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Emulsification at constant shear rate in concentrated conditions (50% in volume
fraction) is investigated experimentally by measuring simultaneously the droplet size
and the global shear stress using a specially designed rheo-optical ‘‘Steady Light
Transport’’ apparatus. The capillary number is varied by changing the continuous
phase viscosity, corresponding to disperse to continuous phase viscosity ratios between
0.02 and 2. We show that when the capillary number is large enough (>0.35), emulsifi-
cation occurs. At constant shear rate, this time-dependant process can be separated
into four steps: (1) flow start-up, (2) premix formation, (3) a progressive reduction in
droplet size, associated with an increase in shear stress, (4) changes in droplet size
and shear stress stop at a well-defined emulsification time. Step (3), called dynamical
emulsification, is fully controlled by the critical capillary number and the mechanism
of drop size reduction stops when viscous dissipation dominates the droplet elongation
and break-up mechanism. This approach accurately describes both the variation in
shear stress with droplet size during Stage (3) and the final state of the emulsion in
terms of droplet size and viscosity. � 2007 American Institute of Chemical Engineers AIChE
J, 53: 1994–2000, 2007
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Introduction

To disperse one fluid into another immiscible fluid, some
mechanical energy (e.g. shear) is used together with a surfac-
tant to produce a dispersion with stable properties (such as
final droplet size, polydispersity, and rheology). The nature
of the two fluids, the surfactant and the process conditions
(shape of the agitator, agitation rate, and duration) all have a

critical effect on the properties of the final emulsion (see e.g.
Refs. 1–3).

Most of the publications dealing with the transition
between the initial phase-separated state and the final disper-
sion focus on individual droplets deformation or break-up.4,5

Among those, Taylor’s seminal work4 described the deforma-
tion and break-up of a single drop. Under constant shear
rate, the initially spherical drop deforms to an ellipsoid
(length L and breadth B). For small deformations, Taylor
showed theoretically that the deformation (L 2 B)/(L 1 B)
is mainly given by a capillary number of the form:
Ca ¼ _cgcR=c, where _c is the applied shear rate, gc is the con-
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tinuous phase viscosity, R is the spherical drop radius and c
is the interfacial tension between the two phases. When Ca
increases, the drop elongates, forms a thread, and finally
breaks up into smaller drops, defining a critical deformation,
or a critical capillary number Cacr at burst. This critical cap-
illary number corresponds to the minimum shear stress
r ¼ _cgc needed to overcome the Laplace pressure c=R inside
the drop. For simple shear flow, Grace5 showed that Cacr
depends on the ratio between the dispersed phase viscosity
(gd) and the continuous phase viscosity with a minimum pla-
teau value close to 0.6 when gd=gc is between 0.01 and 1.
He also showed that the shear should be applied for a certain
time tB to burst the drop, the reduced time tBc= 2Rgcð Þ being
an increasing function of gd=gc. Finally, Mabille et al.6

showed that the final radius R is approximately proportional
to c=r at fixed gd=gc for an emulsion.

A major goal of our work is to study the time dependence
of emulsification process in concentrated systems (50% in
volume fraction) as industrial emulsions are often produced
in concentrated situations. Indeed, multiple hydrodynamic in-
teractions between droplets might affect the elongation break-up
mechanism, and therefore affect the dynamical emulsification
process.

As such concentrated suspensions are highly turbid and
produced under fast flows, standard optical methods (e.g. mi-
croscopy, Small Angle Light Scattering, Diffusive Wave
Spectroscopy) are unable to provide any droplet size mea-
surement. Thus we use a recently developed technique partic-
ularly well suited to this problem, called Steady Light Trans-
port (SLT).7 The simultaneous measurement of changes in
droplet size (using SLT) and shear stress allow an experi-
mental investigation of how the mechanical energy provided
by a constant shear rate is used to create the dispersion. The
volume fraction, the dispersed phase viscosity and interfacial
tension are maintained constant in all experiments. To study
the influence of the capillary number on the emulsification
process, the viscosity of the continuous phase is varied to
obtain a range of viscosity ratios 0:02 < gd=gc < 2.

First, we describe the experimental apparatus, the materials
and the experimental protocols. Then, we present the evolu-
tion of size and stress during emulsification at constant shear
rate and identify the different steps of the emulsification pro-
cess. The two last sections concern the analysis of the experi-
mental results in the transitory regime as well as the final
state of the emulsion.

Experimental Device and Materials

Figure 1 shows the experimental apparatus. There are two
parts: a rheometer (AR 1000, TA Instruments) and an optical
device. Experiments are performed in a temperature-controlled
room at (20 6 1)8C.

Vane geometry calibration

The measurement geometry used for rheometry is a six-
blade vane of radius RV 5 11 mm and immersed height h 5
24 mm. This vane is centred inside a fixed cylinder of inner
radius RC 5 12.3 mm sealed onto a glass plate. This geome-
try is known to produce a purely azimutal flow identical to
the flow between two effective concentric cylinders (Ref. 8

and included references). Using the protocol described in
Ref. 8 and several silicon oils of known viscosity, the fol-
lowing shear stress and shear rate geometrical factors of the
vane are obtained: Fr ¼ 54935 m23 and F _c ¼ 9:90. For all
emulsification experiments, the angular velocity X is set at
100 rad/s, leading to a shear rate _c ¼ XF _c ¼ 990 s21. The
stress is given by r ¼ CFr, where G is the torque. We also
checked that except for the water continuous phase, the flow
remains stable and laminar.

Optical device

The optical part of the apparatus has already been used to
study emulsions.7,9,10 It consists of a laser diode (wavelength
k 5 635 nm), a circular polarizer to control incident polarisa-
tion, a CCD camera as detector and two mirrors (Figure 1).
The choice of the radial position of the laser impact at the
bottom of the geometry is not arbitrary. It corresponds to the
center of the recirculation zone where there is an exchange
between the sheared zone and the bottom of the geometry, so
that size measurements are representative of the sheared
region. The camera records the light backscattered by the
sample yielding a 5 3 5 mm2 image. It represents the back-
scattered incoherent light transport far from the impact of the
laser (the radius of the incident laser spot is 27 lm). Figure
2a shows an example of an experimental angularly averaged
radial intensity decrease of light, I(q), where q is the radial
distance from the center of the spot.

Determination of droplet sizes

The spatial intensity decrease measured above is fitted by
a steady state radiative transfer model in the diffusion
approximation.7,11,12,13 As this diffusion model only involves
a single variable: the transport length ltr, it is thus determined
unambiguously (Figure 2a).

In the case of emulsification process, the optical refractive
index and volume fraction of droplets remain constant, so a

Figure 1. Rheo-optical apparatus.

AIChE Journal August 2007 Vol. 53, No. 8 Published on behalf of the AIChE DOI 10.1002/aic 1995



change of the transport length is only due to a modification
of average droplet size.7,10 From Mie theory, the dependence
of the transport length on the size of droplets can be calcu-
lated using the optical refractive index of the dispersed
phase, and the actual dispersed volume fraction.7 Figure 2b
shows the linear dependence of the droplet radius with the
calculated transport length for the present case (hexadecane
droplets dispersed in an aqueous phase at 50% in volume
fraction). Therefore, the determination of an average radius
of droplets from the experimentally determined transport
length is straightforward (Figure 2b).

We verified that, in spite of the large volume fraction, the
effect of dependent diffusion through position correlation is
negligible in the studied droplet size range. Particle size
inversion is performed by representing the curve R(ltr) by a
straight line (Figure 2b). The best least squares fit gives:

R ¼ 0:033ltr þ 2:7; (1)

where R and ltr are in lm. The absolute error in particle size
determination is typically of the order of one lm for the
present study (7 lm \ R \ 70 lm). The size measured by
this technique corresponds to the average droplet size in vol-
ume,7 and a detailed discussion can be found in Ref. 13.

Experiment procedure and materials

Initially, the aqueous and the oil phases are superposed in
the cylinder. We avoid mixing them, so that the initial state
is reproducible. At t 5 0, constant agitation (X 5 100 rad/s,
i.e. _c ¼ 990s21) is started. During the three-hour experiment,
the rheometer measures the stress and the light transport de-
vice records one image every 90 s. At the end of the experi-
ment, the final emulsion is collected and, after extensive
dilution, (about 15 emulsion drops in half a litre of water),
its size distribution is determined by small angle light scat-
tering (SALS) in a Malvern Mastersizer X, using Malvern’s

inversion program. It has been independently verified using
Dynamical Light Scattering that the average droplet size
remains constant upon dilution.

Figure 2. (a) Backscattering spot for the 40.1 mPa s emulsion at t 5 810 s and adjustment of the diffusion model
to the experimental decrease of the radial distribution of backscattered light, with ltr 5 341 lm. (b) Size
inversion used from Mie theory.

The continuous line corresponds to Eq. 1.

Figure 3. Steps in the emulsification process.

(a) Type 1 emulsion with existence of Step 3 (dynamical
emulsification). Continuous phase viscosity 5 40.1 mPa s.
(b) Type 2 emulsion with no Step 3. Continuous phase vis-
cosity 5 6 mPa s.
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The dispersed oil phase is hexadecane (99% purum,
Sigma-Aldrich) with a viscosity of gd ¼ 3:45� 0:1 mPa s.
We prepared continuous phases with viscosities in the range
of 1 mPas < gc < 155 mPas. The first aqueous phase pre-
pared contains 20 g/L of surfactant dissolved in water. The
surfactant is an amphiphilic polysaccharide: dextran (T40,
4 3 104 g/mol supplied by Pharmacia) modified in the fol-
lowing way. The polymer is made interfacially active by ran-
domly grafting of hexyl groups onto 20% of the sugar mono-
mers.14 The viscosity of this aqueous phase is gc ¼ 1:7� 0:1
mPa s. The interfacial tension is the same for all samples:
c 5 0.01 6 1023 N/m. The modified polymer concentration
remains constant in all experiments and is assumed to play
the same role for all experiments.15

Increasing viscosities are obtained by adding increasing
amounts of non-modified dextran (T2000, 2 3 106 g/mol
supplied by Pharmacia), resulting in four continuous phases
at gc ¼ 6, 12, 20.6, and 29 mPa s.

To explore a larger range of continuous phase viscosity, we
use another polysaccharide (sodium alginate, molecular
weight 5 2.4 3 106 g/mol supplied by Sigma-Aldrich). The
addition of alginate at 2, 4, 6, 8, 10, and 14 g/L produces six
more aqueous phases. At 8, 10, and 14 g/L, the solutions pres-
ent a low shear plateau and then a shear thinning behavior.

Because of the small gap, the average shear rate between
the cylinders is constant within a few percent. We therefore
use the continuous phases viscosities at _c ¼ 990 s21:
gc ¼ 11:8, 24.3, 40.1, 66.5, 95.2, and 154.8 mPa s. Finally,
we checked that none of the continuous phases present any
measurable elasticity.

For each continuous phase, the experimental protocol pre-
viously described is realized to measure simultaneously the
time evolution of the stress and the drop radius.

Results

Qualitative description of the emulsification process

Figure 3 summarizes typical measurements obtained in an
emulsification experiment. The simultaneous evolution of the
droplet size and the shear stress are displayed together with
photographs of the emulsion at specific times. The confronta-
tion of these data allows separating the emulsification process
in different steps. In Figure 3a, the second photo from the
left shows that at the end of the first step (;15 s), the two
phases are still separated. As there is no noticeable mixing
between the two phases, this step essentially corresponds to
the development of the flow field. During this Step 1, the
transport length is infinite, since the two phases are separated
and transparent.

The first image allowing a measurement of the transport
length, and therefore the determination of an average particle
size, corresponds to the end of Step 2. In this second step a
coarse emulsion (a premix) is formed.

Then, two different behaviors are observed. For suffi-
ciently high continuous phase viscosities (see Figure 3a),
there is a progressive reduction of the average droplet size
with a simultaneous increase in shear stress, corresponding to
Step 3. We call these ‘‘Type 1’’ emulsions, and this step ‘‘dy-
namical emulsification". Figure 3b shows that for a lower
continuous phase viscosity, Step 3 is not observable. In this
case, after Step 2, both the average particle size and the

shear stress remain constant. We call these ‘‘Type 2’’ emul-
sions.

The third step for Type 1 emulsions is followed by a Step
4 where the properties of the emulsion are constant in time,
both in terms of droplet size and shear stress. It is remark-
able that the transition between Steps 3 and 4 is clearly
marked: Figure 3a shows that there is an abrupt stop in both
size reduction and shear stress increase. We call the charac-
teristic time at the end of Step 3 the emulsification time te.

Experimental results

We have observed that the end of Step 2 occurs at an
identical time around 90 s for all samples. Only one of the
samples containing nonmodified dextran (at 29 mPa s) is of
Type 1, whereas for alginate addition, all the samples are of
Type 1 except for the lowest Alginate concentration (viscos-
ity 11.8 mPa s). An important remark is that since the shear
rate remains constant in time, when Step 3 occurs, an
increase of shear stress also corresponds to an increase in the
apparent viscosity of the emulsion.

In Table 1, a summary of the experimental findings is pre-
sented with the continuous phase viscosities, the initial and
final droplet sizes and the emulsification time. For Type 2
emulsions, the size remains constant after the premix forma-
tion (end of Step 2, see Figure 3b). The data for one of the
reproducibility experiments is presented for a continuous
phase viscosity of 95.2 mPa s.

The Dynamical Emulsification Step

Experimental scaling

Figure 4 shows the shear stress measured during Step 3
versus the simultaneously determined average droplet radius
for all Type 1 emulsions. Remarkably, the time parameter
completely disappears in this representation, even though the
measurements last typically for 3 h. The implicit time de-
pendence, corresponding to a drop size decrease and a shear
stress increase goes from the bottom right to the top left in
Figure 4. In this representation, we observe that all experi-

Table 1. Summary of Results

Polymer
gc

(mPas)
Rpremix

(lm)
Rfinal

(lm) te (s) Ca

Type 1
Dextran 29 45.5 9.5 1100 0.25
Alginate 24.3 33 16.5 5500 0.33
Alginate 40.1 31.5 12 965 0.31
Alginate 66.5 32 11 440 0.34
Alginate 95.2 34.5 10 203 0.35
Alginate 95.2 33 8.5 200 0.29
Alginate 154.8 44.5 7.5 133 0.30
Type 2
None 1.7 50 43 – 0.02
Dextran 6 28 27 – 0.07
Dextran 12 29 29 – 0.11
Dextran 20.6 32 30 – 0.14
Alginate 11.8 20.6 20 – 0.06

gc is the continuous phase viscosity; Rpremix corresponds to the first measura-
ble transport length at the end of Step 2; Rfinal is the average size measured
during Step 4; te: dynamical emulsification time determined at the end of
Step 3 for Type 1 emulsions; Capillary number Ca is calculated from Eq. 3
with Rmin 5 4.6 lm.
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mental points collapse onto a single curve for all the samples
that present a dynamical emulsification (Type 1), whatever
the viscosity of the continuous phase. In Figure 4, the shear
stress is essentially inversely proportional to the average
drop radius, showing that the instantaneous capillary number
r tð ÞR tð Þ=c, remains nearly constant during the dynamical
emulsification step.

Using the above observations, we use the simplest func-
tional form that accounts correctly for the data:

rðtÞ ¼ Ac
RðtÞ � Rmin

; (2)

where A and Rmin depend on the experimental set-up only
(for a given surfactant and dispersed phase properties), and

are in particular independent on the continuous phase viscos-
ities, for both newtonian or non-newtonian samples. Adjust-
ment of Eq. 2 to the experimental data points of Figure 4,
using a standard least square method, leads to A 5 0.35 and
Rmin 5 4.6 lm.

The good agreement between Eq. 2 and the experimental
data for all the continuous phase viscosities suggests that dy-
namical emulsification for shear experiments is fully driven
by a constant capillary number of the following form:

Ca ¼ r R� Rminð Þ
c

(3)

Although experimentally deduced from Figure 4, the exact
meaning of the minimum radius is not clear. Complementary
experiments are needed to get a clear picture of its origin.

Emulsification occurrence: the critical capillary number

As shown above, the modified capillary number is constant
during Step 3 for all continuous phase viscosities. Figure 5a
shows these modified capillary numbers (defined by Eq. 3)
as a function of the viscosity ratio for all the studied sam-
ples. In this figure, the modified capillary numbers are pre-
sented at the premix formation (end of Step 2) and in the
final state (Step 4), showing that the modified capillary num-
ber remains constant in time during the whole experiment,
whether dynamical emulsification occurs or not. For the ex-
perimental set-up considered here, dynamical emulsification
only occurs if the modified capillary number at the end of
Step 2 is close to a critical modified capillary number. This
capillary number corresponds to the coefficient A in Eq. 2
and is experimentally found close to 0.35, in good agreement
with Grace5 (0:5 < Cacr < 1) for a single droplet in the vis-
cosity ratio studied here 0:02 < gd=gc < 2.

A remarkable result of this work is that the concept of
critical capillary number introduced for the break up condi-
tion of a single droplet also applies for the description of the
whole dynamical shear induced emulsification process in

Figure 4. Measured shear stress vs. average particle
size, during Step 3 for all Type 1 emulsions.

(A), Aliginate solutions; (D), Dextran solution. The model
curve is Equation 2 with A 5 0.35 and Rmin 5 4.6 lm.

Figure 5. (a) Capillary number (from Table 1) vs. the viscosity ratio. Crosses and squares correspond to the capil-
lary number at premix formation and during Step 4, respectively. (b) Dimensionless emulsification time
vs. the viscosity ratio for Type 1 emulsions. The continuous line corresponds to a power law.
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concentrated conditions. We nevertheless note that this capil-
lary number, as written in Eq. 3, introduces a minimum ra-
dius, and uses the shear stress as the pertinent rheological
variable.

Figure 5b shows, for Type 1 emulsions, the emulsification
time divided by the critical deformation time of a single
droplet 2Rfinalgc=c introduced by Grace.5 This gives a dimen-
sionless number much greater than unity, indicating that the
time dependence of droplet break-up in concentrated regime
involves a more complex mechanism than single droplet
break up. The goal of the next paragraph is to understand
why the emulsification process abruptly stops at the end of
Step 3 for Type 1 emulsions.

Final State of Emulsions

Final average droplet radius

Figure 6a shows the final radius of droplets obtained for
all samples by our technique, in good agreement with the
volume-average particle size (R[4,3]) obtained by a Malvern
Mastersizer X. Measurements made with the Mastersizer also
show that all Type 2 emulsions have a comparable size dis-
tribution and that for Type 1 emulsions the polydispersity
and average particle size decrease while increasing the con-
tinuous phase viscosity.

As mentioned previously, the apparent viscosity increases
during Step 3 and stops at the end of this step. In Step 4, as
there is no more droplet break-up, the energy supplied by the
shear is essentially dissipated by the dispersion. So, since
the complete process occurs at constant modified capillary
number, the final droplet radius is, from Eq. 3: Rfinal ¼
Rmin þ Cacrc= gf _cð Þ where gf is the final emulsion viscosity
(Step 4).

The average droplet radius for Type 2 emulsions is below
the curve defined by Eq. 3 and corresponds to capillary num-
bers smaller than the critical capillary number. In our under-

standing, in the case of Type 2 emulsions, the viscous dissi-
pation already dominates the elongation and break-up at the
premix formation (Step 2), and explains why the dynamical
emulsification cannot be observed.

Final emulsion viscosity

In the final state (Step 4), since break-up of droplets is
absent, the emulsion viscosity reaches an upper limit that can
be evaluated from hard sphere suspension models (neglecting
the residual deformation of drops). For instance, using Que-
mada’s model16:

gf ffi gc 1� /
/�

� ��2

; (4)

where / is the volume fraction of particles (or droplets) and
/* is the random packing fraction. Although the volume
fraction of droplets is known (0.5 in this study), the close
random packing fraction depends on the polydispersity of
particles. For monodisperse rigid particles, this packing has
been found close to 0.72,17 but polydispersity is known to
increase this value.18 Figure 6b shows that reasonable agree-
ment is obtained with /* 5 0.77. Using a constant value for
the close random packing fraction is only an approximation
since the polydispersity is not the same for all emulsions
and residual deformation of droplets is neglected (see e.g.
Ref. 19).

Conclusions

The dynamical emulsification process in concentrated sys-
tems (50% in volume) at constant applied shear rate is stud-
ied for various capillary numbers. Since the emulsions stud-
ied are highly turbid, the Steady Light Transport technique is
used to follow dynamically the average particle size during
the process. Simultaneously, the shear stress is measured

Figure 6. (a) Final average droplet radius; open triangles correspond to the average droplet radius in volume (Refs.
4,3) from the Malvern Mastersizer after strong dilution, and closed circles represent sizes determined
with the optical apparatus at 50% in volume fraction; the solid line corresponds to the proposed model;
(b) final viscosity of the emulsion vs. continuous phase viscosity.

AR 2000 data points are viscosity measurements performed after Step 4 with a cone and plate geometry (6 cm, 28). The Quemada model
is given by Eq. 4 with /* 5 0.77.
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with a rheometer. We show that the time dependent process
is divided into four steps:

� Step 1: Flow establishment in the shearing device.
� Step 2: Premix formation.
� Step 3: For capillary numbers greater than a critical cap-

illary number of 0.35, a progressive size reduction of drop-
lets, associated with an increase in shear stress.

� Step 4: A steady state when the emulsion properties
remain constant, both in terms of droplet size and shear
stress.

Focussing on Step 3, which we call dynamical emulsifica-
tion, the simultaneous measurement of droplet size and shear
stress shows that shear rate induced time dependent emulsifi-
cation happens at constant critical capillary number defined
as Cacr ¼ r tð Þ R tð Þ � Rminð Þ=c where Rmin and Cacr are ex-
pected to depend on the shearing device and the physico-
chemical properties of components, but can be experimen-
tally obtained with the present experimental setup. The definition
of this capillary number is independent on the continuous
phase viscosity or its newtonian or non-newtonian nature.
Thus, an a priori general relationship is obtained between the
shear stress and the average drop size during emulsification,
which allows prediction of the final average droplets size.
This process ends when the viscosity increase during dynam-
ical emulsification reaches its maximum value corresponding
to a viscous dissipation associated to hydrodynamic interac-
tions between droplets.

These understandings of emulsification mechanism in con-
centrated conditions might be helpful for optimization of
emulsion formulation.
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