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a b s t r a c t

Understanding the evolution of liquid–liquid dispersion is a key factor in operation and control of emul-
sification process. A dynamic tracking of an evolving droplet size distribution (DSD) in a dilute oil-in
water (O/W) emulsion has been developed with the implementation of an in situ video probe dipped in a
stirred vessel and coupled with an image analysis treatment. The optical probe allows real time recording
of 2D images of the droplets. Recent image analysis software developed originally for an application in
micromechanics was adapted and applied in delayed time on the video sequences regularly recorded. It
automatically provided a measurement of the diameter of several thousands of droplets in the range of
10–100 �m. The relative accuracy on the droplet number average diameter was 10%. This measurement
technique was then used to investigate at lab scale in a stirred vessel and in warm conditions the influ-
ence of several process parameters on the evolution with time of a dispersed melted cosmetic ingredient
tirred vessel in a water solution containing a surfactant. The specific power input of stirring was the main parameter
acting on the reduction of the mean droplet diameter and of the width of the DSD owing to its action on
the droplet break-up mechanism. The surfactant concentration was a parameter of secondary relevance
on the DSD probably due to the reduction of the coalescence rate and to a faster stabilization of the O/W
interface. The use of a flat blade propeller instead of a Rushton turbine was preferable for the production

ly the
rature
of a narrower DSD. Final
than predicted in the lite

. Introduction

Emulsions are common dispersed phase systems with diverse
pplications that include processed foods, polishes, waxes, agri-
ultural sprays and road surfacing [1]. Since a decade, emerging
pplications require processes having an emulsification step. For
nstance, hydrophobic drugs are encapsulated in oil-in-water emul-
ions (O/W) and delivered to patients via oral administration,
arenteral delivery, ophthalmic medicine and topical and transder-
al creams [2,3]. Synthetic solid pigments are used in a wide range
f personal care formulations in order to enhance their attractive-
ess (pearlescence, transparency, color, etc.). Their manufacturing
rocess is based on the crystallization of an O/W emulsion with
he presence of emulsifiers [4]. The control of the droplet size dis-
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time required to reach equilibrium was found higher by a factor of 3–4
.

© 2010 Elsevier B.V. All rights reserved.

tribution (DSD) is a key issue since it ensures the reproducibility
of the crystallization under confinement inside droplets. Conse-
quently the control of evolving size distribution is an important
feature of any production strategy [5,6].

Considerable research attention is focused on the study of such
O/W emulsification process. Since several decades, some authors
used the population balance equation (PBE) which provides a for-
mal framework in which the evolution of the drop size distribution
can be tracked. The prediction of DSD prepared in turbulently
stirred reactors [5,7] or with high pressures homogenizers [8–13] is
still in discussion. The key challenge associated with the implemen-
tation of predictive PBE models is the experimental determination
of drop breakage and coalescence functions which represent the
two main classes of mechanisms involved during emulsification. As
highlighted by Sathyagal et al. [14] and O’Rourke and MacLoughlin
[15] it requires reliable measurements of transient size distribu-

tions over extended periods in contacting configuration of practical
interest.

A wide variety of experimental techniques have been utilized
to monitor evolving DSD in agitated vessels. Techniques may be
classified into two main classes. The first group is based on sam-

dx.doi.org/10.1016/j.cej.2010.10.031
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:puel@lagep.univ-lyon1.fr
dx.doi.org/10.1016/j.cej.2010.10.031
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ling procedure and an ex situ measurement is performed on the
mulsion before it coalesces or when the emulsion is stabilized.
he second group comprises in line observations (invasive or non
nvasive) which avoid sampling and dilution and allow measuring
irectly at the temperature and the pressure operating conditions.
he advantages and limitations of the experimental techniques
ave been regularly evaluated in the literature. A complete review
f the drop sizing methods used until the mid of this decade was
iven by O’Rourke and MacLoughlin [15] and Brown et al. [16].
rom now on, in situ devices are commonly used. A comparison
f three online measurement techniques based on laser techniques
or drop size distributions in liquid/liquid dispersions was given
y Maa� et al. [6]. A large community of users applies the focused
eam reflectance (FBRM) probe since it is well-suited for high of
ispersed phase (up to 50% volume fraction). The main drawback
f FBRM is that is does not actually measure the DSD but the Chord
ength Distribution (CLD). One should therefore convert the mea-
ured CLD into its corresponding CSD which has been successfully
emonstrated [17]. Recently a study has shown that FBRM tends
o undersize droplets in emulsion [18]. Other laser back scattering
echniques are still in test and evaluation. The principle of using
ack scattering techniques for measuring evolving drop size dis-
ributions is still asked, as very recently discussed by Maa� et al.
6].

The use of a vision probe has remained the most reliable tech-
ique since it allows a direct visual observation. Recently it has been
sed to test the reliability of other techniques, such as laser back
cattering techniques [18]. The earlier work devoted to the develop-
ent of a video–microscope–computer technique for monitoring

he drop size and size distribution was given by Pacek et al. [19,20].
high-energy strobe light from a strobe flash was placed inside the

essel and in the vicinity of the wall within 2–8 mm. A stereo micro-
cope linked to a video camera was placed outside in the vicinity
f the vessel. The technique could provide valuable data, but was
imited to the drops located close to the wall. Few years later, an
ndoscopic technique with a short focal distance was developed by
21] and could be dipped in the medium. In order to detect drops
ven in the stirrer region with velocities of about 1 m/s, a flash light
ith a period of 5 �s was used. At these velocities, the displacement
as about 5 �m which is in the limit of resolution. The endoscope
as connected to a CCD camera which took pictures of drops in the

icinity of the glass window at the bottom of the probe. Drop diam-
ters from 30 �m up to 1000 �m could be detected at dispersed
hase fraction up to 50% volume. A semi-automatic determination
echnique implying the validation of an operator was used to mea-
ure at least 200 drops per distribution in about 30 min. A similar
ystem including a stereo-probe, a camera, a stroboscopic source
nd a PC equipped with frame grabber software was used by [22].
n the case of liquid–liquid dispersion of 1% cyclohexane mixed into

ater, the time evolution of the Sauter mean diameter for only two
ifferent stirring speeds has been presented. With the two latter
robes, the visual observation is possible up to 50% volume fraction.

f a quantitative determination of droplet size has to be performed
y an automatic image analysis routine, the amount of dispersed
hase is reduced to a few percents. Beyond it is rather difficult to
eparate droplets one another due to differences in the brightness
hrough reflections, too many concentric droplets and overlapping
ontours of drops. Over a decade, our research group has developed
n situ 2D imaging probes. They have been applied successfully in

stirred vessel to in situ monitor crystallization [23] in which a
ampling is delicate since any cold point may trigger the birth of

ew crystals and also to measure size of droplets used as particle
inder in a spherical agglomeration process [24]. From now on, spe-
ific improvements brought on the probes allow enhancing image
uality so that it is possible to carry an automatic image analy-
is directly on the recorded frames. In the same time, in the field
Journal 165 (2010) 946–957 947

of micromechanics, a new algorithm of image analysis has been
developed in order to estimate on line automatically the position
of microspheres observed under microscopy [25]. Coupling a 2D
imaging probe with such an automatic image analysis procedure
allow acquiring in <1 min a large numbers of images of fast evolv-
ing liquid–liquid dispersions and measuring reliable droplet size
distributions.

The aim of this study was first to test the use of coupling such
hard and soft devices, and second to assess the influence of the
process and physico-chemical parameters (type of stirrer, specific
power input of stirring, surfactant-to-oil ratio) on the evolution
with time of DSD during the emulsification process of a melted cos-
metic ingredient in water in dilute conditions. The results obtained
with this O/W emulsion will be confronted to previous ones pre-
sented in the literature.

2. Materials and methods

2.1. Model substance/raw materials

Ethylene glycol distearate (EGDS) of chemical formula is
C38H74O4 was purchased from Wako Chemicals. It is a cosmetic
ingredient used in a wide range of personal care formulations in
order to enhance their attractiveness (pearlescence, transparency,
color, etc.). It was used as the model oil for this study. Its solubil-
ity in water was vanishingly small. Melting of EGDS took place in
a narrow melting zone from 58 to 65 ◦C as analyzed by differential
scanning calorimetry using a TA100® DSC instrument with heat-
ing at 2 ◦C min−1. The density of melted EGDS was 858 kg m−3 at
78 ◦C. The interfacial tension between EGDS and water was mea-
sured at 70 ◦C by the pendent drop technique with a Krüss DSA10
tensiometer and was 5.62 × 10−3 J m−2. The surfactant used for the
oil stabilization was Brij 35P (tricosaethylene glycol dodecyl ether)
from Fluka and had a melting zone from 38 to 41 ◦C. At room tem-
perature its hydrophile lipophile balance HLB is 16.9. It allowed
the formation of an O/W emulsion at the temperature of emulsifi-
cation. Distilled water was used as the continuous phase. At 70 ◦C,
its density and dynamic viscosity were respectively 977.4 kg m−3

and 3.9 × 10−4 Pa s.

2.2. Experimental set-up

The emulsification at constant temperature was carried out in
a 1 L or 2 L double jacketed reactor (cylindrical vessel) as shown in
[23]. In both cases, the reactor was equipped with condenser cooled
with water to prevent evaporation of water. The temperature of
the medium was measured using Pt-100 probe and was microcom-
puter controlled by manipulating the heating bath temperature set
point. Four equally spaced stainless-steel baffles having a width
of one tenth of the internal vessel diameter were used in con-
junction with a speed-controlled mechanical stirrer in order to
avoid vortex formation. The height of the emulsion H was equal
to T. The stirrer was located at a distance of H/3 above the vessel
base.

Two types of mechanical stirrer were tested: an axial flow pro-
filed three flat blades propeller Mixel TT® and a standard six blades
Rushton turbine. Tables 1 and 2 present a sketch and the dimen-
sions of the stirrers relatively to the internal vessel diameter T. Their
respective values and expressions of power number and mean cir-
culation time are given in Section 3. Each stirrer was employed in

its practical application range expressed by it specific power input
ε: from 200 to 500 W/kg in the case of the flat blade propeller and
from 500 to 1000 W/kg for the Rushton turbine. The power input of
the flat blade propeller was limited by entrainment of air bubbles
that were clearly visualized by the video probe beyond 500 W/kg.
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Table 1
Mixell TT® flat blade propeller design.

Dimension Ratio of dimensions

Internal vessel diameter T T

Total stirrer diameter D 3/5T
Blade thickness D/50

(
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Number of profiled blades 3
Angle between 2 blades 120◦

T = 0.11 m for a 1.0 L vessel; T = 0.15 for a 2.0 L vessel).

n upper liquid oil layer remained at the surface of the medium
hen the power input of the turbine was below the lower limit.

he operator visually checked that the distribution was uniform
or all the stirring rates.

An in situ video microscope probe EZ Probe-D25® designed in
ur laboratory was immersed in the reactor (see Fig. 1). It was
ocated at 5 cm above the stirrer, close to the stirring shaft, with
vertical angle of about 30◦. At this point, the flow moved down-
ards before being aspired by the stirrer. This position is one of

he probe locations recommended in the literature [16]. This probe
s an evolution of a previous one used to monitor crystallization
nd agglomeration processes [23,24]. The first improvement was
rought by the use of a Light Emitting Diode (LED) back lighting
riven by a pulse generator triggered by the video camera. This
rought a flash light synchronized with the recording of the video
amera to a gap of several hundreds of micrometer width where the
mulsion flowed. The blurring by motion was eliminated by a pulse
llumination of 50 �s. The back-lighting allowed the visualization
f droplet shadows which appear in black on a white background.
he choice of a diascopic observation allows generating a consistent
ackground which facilitates the automatic image analysis carried
n the frames. The transmitted light illuminated a CCD video cam-
ra. The use of a remote head monochrome CCD camera having
recording rate of 50 frames per second was the second decisive

mprovement. The frame has the following specifications: image of
ize 640 × 480 pixels, resolution up to 2.0 �m, 256 grey levels. This
esulted in an optical field of 1300 �m × 960 �m. It allowed the
etection of droplets having a diameter above 8 �m. Each frame

ontained several tens of droplets as shown in Fig. 2. An USB video
rabber retrieved the video data, compressed it if necessary and
ent it to a computer. This probe allows real time acquisition of
D images of the droplets generated during the emulsification pro-
ess.

able 2
ushton turbine design.

Dimension Ratio of dimensions

Internal vessel diameter, T T

Total stirrer diameter, D T/2
Disc diameter 3/4D
Disc thickness D/50
Blade thickness D/50
Blade height D/5
Total blade depth D/4
External disc blade depth D/8
Internal disc blade depth D/8
Number of blades 6
Angle between 2 blades 60◦

T = 0.11 m for a 1.0 L vessel; T = 0.15 for a 2.0 L vessel).
2.3. Batch operating conditions

EGDS, water and surfactant were poured at room tempera-
ture in the reactor. The weight fraction of oil phase was 0.2%.
The vessel was then heated up to 70 ◦C and kept at this temper-
ature. At the low stirring speed of 150 rpm, the full content of
melted EGDS remained above the aqueous phase; no droplet was
detected by the video probe located in the vicinity of the stir-
rer. Emulsification started with an elevated stirring rate during 5 s
(power input of 2 W/kg) allowing the dispersion of the oil layer in
the water phase for this short time. Then the stirring speed was
adjusted to a value corresponding to the desired specific power
input.

The influence of the specific power input ε and of the surfactant-
to-oil ratio was investigated for each stirrer. Three values (low,
intermediate and high) of ε covered the application range of the
stirrer (see precisely Section 2.2). Considering that a molecule of
surfactant may cover 50 × 10−20 m2 of the interfacial area, 6 mg
of surfactant was an estimate of the minimum amount required
for full coverage of the interface of a population of monodisperse
droplets of 20 �m (lowest size detected) in a total volume of 2 L.
The amounts of surfactant introduced in the medium (from 0.4 g
to 4 g) were far beyond this minimum value and below the critical
micelle concentration. They were corresponding to three different
surfactant-to-oil weight ratios from 0.1 to 1. The whole experi-
mental protocol results in 18 operating conditions summarized in
Table 3.
2.4. Automatic image analysis

A video sequence of 30 s was regularly recorded during the
run. A posteriori image analysis treatment was automatically per-
formed. It is based on an algorithm developed by Peng et al. [25]
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Fig. 1. Sketch of the video p

or the monitoring of microspheres which were components in an
ssembly workspace in micromechanics. The procedure required
o process the data consisted of three main parts: (1) extract one
mage over five ones in order to avoid taking into consideration a
roplet several times. 300 frames were selected for each record-

ng; (2) detect the circular patterns of the droplets with the use
f a circular Hough transform as proposed by Illingworth and Kit-
ler [26,27] and transform them to circles. Three sub-steps were
ecessary: (2i) compute the gradient field of the image in the
pecified regions; (2ii) transform the gradient field to an accu-
ulation array; (2iii) locate the positions of the centers of the

ircles in the accumulation array; (3) estimate the radius of the
ircles by two sub-steps; (3i) compute the signature curve for each
ircle identified in image; (3ii) estimate the radius by matching
ts signature curve to the “standard” signature curve of a cir-
le.

The droplet size range decreased with time during an emulsi-
cation until it reached equilibrium. In order to have a consistent
recision, the size measurement range was limited to 10–90 �m.
he accuracy was poor below 10 �m since the resolution was
.0 �m per pixel. Beyond 90 �m, the frequency of wrong detection
ue to the simultaneous detection of several gathered droplets was

ignificant. In practice, a set of five parameters must be tuned in
he software used for the image analysis treatment. This was done
y comparing qualitatively the raw and the processed frames on
ifferent video sequences taken from three different runs. Three

able 3
perating conditions of the emulsification experiments.

Run number Stirrer Specific power
input (W/kg)

Surfactant-to-oil
ratio (weight)

AK26 Flat blade Propeller 0.2 0.1
AK27 0.35
AK28 0.5
AK19 0.2 0.5
AK24 0.35
AK20 0.5
AK17 0.2 1.0
AK22/AK23 0.35
AK18 0.5
immersed in the emulsion.

sets of parameters were obtained. For each parameter, the fitted
values differed relatively in a range of 15% around a mean one.
A mean set of parameters obtained by averaging the values was
kept for the automatic analysis of the frames collected in all the
experiments. Fig. 2 displays a raw image, the numerical values of
each pixel in the accumulation array and the image after treatment.
The largest values in the accumulation array (see Fig. 3b) corre-
spond to the positions of the circle centers. Red crosses and green
circles display respectively the centers and the perimeters of the
selected droplets (see Fig. 2c) (For interpretation of the references
to color in this text, the reader is referred to the web version of the
article.). Droplets connected with the edges of the image, concen-
tric droplets, small dots in the raw image (too small droplets and
blurred droplets located outside of the depth of field) were missing
in the population of the selected droplets (see Fig. 2c).

5000 until 20,000 droplets were taken into consideration for
each video sequence recorded which is far beyond the minimal
requirement of about 500–1000 droplets proposed in the litera-
ture [15,16,19]. It was then possible to plot the time evolution of
the number probability density function of the droplet population,
and to calculate the number averaged diameter (d1,0) and the vari-
ation coefficient (VC defined as the ratio of the standard deviation
N
to the number averaged diameter) of the DSD. In the case of reg-
ular sphere-like droplets, the volume distribution could be easily
computed and their features (volume average diameter d4,3 and
variation coefficient VCV) extracted. The Sauter mean diameter d3,2

Run number Stirrer Specific power
input (W/kg)

Surfactant-to-oil
ratio (weight)

AK30 Rushton Turbine 0.5 0.1
AK32 0.75
AK31 1.0
AK35 0.5 0.5
AK36 0.75
AK37 1.0
AK38 0.5 1.0
AK39 0.75
AK40 1.0
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Fig. 3. Different cases of droplet detection before the count (a) any error, (b) errors
coming from a wrong detection and with several concentric droplets and (c) detec-
tion of a bubble present in the medium.
ig. 2. Selection of droplets by the automatic image analysis treatment: (a) raw
mage, (b) score values of the accumulation array and (c) treated image with selected
roplets.

as also obtained since it is directly related to the specific area of
he dispersed phase and commonly used in studies for displaying
he DSD.

The treatment of a 300 frames required about 40 min. It is
lear that such processing time was too large to allow real time
mage analysis and DSD calculation during an experiment. The
SD measurement was performed in delayed time. According to

he operating conditions chosen, a video sequence of only 30 s
as sufficient to obtain enough representative data of the DSD.
epending on the dynamics of the emulsification process, it was

ossible to track every minute the evolution of the liquid–liquid
ispersion. Since the video probe could be immersed in a stirred
essel, it was possible to follow very easy emulsification process
t lab scale in industrial conditions of temperature profile and stir-
ing.
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. Theoretical considerations about the influence of
tirring on liquid–liquid dispersion

Flow regimes are classified according to the value of the dimen-
ionless Reynolds number Re which represents the ratio of inertial
o viscous forces:

e = �C N D2

�C
(1)

here �C (kg m−3) and �C (Pa s) relatively density and dynamic
iscosity of the continuous liquid phase, D diameter of the stirrer
m), N the stirrer rotational velocity (s−1). Laminar conditions exist
hen 0 < Re < 10, transition flow occurs when 10 < Re < 104 and fully

urbulent flow regime when Re > 104.
The specific power input ε (W/kg) represents the average energy

issipation rate brought by the stirring system. It was calculated
y dividing the power consumption P (W) by the total mass of the
mulsion:

= P

�C VT
(2)

= NP�CN3D5 (3)

here Np the dimensionless power number of the stirrer. The
ower number values used for the Rushton turbine and the flat
lade propeller were respectively 5.0 [28] and 0.8 [29].

The tank mean circulation time tcirc is the time a flow element
pends to steadily pass through the stirrer. It depends on the stirrer,
he vessel geometry and the type of flow regime. In the case a stirred
essel in turbulent flow conditions, the mean circulating time is
alculated using the following correlations [30]:

· tcirc = 6
(

T

D

)2
for an axial flow stirrer (4)

· tcirc = 4
(

T

D

)2
for a Rushton turbine (5)

here T the internal diameter of the vessel (m)
A turbulent flow regime was obtained for all the hydrodynamic

onditions chosen in this study (see Table 4). Turbulence involves
nnumerable, various sized eddies or swirling flow motions.
ccording to Kolmogorov theory of local isotropic turbulence [31],

he energy spectrum of eddies depends on the rate of energy dis-
ipation ε and the kinematic viscosity �C of the continuous liquid
hase. Large eddies decay to small eddies. The scale of large eddies
enoted macroscale lmacro can be approximated by the width of the
uid ejected by the agitator, i.e. the width of the stirrer blade [32].
n the other hand, the scale of small eddies denoted microscale

micro is independent of agitator and tank size and is defined as:

micro =
(

�3
C

ε

)1/4

(6)

here �C is the kinematic viscosity of the continuous liquid phase
m2 s−1).

The Weber number We is a dimensionless number that is widely
sed in the case of emulsification. It takes into account the balance
etween break-up and coalescence of the droplets. It represents the
atio of the driving force causing partial disruption to the resistance
ue to interfacial tension. Increased Weber number is associated

ith a greater tendency for droplet deformation to occur at higher

hear. Depending on the flow regime of the continuous liquid phase
round the droplet, many expressions of the Weber number arise.
n a stirred vessel, in a turbulent flow regime when the inertial
orces are higher than the viscous effects (Re > 104) the Weber num-
Journal 165 (2010) 946–957 951

ber is expressed as:

We = �C · N2 · D3

�
(7)

where � (Jm−2) is the interfacial energy at the droplet interface.
The early studies of Hinze [33] and Shinnar [34] have related the

maximum stable droplet size dmax to the maximum local energy
dissipation rate εmax in a stirred vessel, in the case of a dilute
turbulent dispersion in which the break-up phenomena is the dom-
inating phenomenon. For a droplet diameter higher than dmax, the
droplet does not resist further break-up. Lasigetty et al. [35] has
given a relationship allowing the prediction of dmax in the case of
two inviscid fluids mechanically stirred by a Rushton turbine in a
vessel:

dmax

D
= 0.125 We−0.6 (8)

Leng and Calabrese [36] have reported on their review that the
mean energy dissipation rate ε was assumed to be proportional to
its maximum value εmax and at equilibrium dmax ∝ d3,2. With these
assumptions and by combining the expressions (1), (2) and (7), it
is easy to demonstrate that

d3,2 ∝ ε−0.4 (9)

Table 4 summarizes the values of the Reynolds and Weber num-
bers, the mean circulating time, the microscale and the maximum
stable droplet size for all the operating conditions.

4. Results and discussion

The first part is devoted to assess the reliability of the in situ siz-
ing technique. Then the influence of several process parameters on
the emulsification process is presented and discussed. Additional
comparisons with the literature ended this section.

4.1. Assessment of the in situ sizing measurement technique

4.1.1. Total volume of droplets taken into account by the size
measurement technique

Video sequences were recorded regularly in an experiment.
The same number of frames were analyzed for each sequence. As
far as the emulsification was in progress, the number of droplets
increased and their diameters decreased. According to the mass
balance, the total volume of droplets must remain constant in this
batch mode. For each video sequence during a run, the total vol-
ume of droplets from the number DSD was calculated. Its relative
variation from one measurement to the other was at the most
5%. It could reasonably be considered that the mass balance was
respected. For runs carried on at low specific power inputs (0.2 and
0.5 W/kg respectively for the flat blade propeller and the Rushton
turbine) the calculated total volume of droplets could be varied
by more than 20% in the earlier moments of emulsification (for
instance at 10 min). This may be explained by the fact that few
large droplets of diameter above 90 �m that were still present at
the beginning and had not been counted although their relative
contribution to the total volume was very important. In a num-
ber distribution, the impact of such droplets was much lower. Such
few DSDs of the beginning were not discarded. The total volume of
droplets was almost constant from one run to the other. The mean
value was 3.8 × 108 �m3 and its variation was <5%. This gives evi-
dence that, despite different circulating flow rates were applied,

the measurement procedure was independent of the flow motion
features in the analysis zone. The volume fraction of dispersed liq-
uid phase necessary for the determination of the DSD was 0.016%
and 0.008% respectively for the 1 Land 2 L vessel. This small frac-
tion representing several thousands of droplets was considered
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Table 4
Calculated values of the Reynolds Number Re, the mean circulating time tcirc, the Weber Number We, the maximum droplet size dmax and the minimum size of eddies lmicro

in the different hydrodynamic experimental conditions (see mathematical expressions in Section 3).

Stirrer and volume of
the vessel

Specific power
input ε (W/kg)

Stirring rate
N (rpm)

Reynolds
Number Re (–)

Mean circulating
time tcirc (s)

Weber number (–) Maximum droplet
diameter dmax (�m)

Microscale
lmicro (�m)

Flat blade propeller 2 L 0.2 265 8.9 × 104 3.6 1347 – 24
0.35 320 1.1 × 105 3.0 1964 – 21
0.5 360 1.2 × 105 2.7 2486 – 19

3.
2.
2.

a
i
m
p
s

4
i

s
T
s
a
a
w
t
r
w
b
m
m
o
a
i
w

4

e
e
2
a
a
c
1
d
w
i
l

4
c

f
n
s
v
w
t
t
w
p
p

4.2.1. Evolution of the DSD during an emulsification batch run
The evolutions with time of the DSD measurements for two rep-

resentative batch runs (AK24 and AK36) respectively carried out
Rushton turbine 1 L 0.5 340 3.8 × 104

0.75 390 4.3 × 104

1.0 430 4.7 × 104

s enough to correctly represent the entire dispersed phase. This
n situ size measurement may be considered as consistent since the

ass balance and the volumetric concentration of dispersed liquid
hase were found constant whatever the operating conditions of
tirring.

.1.2. Assessment of measurement error rating of droplets and
mpact on the mean number diameter

With the use of a mean set of image analysis parameters, a
mall part of droplets visualized in the frames were misinterpreted.
his occurred either when more than two concentric droplets were
uperimposed in the images, or when air bubbles were counted
s oil droplets (see a few examples in Fig. 3). On the runs AK24
nd AK36 carried out respectively with a flat blade propeller and
ith a Rushton turbine, the image analysis was verified visually by

he operator on every frame selected for all the video sequences
ecorded. An error rating was defined as the relative number of
rong droplets that have been selected and measured. This num-

er error rating varied from 2.6% to 5.6% for a video sequence. The
ean error rating was about 3.9% whatever the stirrer used. The
odification of the stirrer did not bring any significant difference

n this error rating, since the flow motion in the analysis zone visu-
lized thanks to the motion of the droplets was similar. At least, the
mpact of this error rating on the droplet mean number diameter

as assessed to be about 5%.

.1.3. Assessment of the accuracy of the diameter measurement
Another uncertainty may come from the evaluation of the diam-

ter of the droplets. Different tests performed showed that the
rror was at the most two pixels. According to the resolution of
.0 �m per pixel, a maximal absolute error was 4.0 �m. Considering
whole size distribution, a relative maximum error on the number-
veraged diameter could be calculated. For the size measurements
arried on during the run AK24, such error varied from 7.1% to
2.5% with a mean value of 10.3%. This relative accuracy of the
iameter measurement with this in situ measurement technique
as considered as satisfactory since other ones (like laser scatter-

ng techniques) for measuring evolving drop size distributions in
iquid/liquid system are still in debate.

.1.4. Assessment of the accuracy of the DSD measurement with
alibrated spheres

A suspension of calibrated microspheres of polystyrene used
or the calibration of a laser diffraction size measurement tech-
ique was selected. It had a mean diameter of 39.6 �m with a
tandard deviation of 1.5 �m since it corresponded to a common
alue of mean droplet size obtained in this study. This suspension
as dispersed in water under stirring in the reactor at ambient
emperature. It was not possible to observe the suspension at
he emulsification temperature, since microspheres aggregated in
arm conditions. A video sequence was recorded at room tem-
erature and the images were automatically analyzed with the
arameters fitted for the droplet size measurement. Fig. 4 displays
1 808 118 19
7 1063 100 17
5 1293 89 16

a recorded frame and the histogram of the measured microsphere
diameter distribution. The calculated average size and standard
deviation were 39.5 �m and 2.6 �m respectively. These results are
close to the diameter distribution features of the calibrated micro-
spheres. The same optimized set of image treatment parameters
were kept for the whole study.

4.1.5. Assessment of the reproducibility of an emulsification run
The assessment of the reproducibility of the emulsification pro-

cedure and of the DSD measurement was done by comparing the
DSD obtained in two runs carried out in the same conditions (see
Fig. 5). At the earlier times of emulsification (10 min), the mean rel-
ative discrepancy between two DSD measurements was about 7%.
It decreased down to 3% until a stable distribution was reached. The
emulsification procedure and the droplet size measurement were
then considered as satisfactorily reproducible.

4.2. Study of the emulsification process
Fig. 4. Measurement of microsphere diameter (a) frame of microspheres under
observation (size of the picture 1300 �m by 960 �m) and (b) number frequency
histogram of the microsphere diameter.
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ig. 5. Reproducibility of DSD measurement: comparison of the population numb
lade propeller and carried out with the same operating conditions (a) 20 min; (b)

ith the flat blade propeller and the Rushton turbine are plotted
n Fig. 6. For all the runs, the DSD remained mono-modal (one
opulation) since the stirring rates were chosen in the industrial
pplication range of these two stirrers. An increase of the stirring
ates may cause a second peak to appear in the distribution [37] and
rought about gas bubbles in the medium, leading to false detection
f droplets by the image analysis treatment. The smallest droplet
izes were quickly detected during the emulsification and were in
he range of 10–25 �m. Their values remained constant. In the same
ime, the fraction of smallest droplets steadily increased. On the
ontrary the larger droplets broke up due to the flow motion gen-
rated by the stirrer and their fraction regularly decreased. The rate
f reduction of the mean diameter and of the distribution width was
ignificant during the first 2 h of the emulsification since the frac-
ion of large droplets which could be broken was large. During the
ollowing hours, the DSD was slowly shifted to smaller sizes and
he distribution width progressively became narrower. It could be
xplained by a progressive reduction of the break-up rate as far
s the fraction of large droplets was reduced. Depending on the
perating conditions, reaching a stable distribution might require
t least 3 h.

.2.2. Influence of the investigated parameters on the DSD
The influence of the three investigated parameters on the DSD

as assessed by plotting the evolution with time of the calculated
umber-average diameter and of the variation coefficient over all
he runs (Fig. 7). The features of the number and volume size dis-

ributions when the equilibrium was reached are also presented in
able 5.

The increase of the specific power input allowed reducing sig-
ificantly the number mean diameter and the coefficient variation
f the DSD. The impact of specific power input has been already

Droplet diameter (µm)

Fig. 6. Evolution with time of the normalized number density: (a) run AK24 stirred
with a flat blade propeller and (b) run AK36 stirred with a Rushton turbine.
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ig. 7. Evolution with time of the number DSD features (number average diameter a
he Rushton turbine (c and d); specific power input respectively for flat blade prope
urfactant-to-oil weight ratio (dotted line: 0.1; dashed line: 0.5; solid line: 1.0).

ointed out by the earlier works of Chatzi et al. [38] and was
eported by several authors in the literature [36,38]. The impact
f the specific power input is quite easy to explain since higher tur-
ulence intensity is more effective in breaking the drops [16,36].
he increase of the surfactant-to-oil ratio had a favorable impact
n the reduction of the mean droplet diameter. It also caused the
ize distribution to sharpen, but to a lesser extent. Possible expla-
ations on the role of the surfactant content lie in the fact that the
oalescence rate was reduced when the droplets were in quiescent
egions far from the stirrer dispersion zones and the presence of a
arger surfactant amount allowed a faster stabilization of the O/W
nterface [36,40]. From these observations, we could underline that
n this study the first order parameter acting on the DSD features
ppeared to be the specific power input, the surfactant-to-oil ratio
cting as a parameter of a secondary importance.

The type of the stirrer had only a slight influence on the DSD
volution with time. The use of Rushton turbine allowed a quicker
eduction of the mean size and of the distribution width during
he first hour of emulsification. This could be explained by the fact
hat the Rushton turbine operates a higher specific power num-
er than the flat blade propeller, and provides higher shear and
urbulence level with lower pumping, leading to a faster droplet
reak-up. After few hours of emulsification, as the droplet sizes
rogressively decreased, the importance of break-up mechanism
n the DSD was reduced. When the equilibrium was reached, the
ain features of the distribution (see Table 5) were almost identi-

al whatever the stirrer used. By comparing runs carried out with

he same surfactant-to-oil ratio and with a lower, intermediate or
igh level of specific power input, there is no significant difference
etween average diameters. However considering the variation
oefficient, the distribution tended to be narrower with the flat
lade propeller since such axial flow impeller produced a flow pat-
iation coefficient) for runs carried on with a flat blade propeller (a) and (b) and with
d Rushton turbine (�: 0.2 and 0.5 W/kg; �: 0.35 or 0.75 W/kg; �: 0.5 or 1.0 W/kg);

tern as a single loop throughout the entire tank, leading to better
dissipation of the energy brought by the stirrer [41]. These obser-
vations with dilute emulsions are in accordance with the study of
Zhou and Kresta [37] and Pacek et al. [39]. If it is aimed at producing
a droplet size distribution as narrow as possible, the use of a Rush-
ton turbine instead of a flat blade propeller does not bring about a
decisive advantage. As the stabilized O/W dispersion could be crys-
tallized by cooling in a second stage [42], the flat blade propeller
used for liquid–solid homogeneization [41] appears to be a multi-
purpose stirrer allowing the achievement of the emulsification and
of the crystallization by cooling with the same equipment.

4.3. Further comparison with the literature

4.3.1. Largest and smallest stable droplet sizes
The largest droplet size detected at equilibrium in the DSD could

be compared to the maximum droplet diameter dmax, which may
be predicted from Eq. (7) using the Weber number. For the runs
performed with the Rushton turbine, the largest visualized sizes
were in size class ranging from 78 �m to 84 �m; it represented
<1% of the total number of droplets. dmax decreased from 118 �m to
89 �m depending on the stirring conditions (see values in Table 4).
The maximal size is overestimated by about 30 �m with respect to
the prediction of Eq. (7) for a low stirring rate. For higher values of
stirring rate the agreement between Eq. (7) and the experiment is
correct and the correlation remains applicable.

The smallest droplet diameters detected were in the size class

ranging from 12 �m to 20 �m and it represented <0.1% of the
droplet population. In the same time, the scale of the smallest
eddies lmicro were in the range of 16–24 �m (see Table 4). The
fraction of droplets having a diameter lower than this microscale
was very low. Zhou and Kresta [43] have demonstrated for several
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Table 6
Values of exponent (Eq. (8)) for different stirrers and surfactant-to-oil ratios.

Exponent of the expression (9)

TA/EGDS = 0.1 TA/EGDS = 0.5 TA/EGDS = 1.0

T
N

ig. 8. Steady-state Sauter mean diameter d3,2 for flat blade propeller (empty sym-
ols) and Rushton turbine (full symbols) and for different surfactant-to-oil ratios
�: 0.1; �: 0.5; �: 1.0).

mpellers that the number of droplets smaller than the Kolmogorov
ength scale could be high when the specific power input was low,

eaning that the coalescence does not operate and the break-up
echanism dominates in all the droplet size range. In this study,

he absence of droplet smaller than the Kolmogorov microscale
ends to demonstrate that the coalescence rate is significant for the
mallest droplets and the turbulence dissipation rate brought by
he stirring may ensure equilibrium between break-up and coales-
ence. Using this microscale lmicro as an estimate of the minimum
rop size appears to be appropriate in this study.

.3.2. Correlation between d3,2 and ε
Eq. (8) correlates the Sauter mean diameter d3,2 with the mean

pecific energy dissipation rate ε. For each surfactant-to-oil ratio

nd the two stirrers used, d3,2 is plotted against ε in Fig. 8. The
alues of the exponents used in Eq. (8) given in Table 6 should be
reated with caution since each value came from the regression of
nly 3 experimental data points. These experimental values were

able 5
umber and volume droplet distribution features calculated from measurement.

Run
number

Stirrer Specific power
input ε (W/kg)

Surfactant-to-oil
ratio (weight)

Number size

Average size
d1,0 (�m)

AK26

Flat blade
Propeller

0.2
0.1

53.9
AK27 0.35 45.2
AK28 0.5 40.2
AK19 0.2

0.5
52.6

AK24 0.35 45.1
AK20 0.5 40
AK17 0.2

1.0
52.1

AK23 0.35 43.6
AK18 0.5 39.6

Run
number

Stirrer Specific power
input ε (W/kg)

Weight ratio
surfactant to EGDS

Number size

Average size
d1.0 (�m)

AK30

Rushton
turbine

0.5
0.1

50
AK32 0.75 45
AK31 1 40
AK35 0.50

0.5
46.8

AK36 0.75 41.8
AK37 1.00 38.8
AK38 0.50

1
45.5

AK39 0.75 40.9
AK18 1.00 38
Flat blade propeller −0.34 −0.32 −0.32
Rushton turbine −0.34 −0.29 −0.28

lower than the theoretical of −0.4, and differed from the ones pre-
sented by Pacek et al. [39] lying in the range −0.41 to −0.72 for
six different stirrers. Such discrepancies between values seem to
demonstrate that the assumptions used are not consistent with the
present results. On the basis of an experimental study with several
other stirrers Zhou and Kresta [43] have already questioned this
correlation and the proportionality between d3,2 and dmax.

4.3.3. Time to equilibrium and shape of the stable DSD
In their review, Leng and Calabrese [36] have reported several

studies in the 90s in which the circulating time in a stirred ves-
sel required for a dilute dispersion to reach the equilibrium DSD
was investigated. Emulsion droplets must pass through the high
turbulence stirrer zone several times in order to be broken up pro-
gressively. The number of passes in the close vicinity of the stirrer
in order to reach a stable DSD was estimated as about one thousand
passes [36]. According to the stirring conditions of this study, the
mean circulation time was in the range of 2.5–3.6 s (see Table 4).
The times required to reach equilibrium DSD could then be assessed
to 2500–3600 s which are about only one third to one quarter of
the experimental ones (about 3 h). This large discrepancy may be
explained by the evolution of the droplet size measurement tech-
nique. In the first hour of emulsification, the DSD changes very
fast and its variation is easy to detect with the ex situ sizing tech-
niques used in the early studies. After 1 h, the DSD evolution is

much slower; the present investigation gives evidence of it using
the in situ sizing probe. It is preferable to consider several (3–4)
thousands of passes through the stirring zone in order to achieve
the stabilization of the droplet size distribution.

distribution Volume size distribution Mean Sauter
diameter d3.2

(�m)

Xmean

= d4,3/d3,2

(–)Variation
coefficient
VCN (–)

Average size
d4,3 (�m)

Variation
coefficient
VCV (–)

0.21 60.2 0.17 58.4 1.03
0.17 49.3 0.16 48.0 1.03
0.18 44.2 0.19 42.8 1.03
0.2 58.4 0.17 56.6 1.03
0.17 48.8 0.16 47.6 1.03
0.17 43.5 0.17 42.3 1.03
0.22 58.5 0.17 56.6 1.03
0.17 47.3 0.17 46.1 1.03
0.18 43.8 0.2 42.3 1.04

distribution Volume size distribution Mean Sauter
diameter d3.2

(�m)

X
= d4.3/d3.2

(–)Variation
coefficient
(–)

Average size
d4.3 (�m)

Variation
coefficient
(–)

0.24 57.5 0.18 55.3 1.03
0.21 50.9 0.19 49.0 1.03
0.21 45.8 0.22 43.7 1.03
0.21 52.8 0.18 51.0 1.03
0.2 46.8 0.19 45.1 1.03
0.19 43.4 0.21 41.8 1.03
0.22 51.7 0.19 49.8 1.03
0.19 45.4 0.18 43.9 1.03
0.2 42.7 0.22 41.0 1.04
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ig. 9. Droplet size distribution at equilibrium for runs AK24 (�) and AK36 (�):
omparison of the experimental distributions (solid line) and estimated Gaussian
istributions (dotted line).

Authors have also worked on the prediction of the stable DSD
nce the d3,2 has been estimated. It was assumed that the func-
ional form of the DSD and its mean and standard deviation were
eakly sensitive to the scale and geometry features of the stirred

essel [36]. For low viscosity dispersed phases, it was assumed that
he volume distribution of droplet size exhibited a Gaussian shape,
ith values of the mean normalized size Xmean (expressed as the

4,3 to d3,2 ratio) and of the variation coefficient VCV respectively
qual to 1.07 and 0.24. The Xmean and the VCV were calculated
or each experimental stable DSD and are presented in Table 5.
ig. 9 displays the experimental volume DSD expressed as their
umulative form for two representative runs obtained with the
wo stirrers, and compares it to its estimated volume DSD. What-
ver the operating conditions, the experimental values of Xmean

about 1.03) are close to the literature value. However, experi-
ental values of VCV were significantly lower than the proposed

iterature value. The extent of the experimental volume distribu-
ion appears narrower than predicted, which is clearly visualized
n Fig. 9.

. Conclusions and perspectives

An emulsification process of a dilute O/W emulsion carried out
n a stirred vessel was monitored in real time with an in situ optical
robe. The video sequences regularly recorded were automatically
reated with an image analysis procedure based on a circular Hough
ransform allowing the estimation of diameters of several thou-
ands of droplets. It is then possible to follow the evolution with
ime of the DSD. This experimental size monitoring was applied
o an emulsion for which warm conditions must be maintained
n order to prevent the solidification of the dispersed phase. This
dvantage has to be emphasized when the droplet size distribution
f a crystallizable emulsion has to be measured. Moreover, thanks
o the development of this in situ measurement technique coupled
ith an automatic image analysis treatment, the optimization of an

mulsification process (in dilute conditions) in a laboratory reactor
caled down from an industrial stirred reactor was possible.

An increase of the specific power input brought by the stirrer
llowed reducing the droplet diameter and the extent of the size
istribution. It is the first order parameter influencing the final DSD

ince it plays a major role on the droplet break-up mechanism. To
lesser extent the increase of the surfactant amount had also a

avorable impact on the reduction of the droplet diameter and on
he narrowing the size distribution by its action on the coalescence
Journal 165 (2010) 946–957

rate and on the stabilization of O/W interface. It was a parame-
ter of secondary relevance in this study. Final droplet distributions
were similar whatever the stirrer employed. The Rushton turbine
allowed a faster size reduction of the droplet diameter in the first
hour of emulsification. On the contrary, the size distribution tended
to be narrower with the flat blade propeller when the equilibrium
regime was achieved. The use of a Rushton turbine instead of a
flat blade propeller does not bring about a decisive advantage for
the production of a droplet distribution of several tens of microns.
Moreover, the flat blade propeller appears a better multipurpose
stirrer since it could be used for the crystallization of the dispersed
oil phase at lower temperatures.

The agreement between the largest droplet size and the maxi-
mum droplet diameter estimated with a correlation based on the
Weber number is obtained for high stirring rate. The agreement
was also obtained between the smallest droplet diameter measured
and the smallest size of eddies estimated with the Kolmogorov
microscale. The prediction proposed in the literature could be
applied in this study. On the other hand, the time to obtain a stable
DSD tends to be underestimated in the literature by a factor of 3–4.
The knowledge of this time required to reach to equilibrium regime
is important when the control of a process needs a reproducible size
distribution from batch to batch.

From this study, future studies will be done in two directions.
Firstly the examination of the experimental data does not allow one
to fully explain the course of the emulsification process. One could
hardly go further in the assumptions concerning the break-up and
coalescence mechanisms involved because these latter cannot be
completely differentiated. The kinetic features of the emulsifica-
tion process governing the final droplet size distribution may be
assessed through a detailed modelling of the experimental results
designed using a population balance equation coupled with break-
up and coalescence equations. Secondly this new in situ optical
probe will be used at lower temperature than 70 ◦C in order to
determine the solidification frequency of the dispersed melted
phase according to the droplet diameter. This point has to be inves-
tigated when the control of a crystallizable emulsion process is
required.
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