32

r Viscous / surface force Ca � 1

Fr ¼ _c
ffiffiffiffiffiffiffiffiffi
qcR32

Dq�g
q

� _c
ffiffiffiffiffi
R32
g

q
Inertia / buoyancy force 10�6 � Fr � 1

Pe ¼ _cR2
32

DS
Surface convection / diffusion Pe >> 1

Ma ¼ ESR32
2gcDS

Surface elasticity / diffusion Ma >>1

TABLE 2

Example of viscosity functions for concentrated emulsions and bubbly suspensions

Example of f(/,/m) values proposed by Pal (2011) in Equation (4) at low Ca values

1� /
/m

� ��5
2

5að Þ exp 5
2/= 1� /

/m

� �� �
ð5bÞ 1� /

/m

� ��5
2/m ð5cÞ
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accurate but it is also well-known that polydispersity

increases /m. Pal (2003) suggested that /m should be

estimated using an Ouchiyama and Tanaka formulation

in which fi is the number fraction of spheres of diameter

di:

/m ¼
P

f id
3
iP

f i � dd3 þ b�1 �P f i di þ �d
	 
3 � dd3
h i

with dd ¼ max di � �d
	 


; 0
� � ð6aÞ

b ¼ 1þ 4

13
8 � 0:637� 1ð Þ�d

P
f i di þ �d
	 
2

1� 3=8ð Þ�d
diþ�d

h i
P

f i d
3
i � dd3

� �
with �d ¼

X
f idi

ð6bÞ

An alternative solution is the Quemada model (Berli and

Quemada, 2000), an effective approach for concentrated

particle suspensions exhibiting colloidal interactions,

that has also been applied successfully to represent the

viscosity of colloidal emulsions. At low Ca, this provides

a relation similar to Equation (5c) with /m = 4/5:

g0 ¼ gc 1� /
/m

� ��2

ð7Þ

This kind of approach was criticized by Llewellin and

Manga (2005), arguing that due to bubble deformation,

/m values based on a spherical shape had no physical

meaning, so that /m = 1 should be applied. This contra-

dicts, however, the results from Saint-Jalmes and Durian

(1999) who determined that foam elasticity vanished

when / was 0.64 and justified that viscosity models

below and above /m should differ. This statement agrees

with the earlier results from the literature reviewed by

these authors.

However, all the above-mentioned models apply only

for small deformation, i.e. low shear and low capillary

number. They all consider that bubble size has no effect

on viscosity. At intermediate Ca values, when bubble

deformation may become high, zero-order models usu-

ally fail. Empirical models have sometimes been applied,

such as a simplified version of the Cross model that

introduces Ca in the evolution of the viscosity of the

foamy fluid (g). These usually account for a zero-shear

viscosity value (g0) derived from the zero-order models

described previously to account for the fluid behaviour

at low shear (e.g., Rust and Manga, 2002):

g ¼ g0

1þ kCCað Þm ð8Þ

Some rheological models including an infinite shear vis-

cosity g1 with g < gc have also been applied but the

presence of a Newtonian plateau region at high shear

is not ascertained in this work due to the possible

changes of flow topology. In practice, g1 has hardly

been observed experimentally in the literature, except

for highly viscous continuous phases coupled with high

/ values (e.g., Llewellin et al., 2002). In parallel, more

fundamental approaches have been developed on the

basis of a first-order approximation. For example, a sim-

plified version of the Barthel-Biesel & Chim model for

viscoelastic deformable objects has been suggested to

describe the behaviour of foamed cements under flow

by Ahmed et al. (2009):

g ¼ gc 1þ 2:5� 70 � Ca2	 

/

� � ð9Þ

However, this model is valid only for Ca � 0.2 and it

does not fit the data from Llewellin et al. (2002). Alterna-

tive analytical solutions for intermediate Ca values based

on a first-order deformation or for higher Ca values, as

suggested by Rust and Manga (2002) for foamy fluids,

include the Frankel and Acrivos model for dilute systems

with j = 0

g ¼ gc 1þ 1� 12=5ð ÞCa2
1þ 6Ca=5ð Þ2 /

" #
ð10Þ

and the Han and King approach for semi-dilute systems,

also with j = 0:

g ¼ gc
1þ 6Ca=5ð Þ2 1þ 20=3ð Þ/ð Þ 1þ 4/ð Þ

1þ 6Ca=5ð Þ2 1þ 20=3ð Þ/ð Þ2
" #

� 1þ /þ 5

2
/2

� � ð11Þ

One can point out that these equations, under simple

shear flow, are similar to those obtained with emulsions,

although they account for the dilatational viscosity and

the compressibility of the dispersed phase (Pal, 2006).

These models predict, in agreement with the literature

data, that the foamy fluids exhibit viscoelastic properties

under flow even when the continuous phase is

Newtonian. For Equation (10), the corresponding values

of the normal stress differences N1 and N2 are expressed

as:

N1 ¼ r
R32

� �
32=5

1þ 6Ca=5ð Þ2 /Ca2 ð12Þ

� N2 ¼ 16=5

1þ 6Ca=5ð Þ2
r
R32

� �
1� 3

1þ 6Ca=5ð Þ2
28

" #
/Ca2
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while the calculations yield nearly the same expression

for N1 using the Han and King approach with a second

order approximation on / (Vinckier et al., 1999):

N1 ¼ rgc

R32g

� �
32=5

1þ 6Ca=5ð Þ2 Ca
2/ 1þ /þ 5

2
/2

� �
ð13Þ

All these models predict that N1 and N2 tend to 0

when / tends towards 0.

For bubble-concentrated magmas, Pal (2003) sug-

gested a modified version of Equation (4), valid for bub-

bles with mobile interfaces (a = 5/2 in Eq. 4). This

accounts for the Frankel and Acrivos model and for

the viscosity functions f(/,/m) summarized in Table 2:

g
gc

� �
1� 12=5ð ÞCa2 g=gcð Þ2

1� 12=5ð ÞCa2
" #�4=5

¼ f /;/mð Þ½ �1a ð14Þ

Equations (9-11) and (14) present the advantage to

predict that g � gc for intermediate and high Ca values,

which is in agreement with the experimental data of Rust

and Manga (2002), Ahmed et al. (2009) and Abivin et al.

(2009). Equations (10-11) and (14) also predict that the

influence of Ca on g always vanishes when Ca > 10.

However, this should not necessarily fit experimental

data, as spherical bubbles may undergo deformation

that can no more be described using first-order models

when Ca is higher than 1. Concerning viscoelasticity,

these models predict thatN1 andN2 tend towards 0 when

Ca ? 0, as expected, and that they increase steeply with

Ca until Ca is about 1. They also predict that N1 tends

towards a constant and that |N2| varies as Ca2 when

Ca ? 1 but these first-order models should not apply

in this range of Ca values.

Figure 2a illustrates the comparison of zero-order

models for g0 reported in this short review of the litera-

ture. This highlights that there is a large discrepancy

between the g0 values predicted by the rheological mod-

els applied to foamy fluids. This stems, first, from the

rigidity of the interface that can be modelled using either

the a constant of Equation (4) or the viscosity ratio j
which can be artificially increased to account for inter-

face immobilization. However, the zero-shear viscosity

predicted for concentrated systems is also highly depen-

dent on the assumptions on the modelling of the packing

constraints that differ in the literature (Eq. 5) and on the

value of the maximum packing parameter /m. Figure 2b

quantifies the influence of Ca on the viscosity of the

foamy fluid at constant / = 0.5 and /= 0.637 values.

The same discrepancy as in Figure 2a emerges on g0 at

low Ca but the models usually agree when they predict

that viscous forces have a significant effect only when

Ca > 0.1, except for Equation (9) for which the steep

evolution is limited in the range 0.1 � Ca � 0.2. One

can also point out that all equations predict that g/gc

� 1 when Ca ? 1 in Figure 2b, except Equation (11).

Similarly, all these models predict that g/gc is a decreas-

ing function of / at high Ca, again except Equation (11)

(data not shown). This means that g0/gc increases with /
at very low Ca, while the opposite trend emerges usually

at high Ca, highlighting a key effect of the gas phase. For

Equation (11), one obtains g/gc � 1 only for / � 0.2;

consequently, this model disagrees with most of experi-

mental data from the literature, for example with those

from Llewellin et al. (2002) which showed that the ratio

g/gc was lower than 1 at high Ca and decreased when /
increased.

2 MATERIALS AND METHODS

Foamy fluids were prepared by mixing in water

dehydrated glucose syrup for the viscous matrix with

2% (w/w) Whey Proteins Isolate (WPI) as the foaming
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Figure 2

a) Predictions of the zero-shear viscosity (g0) as a function

of /, /m and a for different models. b) Predictions of the

foamy fluid viscosity (g) as a function of Ca for / = 0.5,

/m = 0.637 and various models.
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agent. Glucidex IT21 (Roquette Frères, France) was

retained because of its low dextrose equivalent value of

21% (describing the degree of conversion of starch to

dextrose), while Prolacta90 (Lactalis, France) was cho-

sen forWPI. This mixture provided a Newtonian viscous

aqueous phase, the viscosity (gc) of which could be var-

ied between 0.1 and 10 Pa.s as a function of the glucose

syrup concentration. Polyacrylamide (PAAm) from

BHD. Lab. Suppliers (UK) with a weight average molec-

ular mass of 59 106 kDa was used as a rheology modifier

so as to add a viscoelastic character. The advantage of

this recipe was that viscosity (gc) and viscoelasticity

could be tuned independently by adjusting simulta-

neously the amount of glucose syrup and PAAm. The

rheological properties and foamability of these formula-

tions were investigated by Narchi et al. (2009). These

authors showed that the PAAm-WPI-glucose syrup mix-

ture still exhibited a constant viscosity versus shear rate

when PAAm content remained 0.01% w/v (value used

in this work), as a Newtonian fluid, but with a measur-

able normal force, as for a Boger fluid. They also showed

that the presence of a foaming agent was compulsory

due to the effect of the viscosity of the continuous phase:

increasing viscosity impaired the maximum / values that

could be achieved. In addition, surface tension (r) was
nearly constant, as only whey proteins were used as a

foaming agent. In this work, r was measured using a

K12 tensiometer (Krüss GmbH Germany) and the

Wilhelmy plate method.

Foamy fluids were prepared using a continuous pro-

duction line in which air and the continuous phase were

injected concurrently. The gas phase was dispersed using

a mixing head equipped with three four-blade right angle

paddles (Fig. 3). Experiments were carried out at 20�C
and atmospheric pressure. Further information on the

experimental set-up can be found in Narchi et al.

(2009, 2011). The rotation speed of the rotor could be

varied but void fraction was modified mainly by varying

gas flow rate. Under steady state conditions, the maxi-

mum void fraction that can be achieved may be derived

from the values of the flow rates of the continuous (Qc)

and the dispersed (Qd) phases under atmospheric pres-

sure. This imposes the following constraint:

/ � Qd

Qc þ Qd
ð15Þ

Equality in Equation (15) means that all the gas phase

is totally dispersed and stabilized in the form of tiny bub-

bles. The advantage of the continuous process was that

void fraction and bubble size could be better controlled

so as to improve reproducibility. Values of the Reynolds

number based on the mixer diameter between 5 and 10

were required, which means that gas dispersion always

operated under laminar flow conditions.

The key information collected for the foamy fluids in

this work are, namely, the void fraction, the bubble size

distribution and the rheological properties. The void

fraction was measured using density measurements,

applied to the continuous phase (qc) and the foamy fluids

(q) collected at the outlet of the mixing head, respec-

tively:

/ ¼ 1� q
qc

ð16Þ

The bubble size distribution was monitored by on-line

optical microscopy coupled to image analysis (Labbafi

et al., 2007). This involves an Axiovert 25 microscope

(Zeiss GmbH, Germany) coupled with a CCD camera

(Kappa Opto-Electronics GmbH, Germany). As bubbles

were spherical, image analysis was limited to the estima-

tion of the radius of spherical objects. The Sauter mean

radius R32, i.e. the surface-average bubble radius, was

deduced by averaging the data, using more than 500

bubbles for each set of operating conditions. The rheo-

logical properties were obtained from flow and oscilla-

tory shear testing using a stress-controlled rheometer

Speed control

Cooling fluid
temperature

Torque (on-line)

• Stability (off-line)
• Rheology (off-line)
• Bubble size (on-line)
• Void fraction (off-line)

FOAMY FLUID

Liquid
flow rate

Cooling fluid
flow rate

Gas flow rate

Figure 3

Schematic representation of the experimental set-up.
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(AR-G2 from TA Instruments, USA). All the density and

rheological measurements were carried out in triplicate.

For flow curves, the shear stress (s) and the viscosity

(g) were monitored at 20�C for shear rate values ( _c)
between 10�2 and 103 s�1 using a parallel plate geometry

and a Peltier system for temperature control. Steady

state sweep tests were applied. Normal force could also

be measured but for parallel plate, this gives access to

the difference between the primary and the secondary

normal stress differences (N1 � N2). For dynamic oscil-

latory measurements, preliminary strain sweep tests at

1 Hz frequency were carried out. Mechanical spectra

were, therefore, recorded at a constant strain of 2%

for frequency between 0.01 and 10 Hz. Complex (G*),

storage (G0) and loss (G00) viscoelastic moduli were mon-

itored together with the complex viscosity (g*). As the

maximum bubble diameter measured in this work was

lower than 50 lm, a 1 mm gap was used for steady and

oscillatory tests, which was sufficient to prevent confine-

ment effects and to maintain the structure of the foamy

fluid during the setup procedure on the plate of the rhe-

ometer. Similarly, wall slip was never observed because

of the sticky character of the aqueous solutions of glu-

cose syrup. A thin layer of n-hexadecane oil was main-

tained on the side of the sample so as to prevent the

surface crystallization of glucose syrup. The same meth-

odology was applied to the continuous phase and to the

foamy fluids, in particular to obtain gc, and g under sim-

ilar conditions.

As stability is a prerequisite for rheological testing, the

stability of the foamy fluids was investigated using a

CCD camera for 3 days (Kappa GmbH, Germany).

The evolution over time of the height h(t) of the region

occupied only by the continuous phase in a beaker ini-

tially filled up with foam was recorded in this period.

This was sufficiently large (5 cm diameter) in comparison

to bubbles (about 50 lm diameter) to avoid wall effects.

All the measurements were done threefold for statistical

purpose.

3 STABILITY OF FOAMY FLUIDS

Asmentioned above, stability is a prerequisite, first when

the foamy fluid will be used for subsequent experiments,

particularly rheological testing but also for any further

use. Bubble creaming and liquid drainage appeared to

be the main destabilizing mechanisms, while coalescence

remained negligible in the first 24 hours, as shown in

Figure 4. In this period, a destabilization parameter (S)

could be defined as a percentage, i.e. as the normalized

height h(t)/h0 occupied by the liquid region in the

beaker. Consequently, this parameter increases when

destabilization proceeds. As the height of the beaker

was h0 = 35 mm, Figure 4 after 24 hours illustrates that

a few hours of stability against creaming could be

achieved for the foamy fluids. Actually, the evolution

of S(t) was shown to be perfectly linear with time in

the first 24 hours. This behaviour is illustrated by Fig-

ure 5a. This figure also shows that the stability over time

of the foamy fluid increased strongly with the void frac-

tion, as the slope of curves decreased when / increased.

This could be analysed as a hindrance effect, but quanti-

tative analysis is required before making final conclu-

sions.

It is known that the terminal rise velocity of a bubble

may either increase or decrease when the void fraction

increases. When the terminal rise velocity decreases, this

is due to a hindrance effect similar to a “crowding”

effect; when it decreases, this is usually attributed to a

drag reduction due to bubble wakes which operates as

a cooperative effect. Also, a transition between hindered

and cooperative rise has often been reported in bubbly

flows in the air/water system at increasing / values

(Roghair et al., 2011). More precisely, cooperative rise

usually results from the aspiration of small bubbles in

the wake of larger bubbles. One of the most popular

approaches that accounts for this transition has been

proposed by Richardson and Zaki in the 50s, but for

spherical particles, a versatile model has been proposed

by Barnea and Mizrahi (1973). These authors have

applied a “mean field” approach in which a bubble is

considered as a single particle which is rising in a

pseudo-homogeneous bubbly suspension, the density

and the viscosity of which are the density and the viscos-

ity of the pseudo-homogeneous medium. In practise,

they used for g a model that approaches Equation

(5b). Finally, the Barnea-Mizrahi equation is expressed

as follows:

dh

dt
¼ vb ¼ Dq � g � d243

18gc

v1

� 1� /ð Þ2

1þ kB � /1=3
� � � exp � 5/

3 1� /ð Þ
� �

ð17Þ

in which v1 corresponds to the terminal rise velocity of a

single bubble given by the Stokes equation and kB is a

constant that measures the intensity of the crowding

effect. As expected, v1 depends only on the viscosity

and the density of the continuous phase and on the vol-

ume-average bubble diameter (d43) deduced from image

analysis in this work. The conventional kB = 1 value

from Barnea and Mizrahi for solid particles always pre-

dict a hindrance effect. In this work, kB was adjusted by

fitting experimental data. A slightly negative value was

obtained, which predicted a cooperative rise that was

8 < :
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limited to / < 30%. Figure 5b shows the very good

agreement between Equation (17) and experimental

data, with a regression coefficient R2 = 0.95 for the fit-

ting plot y = x. The cooperative rise was observed for

/ = 25%, i.e. when vb/v1 > 1, while hindered rise pre-

vailed for higher / values with a transition about 30%.

This kind of transition had already been observed in aer-

ated food and reported by Dickinson (1992), even

though it remains scarce in the literature. In the present

work, the effect of the cooperative effect remains weak,

limited to void fractions between 25% and 30%. In this

region, a possible explanation is that bubble rise is

mainly driven by the largest bubbles and not by the bub-

bles of average diameter, which fits a small cooperative

rise effect (10-15% above the single bubble velocity).

Then, when void fraction increases, the hindrance effect

starts dominating because the bubble size distribution

does not change significantly, while the hindrance effect

is enhanced by /, which could explain the limited range

of cooperative rise. However, this analysis is difficult to

validate quantitatively because of the limited range of /
value in which cooperative rise is reported.
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Examples of foamy fluids destabilized by creaming after 24 hours (gc = 1.3 Pa.s): D, t = 0; E and F, t = 24 h, samples compared for

testing reproducibility.
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In parallel, Figure 5b highlights that Equation (17)

takes correctly into account the influence of gc that

emerges from Figure 5a. Consequently, the effect of

composition may be used to slow down creaming, for

example the addition of PAAm at constant glucose

syrup content, but less than expected because the

increase of gc may be partially counterbalanced by an

increase of bubble size due to viscoelasticity. For a lim-

ited addition, Figure 5b shows that increasing elasticity

with PAAm had no significant effect on the stability of

the foamy fluid and that gc always played the key role,

as Equation (17) does not account for elasticity. Finally,

Figure 5b highlights that the preliminary analysis of Fig-

ure 5a was incomplete and that the increased stability of

the foamy fluids at increasing / values hid a transition

between two different regimes of cooperative and hin-

dered rises.

As a conclusion, experimental results showed that sta-

ble foamy fluids could be prepared with a gas fraction

between 25% and 50% (v/v) by varying air flow rate.

For gc = 1.2 Pa.s, experiments showed that this result

could be extended to / = 55%. Rheological measure-

ments using 1 mm gap may be carried out, provided

the experiments remain within 10-15 min time limit,

but under process conditions, these model fluids could

be used to simulate other kinds of foamy fluids for sev-

eral hours. This stability results not only from the viscos-

ity of the matrix but also from the small bubble size.

Image analysis showed, indeed, that bubble size distribu-

tions were monomodal, with Sauter radii between 7 and

20 lm as a function of rotation speed in the mixer, and

that they exhibited reduced polydispersity. This was con-

firmed by the /m values deduced from Equation (6)

which were all around 0.65, very close from the theoret-

ical value of 0.637 and significantly lower than the 0.7

value used by Pal (2003) to fit the experimental data

reported by Rust and Manga (2002). A remaining ques-

tion concerns the extent of the change of R32 on the

results observed in Figure 5a. Actually, experimental

results demonstrated that bubble size and polydispersity

were slightly reduced when rotation speed increased, as

already shown in Narchi et al. (2011). In this work,

Figure 6 also highlights that R32 and polydispersity do

not change significantly with / when rotation speed

was higher than 400 rpm. Finally, it can be concluded

that / and R32 can be considered as independent vari-

ables with the continuous manufacturing process used

in this work.

However, at longer times than 24 hours, the analysis

of the stability of the foamy fluid was impeded by the

problem of surface crystallization of glucose syrup due

to local evaporation at the air/water interface. The inter-

pretation of experimental data became, therefore, more

complex, but coalescence still seemed to remain negligi-

ble. As a result, the analysis of the stability with contin-

uous phases of higher viscosity than gc = 1.2 Pa.s was

biased even more rapidly by surface crystallization due

to the increased amount of glucose syrup. Consequently,

it will be supposed in this work that the trends observed

in Figure 5 can be extended to higher viscosity fluids,

although their experimental validation becomes more

difficult.

4 RHEOLOGY OF FOAMY FLUIDS UNDER CONTINUOUS
SHEAR FLOW

Using stability data, rheological testing procedures were

defined, with experiments of about 15 min and a 1 mm

gap to avoid bubble creaming. First, the rheological

properties of the foamy fluids were investigated under

flow conditions. As expected, foamy fluids displayed a

viscoelastic fluid behavior under shear flow with non-

zero normal stress difference even when the continuous

phase was Newtonian. The viscosity (g) of the foamy flu-

ids could also be lower than the viscosity as the continu-

ous phase (gc), as already reported in the literature. The

evolution of g was shown to result from the interplay

between the formulation of the continuous phase, void

fraction and bubble size. For all the mixtures, foamy flu-

ids always exhibited a zero-shear Newtonian plateau
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Figure 6

Example of bubble size distributions at several / values in

the foamy fluids without PAAm at a rotation speed of

1000 rpm.
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region g0, regardless the continuous phase contained

PAAm or not. Void fraction appeared to have the most

significant effect, as shown in Figure 7a: g0 increased

with / in Figure 7a when R32 was constant (Fig. 6). This

agrees qualitatively with literature data (Rust and

Manga, 2002; Llewellin et al., 2002) and with most of

the models described in section 2 and in Figure 2. No

infinite-shear plateau was observed, as expected for flu-

ids with gc < 10 Pa.s. On the contrary, g0 values were

more accurately determined from the curves than with

more viscous continuous phases, at least up to

/ = 40% (Llewellin et al., 2002). Also, the upper limit

of the zero-shear plateau region in terms of Ca decreased

rapidly when void fraction increased in Figure 7a: from

Ca � 0.1 at when /= 25% to Ca < 10�4 for /= 50%,

which confirms the key role of the void fraction on the

rheology of the foamy fluids. It seems that increasing

the interactions between bubbles under flow conditions

enhanced the non-Newtonian behaviour of the foamy

fluid, in agreement with the literature on emulsions.

Quantitatively, the apparent viscosity g could be ade-

quately described using the Cross equation (Eq. 8), as

illustrated by Figure 7a. This result is in qualitative

agreement with Rust and Manga (2002) but the values

of their fitted parameters strongly differed with those

of this work, in particular the exponent m which was

higher than 1 in their data. This may result from the fact

that when g varies significantly with Ca, two regions

could be distinguished:

– a conventional shear-thinning region in which bubbles

may be deformed reversibly and in which the relative

viscosity g/gc may be lower than 1 at high shear, for

example for /= 25% in Figure 7a;

– a region in which the viscosity falls or cannot be mea-

sured because the microstructure of the foamy fluid is

irreversibly broken, probably by bubble coalescence.

This occurs usually at Ca values just higher than

0.1-0.2, except when /= 25% at which the probabil-

ity of bubble collision is lower. This value corresponds

roughly to the critical dimensionless stress for

breakup g _cR32ð Þr in wet foams estimated by

Golemanov et al. (2008) in the presence of surfactants

but further work is still needed to confirm if this value

can be extended to protein-stabilized foamy fluids.

The precise limit between the two regions is difficult to

estimate accurately in practice. Theoretically, the

method consists in applying the same shear rate sweep

test after appropriate rest on a sample. In practice,

experimental results could be impaired by the reduced

stability of the foamy fluid due to bubble creaming and

liquid drainage: this was the reason why flow curves

experiments were limited to 15 min. As a result, the

limit of the first region was considered, as a rough

approximation, to be the maximum shear rate at which
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a) Evolution of relative viscosity (g/gc) as a function of /. Lines correspond to the fitted data obtained by adjusting Equation (8).
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reproducible data could be obtained on different sam-

ples in this work, as bubble coalescence usually leads

to non-reproducible viscosity data.

The exponent of Equation (8) was fitted using only the

first region in this work, which gave 0.50±0.05 for all the

/ values tested. Thismeans thatg scales asCa�1/2 wheng
varieswithCa, i.e. that the viscous shear stress (s) scales as
Ca1/2. This result is in qualitative agreement with data on

wet foams with immobilized interfaces. For these, the

wall shear stress consists of a yield stress and a viscous

component, while it can be considered that only the sec-

ond one is observed in foamy fluids. It is commonly

admitted in the literature on wet foams that the viscous

component scales with Ca2/3 for mobile interfaces but

withCa1/2 for immobile interfaces that correspond topro-

tein-covered bubble interfaces (Zhao et al., 2009; Politova

et al., 2012). The good agreement between foamy fluids

and wet foams seems intuitive, as phenomena are similar,

especially close to the very wet limit, although the

assumptions leading to s 	 Ca1/2 in wet foams are not

valid for foamy fluids. Consequently, this experimental

result must still be confirmed by further work.

A remaining question is to know to which extent g0

and g depend on bubble size. Figure 7b shows that g0

values decreased when R32 increased at constant /,
although the influence of R32 was smaller than that of /.

In this figure, R32 decreased from 14 to 10 lm due to the

increase of rotation speed from 400 to 600 rpm, and then,

it became nearly constant for a further increase of rota-

tion speed with / = 40%. Similarly, the extent of the

zero-shear viscosity plateau appeared to be reduced when

bubble size decreased, i.e. using higher rotation speed

(Fig. 7b). Actually, a similar effect could be observed by

acting on the recipe: the addition of 0.01% (w/v) PAAm

gave a slightly shear-thinning behaviour to the matrix

that could be retrieved in the foamy fluids (data not

shown). This can explain the discrepancy between litera-

ture data ong0, as shownbyFigure 2a: all themodels pre-

sented do not account for R32 and polydispersity, while

these parameters affect g0, probably because of the

increased interfacial interactions between spherical bub-

bles when R32 decreases at constant /.
In Figure 8a, g0 values were shown to be predicted

accurately using a Mooney equation with a = 1 as a

function of void fraction up to 40% but this model

strongly overpredicted g0 for / values between 45%

and 55%. The best fit below 40% was obtained by opti-

mizing /m about 0.62, which remains close to the theo-

retical value. This also indicated that models

corresponding to Equations (9-11) were not able to

describe adequately the g(Ca) curves. Experimental

g/gc values also appeared to be higher than most of
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a) Evolution of zero-shear viscosity (g0) as a function of void fraction /. b) Comparison between Equation (14) coupled to Equation
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those reported in the literature on foamy fluids. Four

obvious reasons may explain these different trends:

– first, g0 values obtained for / � 40% are only

adjusted values, as the zero-shear plateau is not

reached in Figure 7a. As a result, they could be under-

estimated, which could explain the change of behav-

iour observed in Figure 8a above 40% void fraction;

– g values become increasingly sensitive to / when it

approaches /m. Consequently, the uncertainty on

g0, especially due to the sampling and the set up pro-

cedures, should increase with /;
– contrary for example to Llewelin et al. (2002), a sur-

face-active agent is used in this work, which modifies

the rigidity of the interface. This is the reason why the

a = 1 value used for g0 is in line with the conclusions

reported on the Ca1/2 behaviour, as they both describe

rigidified interfaces. This could explain the differences

with literature data. In addition, it must be pointed

out that the rigid and mobile approximations for

interfaces constitute only rough estimations between

which viscosity may vary continuously as far as

mobility can be modified. Although proteins have

been used in excess, interface rigidity may vary when

/ increases and a slight change of interface mobility

may dramatically affect the viscosity, as shown by

Pal (2011) for concentrated emulsions;

– finally, the last reason that could explain the differ-

ences with literature data is that bubble diameters

were about one order of magnitude larger in this work

than in Llewelin et al. (2002). Actually, it is well

known for emulsions that viscosity depends on drop-

let size because of the increase of surface area on

which the internal friction between particles applies

(Pal, 1998). The same should also apply for the foamy

fluids. As already mentioned for g0, it is probable that

this last point mainly explains the variability between

the g(Ca) curves of foamy fluids in the literature.

On the basis of the analysis of Figure 8a, only Equa-

tion (14) with a viscosity function based on the Mooney

equation (Eq. 5b) was tested against experimental data

for fitting g(Ca) curves. However, this approach was

not able to predict correctly the shear-thinning behav-

iour of foamy fluids, especially the upper limit of the

zero-shear viscosity region (Fig. 8b). This limit in terms

of shear rate or Ca appeared to decrease more rapidly

than predicted by Equation (14) in Figure 8b, which is

in line with the rapid increase of the fitted kC value in

Equation (8): from 2 9 10�3 for / = 25% to 0.3 for

/ = 50%. This parameter seems to follow an exponen-

tial increase but additional data are compulsory before it

can be correctly fitted.

As a conclusion, first-order models based on a theo-

retical analysis of bubble deformation fail to predict

the experimental results. Only the semi-empirical Cross

model is able to describe g(Ca) curves, with a g0 value

predicted by means of the Mooney equation up to

/ = 40%. This confirms that void fraction is the key

parameter acting on the viscosity of the foamy fluid

but also that bubble size R32 and polydispersity also

affect g, which is scarcely accounted for in the literature.

As expected from literature data, the behavior of foamy

fluids seems to be closer to those of concentrated poly-

disperse suspensions or emulsions than to foams, except

that viscosity falls below gc. However, the Ca1/2 behav-

iour observed in the shear-thinning region when coales-

cence does not occur highlights that some of the models

able to describe wet foams could be applied in the future.

This could improve the theoretical description of the

shear-thinning region in which only empirical models

such as the Cross equation can be used, as already

pointed by Rust and Manga (2002) ten years ago. In this

work, the main advantage of the continuous process

used to prepare foamy fluids is, finally, that it ensures

a reproducible monomodal and narrow bubble size dis-

tribution independent of /. This may be valuable to

investigate the behaviour of foamy fluids under process

conditions, as the rheology can be tuned and the impact

of both effects can be distinguished.

5 ANALYSIS OF THE VISCOELASTIC CHARACTER OF
FOAMY FLUIDS

The foamy fluids were subjected to oscillatory testing

procedures. First, strain sweep tests were applied so as

to estimate the limit of the linear viscoelastic region.

These showed that G0 and G00 were nearly constant,

which corresponded to fluid materials but also that

phase angle d was between 75� and 85� at 1 Hz, which

highlighted a slightly viscoelastic behavior. This was in

agreement with frequency sweep tests: tangent loss tand
was always between 1.5 and 10 in at 2% strain (Fig. 9a).

The viscoelastic character of fluids could only be

enhanced by adding 0.01% (w/v) PAAm in the recipe.

In this case, tan d could approach 1 (data not shown).

These results show that these materials were foamy flu-

ids; they differed from wet foams because they exhibited

no yield stress and were slightly viscoelastic even when

the continuous phase was Newtonian because of the

interactions between bubbles.

However, the above-mentioned behaviors are

reported at low shear, whereas bubble deformation

should promote the development of the elastic character

of the foamy fluid at high shear. This is highlighted by

the evolution of the estimation of the primary normal

stress difference N1 in Figure 9b under flow conditions:
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N1 could be measured only when the shear rate is higher

than 10 s�1 for / � 40%. In this work, N1 was estimated

using qualitatively from Equation (12), as the parallel

plate geometry gives access to experimental N1 � N2

values. Contrary to polymer solutions for which

|N2| << N1 in general, Eq. (12) shows that |N2|

approachesN1/2 at low Ca. This assumption was applied

to deduce N1 from N1 – N2 data. Even though N1 was

shown to increase with / at constant R32 value, the

reduced range of void fractions at which N1 could be

estimated (40% � / � 50%) did not enable to develop

a model for N1(/). A key problem was also that Equa-

tion (12) was unable to predict quantitatively N1 values

in this work: it predicts a slope close to 2 in Figure 9b,

while the slope is close to 1 in practice. Further work

is, therefore, needed to confirm the validity of the

assumption |N2| =N1/2. An indication that this assump-

tion may be valid is that not only the Cox-Merz rule was

shown to apply for / values between 25% and 50% but

also the Laun’s rule. The Cox-Merz rule postulates that

the complex viscosity g* from mechanical spectra and

the viscosity g from flow curves can be confounded,

while the Laun’s rule assumes that the storage modulus

G0 and N1 can be related at low shear by G0/2 = N1.

Their applicability was, however, limited to Ca values

below 0.1 for foamy fluids in Figure 9b. In the literature,

the empirical Cox-Merz rule is usually applied to extend

viscosity data at low shear rate using oscillatory testing.

For foamy fluids, this is constrained by the time limit

that does not give access to low frequency data. Con-

versely, the advantage is that the Laun’s rule could be

easily used to extendN1 at lower / and shear rate values,

provided the |N2| = N1/2 assumption is validated.

As a conclusion, a more comprehensive description of

the rheological properties of the foamy fluids has been

obtained. Up to now, experimental data on the visco-

elastic properties of foamy fluids using oscillatory testing

remained scarce in the literature and no data could be

found on N1 as far as the authors know. Similarly, the

applicability of the Cox-Merz rule had not been

reported. The applicabilities of Cox-Merz and Laun’s

rules for foamy fluids constitute, therefore, key results

because they allow the comparison between low and

high shear testing conditions, i.e. the comparison

between data from rheometers with those from process

conditions. Consequently, a better understanding of

the viscoelastic properties of foamy fluids is expected

in the future so as to better predict their behaviour in

the process industries.

CONCLUSION

In this work, the properties of a model foamy fluid based

on glucose syrup solutions and whey proteins as foaming

promoters have been studied. This model fluid can be
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prepared easily with reproducible and tuneable proper-

ties, using a continuous process under steady state con-

ditions. These foamy fluids exhibit a stability of several

hours at rest and can be sheared up to Ca about 0.1

(i.e. about 100 s�1) without impairing their microstruc-

ture. Also, their stability over time has been modelled

quantitatively as a function of void fraction. These

foamy fluids constitute, therefore, an adequate model

fluid to investigate under process conditions the behav-

iour of real foamy fluids that can be found, for example,

in the food and the oil industries. For example, in the oil

industry, they could be used to model the behaviour of

foamy oil as they can be studied under various pressures,

except that they do not account for bubble nucleation.

Another key advantage is that the void fraction of these

model fluids can be varied between 25% and 50%, while

the bubble size distribution remains nearly unchanged,

which enables to investigate the influence of void frac-

tion independently from bubble size.

In this work, the applicability and the limits of the

most common viscosity models from the literature have

also been analysed. A key conclusion is that the rheolog-

ical properties of foamy fluids depend strongly on void

fraction but also on bubble size. Consequently, they

can be compared as a function of / only for similar bub-

ble size distributions. On the viscosity of foamy fluids,

this work has shown that only semi-empirical models

could correctly fit the flow curves. On the contrary, an

important theoretical finding is that in the shear-

thinning region, viscosity was shown to vary as Ca�1/2,

as for wet foams. Further work will be devoted to deter-

mine whether it is possible to relate theoretically the vis-

cosity of the foamy fluids to that of wet foams. Similarly,

the applicability of the Cox-Merz and Laun’s rules con-

stitutes a key improvement, in particular to investigate

the viscoelastic properties of foamy fluids as a function

of / under flow conditions. These have been disregarded

up to now, although they are intrinsically linked to bub-

ble deformation. In particular, Laun’s rule will be valu-

able because it can be used to link viscoelastic properties

under oscillatory conditions to those under process con-

ditions. This will be also the subject of further work. In

the future, we hope that the information deduced from

the comparison with wet foams and from the applicabil-

ity of Laun’s rule will give access to a better understand-

ing and modelling of the behaviour of foamy fluids when

they are encountered in the process industries.
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