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Viscous Filament Fragmentation in a Turbulent Flow
Inside a Stirred Tank

RENÉ SANJUAN-GALINDO1, ENRIQUE SOTO2, ROBERTO ZENIT3, and GABRIEL ASCANIO2

1Centro de Investigación e Innovación Tecnológica, Instituto Tecnológico de Nuevo León, Apodaca, Mexico
2Centro de Ciencias Aplicadas y Desarrollo Tecnológico, Universidad Nacional Autónoma de México, Mexico City, Mexico
3Instituto de Investigaciones en Materiales, Universidad Nacional Autónoma de México, DF, Mexico

The present work describes the dispersion process of a viscous fluid in water in a cylindrical vessel agitated at Re¼ 24,000. The
formation of viscous filaments and other amorphous structures in turbulent conditions produced in the early stage, before oil drops
saturate the continuous phase, is shown. The oil-phase evolution is followed with high-speed video recordings and compared with
the flow pattern produce in the liquid bulk. The effects of four kinds of perturbations are identified: intermittences in the radial
velocity, turbulent fluctuations, rotation, and the stretching. As a consequence, the viscous-phase experiences instabilities that
include random deformation, elongation, hairpin filaments formation, folding, and fragmentation. In the final part of this study,
a mechanism describing the drop size reduction has been proposed.
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Introduction

The dispersion of two immiscible liquids (i.e., oil-in-water
dispersion) is a common unit operation in pharmaceutics,
biochemistry, food processing, and other industrial sectors.
The production of dispersions are the result of the necessity
to prepare meals, paints and powders; in industry, disper-
sions are commonly prepared in stirred tanks to obtain size
reduced droplets dispersed in a continuous phase with the
aim of increasing the interfacial contact between the two
liquids. This system is thermodynamically unstable even
though the mass transfer and the energy transfer are
enhanced; that is why, many authors have tested liquid–
liquid dispersions in a wide range of conditions—for
instance, by modifying the interfacial tension, the concen-
tration or the viscosity ratio between the two liquids
(Coulaloglou and Tavlarides, 1976; Wang and Calabrese,
1986; Zhou and Kresta, 1998; Lovick et al., 2005). However,
in most of these studies, dispersions have been monitored by
following the drop size distribution, so that the mechanism
did not occur before the formation of drops. Such a
mechanism occurs in the beginning of the process in a short
period of time, involving the stretching and fragmentation
of the viscous-phase producing filaments.

Filaments are time-dependent fluid threads moving in a
fluid stream, being this phenomenon known as tangential
separation; such a phenomenon is present in many quotidian
events such as honey threads in an air stream or silicone
filaments dragged in water. Plateau (1849) and Rayleigh
(1892) were the first to study the hydrodynamic instability
of thin threads. The Plateau–Rayleigh instability consists
of undulations produced by capillary effects. Although in
industrial applications, threads are perturbed by turbulent
inertial forces, in most of the scientific literature filaments
exposed to shear-free flows at very low flow regimes (i.e.,
Re� 1) have been investigated (Tjahjdadi and Ottino,
1991; Skorobogatiy and Mahadevan, 2000; Ribe, 2004; Le
Merrer et al., 2008). Yarin (1997) modeled the dynamics of
non-Newtonian stretched filaments exposed to shear flow.
Instabilities on confined filaments were analyzed by
Hagedorn et al. (2004), while the effects of gravitational,
inertial, and viscous forces were reported by Skorobogatiy
and Mahadevan (2000), Ribe (2004), and Duclaux et al.
(2006). The folding of the dispersed phase is the result of
competition between the external flow, the gravitational
forces and the viscous forces (Skorobogatiy and
Mahadevan, 2000). In such a process, the filament cross sec-
tion reduces heterogeneously causing longitudinal rearrange-
ments or breakage (Oliveira and McKinley, 2005). Eggers
and Villermaux (2008) discussed several types of perturba-
tions like the transition from dripping to jetting, a co-flowing
liquid stream or the effect of the velocity differences between
the filament and its surroundings. Lueptow and Lueptow
(2012) reported the instabilities of honey filaments as they
were poured into quiescent water.
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D.F., México. E-mail: gabriel.ascanio@ccadet.unam.mx

Color versions of one or more of the figures in the article
can be found online at www.tandfonline.com/gcec.

Chemical Engineering Communications, 202:1251–1260, 2015

Copyright # Taylor & Francis Group, LLC

ISSN: 0098-6445 print/1563-5201 online

DOI: 10.1080/00986445.2014.923994

D
ow

nl
oa

de
d 

by
 [

U
N

A
M

 C
iu

da
d 

U
ni

ve
rs

ita
ri

a]
 a

t 1
1:

20
 2

3 
N

ov
em

be
r 

20
15

 

mailto:gabriel.ascanio@ccadet.unam.mx
http://www.tandfonline.com/gcec
http://dx.doi.org/10.1080/00986445.2014.923994


Even though the production of filaments is common in
industrial processes, the occurrence of such a phenomenon
inside a stirred tank has not been widely documented. To
achieve the dispersion of the two immiscible liquids, both
turbulent conditions and high fluctuations in the flow field
are needed (Mathieu and Scott, 2000; Sajjadi et al., 2002).
The flow structure depends on the type, position, and num-
ber of impellers (as well as the direction and magnitude of
the rotational speed) and the presence of baffles (used to
inhibit the central vortex formation). Several reports dealing
with flow structures generated by radial impellers are avail-
able in the literature. Campolo et al. (2003) described the tra-
jectories of tracers at Re¼ 48,000 produced by a Rushton
turbine, and Rivera et al. (2004) reported the formation of
two symmetrically segregated zones at Re¼ 18. Cooke and
Heggs (2005) found that the Scaba impeller produces higher
axial flow than the Rushton impeller, and Kovács et al.
(2001) concluded that the Scaba impeller demands less
power in comparison to the Rushton turbine. All these
works have many similarities. They describe the stirring
mechanisms but they are limited to the study of a single
phase.

Laurenzi et al. (2009) compared the flow structures pro-
duced in a stirred tank for a single phase with diluted
liquid–liquid dispersion but in their study the mechanism
of droplet formation was not discussed. The studies conduc-
ted for oil-in-water dispersions (Calabrese et al., 1986a;
Zhou and Kresta, 1998: Lovick et al., 2005) did not focus
on the state before drops saturate the system. It is worth
mentioning that a review of liquid–liquid mixing in stirred
vessels has been recently published (Afshar Ghotli et al.,
2013). Limited information is available about the formation
and evolution of filaments in contact devices. Moreover, the
effect of flow properties on the formation of drops under
turbulent conditions needs to be further studied. Loth

(2008) summarized the deformation conditions of isolated
drops in creeping flows in terms of the Weber number and
Reynolds number; however, the laminar flow conditions dis-
cussed here are far from those generated in a stirred tank.
The breakage mechanism of a viscous droplet was studied
by Andersson and Andersson (2006) by comparing the
deformation process experienced by a drop and the one of
an air bubble injected in a fully turbulent flow along a
straight pipe.

To the best of our knowledge, few studies dealing with
filaments deformed and transported by turbulent flows have
been reported, while no reports dealing with filaments sub-
merged in liquid–liquid dispersions in stirred tanks have
been published. In the present study, analogous mechanisms
are described and reproduced inside a stirred tank. The
structure and properties of the flow generated by a Scaba
impeller under turbulent conditions and single phase inside
a stirred tank have been determined and related to the struc-
tures formed during the fragmentation of viscous filaments.
Finally, a mechanism describing the drop size reduction
process is proposed.

Methods and Materials

Experimental Setup

The experimental setup is shown in Figure 1. Experiments
were conducted in a flat bottom cylindrical tank made of
glass with an inner diameter T¼ 0.135 m. The liquid volume
was VL¼ 1 L and four baffles of width T=10 were equally
spaced and fixed inside the tank. A Scaba impeller of diam-
eter d ¼ 1

2 T, consisting of a thin disc and six half-tube
blades, was used (Figure 1(a)). The impeller was place at a
distance c ¼ 1

2 H from the vessel bottom, where H is the
liquid level. To avoid optical distortion produced by the

Fig. 1. Experimental setup: (a) Scaba impeller (dimensions in mm); (b) array for high-speed video recording and PIV.
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curvature of the cylindrical vessel, a square jacket
containing water was used. All experiments were conducted
at room temperature (22�C) and no surfactants were
employed.

For the continuous phase, distilled water was used
(q¼ 1000 kg �m�3, l¼ 1.0 mPa � s). A small volume
(u¼ 1% v=v) of castor oil (q¼ 960 kg �m�3, l¼ 560 mPa � s,
surface tension rs¼ 39 mN �m�1) was used as the dispersed
viscous phase and located on the water surface. The vis-
cosity ratio of oil to water was 560. The interfacial tension
between oil and water was ri¼ 21 mN �m�1 at 20�C (Fisher
et al., 1985).

The Reynolds number in stirred tanks is defined as

Re ¼ q N d2

l
ð1Þ

where d is the impeller diameter, N is the rotational speed,
and q and l are the density and the dynamic viscosity,
respectively. For the present study Re¼ 24,000.

The specific power consumption was determined using an
air bearing dynamometer by measuring the torque generated
by the impeller agitating the working fluid contained in the
tank, which rests in a frictionless surface (Ascanio et al.,
2004). For the Reynolds number and the work volume
(1 L) considered in this study, the specific power was
P=V¼ 0.46 W �m�3.

Video Recordings and Velocity Measurements

The evolution of the dispersion process was followed by
image sequence using a high-speed Charge-Coupled Device
(CCD) camera (Redlake Motion Pro HS-4) with an Auto
Focusing micro Nikkor 60 mm 1:2.8D lens (Nikon, Japan).
Video was recorded for a half plane rz assuming vertical
symmetry. The setup was backlighted using a 300 W incan-
descent filament and a diffuser. All videos were taken at
400 frames=s and a 512� 512 pixel image size corresponding
to a surface of 60 cm2. A diagram showing the region studied
with the high-speed camera is given in Figure 1(b).

The velocity vector fields in the rz plane were obtained
with a particle image velocimetry (PIV) system, which
consisted of a high-speed camera Megaplus, Model ES 1.0
(Roper Scientific MASD Inc.) and an Auto Focusing Micro
Nikkor 60 mm 1:2.8 D lens (Nikon, Japan). The laser light
was generated with a Solo III PIV laser (New-Wave,
Freemont, CA) at 15 Hz and a wavelength of 532 nm (green
light). The Flow Manager software, from Dantec Dynamics,
was used to control the system and to process the image
sequences. Silver-coated glass spheres of 10 mm were used
as light reflective tracers. The velocity vector fields were
obtained with a standard cross-correlated technique con-
sidering 32� 32 interrogation windows, with a 50% overlap.
A total of 1000 pairs of images were processed to obtain the
velocity average (�vv) and moving average and filter valida-
tions were applied to the resulting fields. The time step
between photos was 300 ms. All data were processed with
Matlab1.

Turbulence Intensity and Vorticity Field

The instantaneous velocity (v) is defined by

v ¼ �vvþ v0 ð2Þ

where �vv refers to the time-average velocity and v0 is the fluc-
tuating part that can be computed as the standard deviation
of the velocity:

v0 ¼
X vi � �vvð Þ2

n

( )1=2

ð3Þ

The turbulence intensity has been used for studying chaotic
flows under the turbulent regime (Mathieu and Scott, 2000).
Turbulent flows are characterized for high levels of fluctuat-
ing vorticity, which measures the rotation status of a fluid
element (Wu et al., 2006). Vorticity was computed as the curl
of the mean velocity vector:

x ¼ r x �vv ð4Þ

Stretching Efficiency

The stretching efficiency (Devals et al., 2008; Sanjuan-
Galindo et al., 2011) denoted as a can be computed as:

a ¼ _cc
_ccþ _xx

ð5Þ

where _cc represents the modulus of the rate-of-strain tensor
( _cc) and _xx represents the norm of the vorticity tensor ( _xx).
Tensors _cc and _xx are defined by Equations (6) and (7),
respectively

_cc ¼ 1

2
r�vvþ r�vvð ÞT
h i

ð6Þ

_xx ¼ 1

2
r�vv� r�vvð ÞT
h i

ð7Þ

where r�vv is defined as follows:

r�vv ¼ @�vv

@xk
ek for k ¼ r; z ð8Þ

Streamlines

Streamlines are determined by

dxi

vi
¼ dxj

vj
for i or j ¼ r; z ð9Þ

Results

Flow Patterns

In order to understand the performance of the complex
dynamics of the immiscible viscous-phase, the velocity
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field produced by the Scaba impeller is first described.
Even though the flow field presented corresponds to a sin-
gle phase, it is still valid for low concentration of castor
oil (i.e., 1% v=v). Laurenzi et al. (2009) demonstrated that
the flow structures obtained for low-concentration single-
phase dispersions are quite similar to those obtained with
single-phase liquids. Moreover, the velocity fields and the
flow properties will help to explain the viscous-phase
deformation process from oil-phase immersion to drops
generation.

Figure 2(a) shows the velocity vector field and the scalar
magnitude obtained in the vertical rz plane at Re¼ 24,000.
The velocity pattern agrees with the results presented by
Kovács et al. (2001), Khopkar et al. (2004), and Cooke
and Heggs (2005), who also described the advantages
observed when using Scaba impellers. However, in the
present study attention has been paid to the core of the

curved blades where the velocity vectors are highly conver-
gent. Khopkar et al. (2004) and Kovács et al. (2001) sug-
gested that the flow discharged by a half-pipe blade is
concentrated in the impeller radial direction. It should be
noted that this flow structure does not always appear with
radial impellers having flat blades like a Rushton turbine,
which produces mainly parallel velocity vectors (see for
instance Baldi and Yianneskis (2004) and Laurenzi et al.
(2009)).

Figure 2(b) exhibits the streamlines in the vertical rz plane
(shown as black lines) compared with the velocity field
(shown as color lines) at Re¼ 24,000. The flow structure
observed in this figure is characterized by two toroidal
structures below and above the impeller, which are typical
of radial impellers. Zalc et al. (2002), Khopkar et al.
(2004), and Noui-Mehidi et al. (2008) identified similar
structures working in a wide range of flow regimes (20<

Fig. 2. Time average measurements at Re¼ 24,000: (a) velocity vector field and the velocity magnitude; (b) streamlines (black lines)
and the velocity magnitude (color lines).
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Re< 45,000). In the present case, the maximum liquid
velocity ( �vvj jmax� 0.5 ms�1) is found in the region of the blade
discharge. This magnitude represents a half of the impeller
tip velocity, which has been estimated as vtip¼
d � p �N¼ 1 m=s. On the other hand, the minimum velocities
(v< 0.05 m=s) have been observed in the core of both the tor-
oidal structures, which are known as isolated mixing regions
and are susceptible to retain a volume of the viscous phase in
a stagnation region. The flow in the rest of the liquid bulk is
mainly characterized by a mean velocity �vvj j of the order of
0.1 m � s�1. This value is small enough to slightly deform
the viscous phase, which suggests a rotational flow with poor
mass and energy transfer.

Oil-Phase Dragging and Formation of Viscous Filaments

In the beginning of the dispersion process, the viscous
phase rests on the liquid surface. When the impeller started
rotating, the oil phase (a less-dense and low-concentrated
liquid, qoil

qH2O
< 1;u ¼ 1% v=v) is sucked toward the impeller

by the low pressure induced by the rotation. A visual
description of the dragging process is shown in Figure 3.
The images show how the oil phase is dragged into the
liquid bulk producing thick oil threads that become twisted
and helically driven around the shaft. Several kinds of
amorphous structures are expelled in the radial direction
including thin and stretched filaments. The viscous-phase
dragging process is compared with the flow pattern at time
t4 in Figure 3(d).

Even though oil filaments are notoriously more viscous
than water (loil=lH2O ¼560), such structures are easily per-
turbed by the continuous-phase flow. As a result of these
perturbations, filaments become thinned, folded, and frag-
mented. Four types of perturbations have been identified:
(a) intermittences in the radial velocity, (b) turbulent fluctu-
ation, (c) rotation, and (d) stretching. Each of these phenom-
ena is described in the following lines.

Intermittences in the Radial Velocity

The flow ejected by the impeller blades is unsteady in the
radial direction. Depending on the relative position of the
blade, intermittent jets are produced. A schematic represen-
tation of such a jet is shown in Figure 4. Considering a ref-
erence point, jets appear with a frequency which is a function

of the number of blades (n) and the rotational speed (N):

f ¼ 1
n N ¼ 0.8 s�1. The filaments dragged by the impeller

blades and expelled in the radial direction onto the tank
wall are perturbed as a result of these periodic impulses.
However, the pushing energy provided by the blade is
quickly dissipated.

The linear velocity at which the filament is ejected onto
the liquid was measured for 60 ms and results are shown
in Figure 5(a) for two different filaments. The filament
velocity was normalized with the impeller tip speed; peak
values are related to the maximum energy delivered by the
jet, while valleys are related to the minimum energy when
the impeller blades do not produce a jet. Once the filament
escapes from the blade (i.e., r=R¼ 0.8, close to the tank
wall), the jet strength decreases, and the filament is no longer
radially displaced and it is perturbed by other causes as
interface instabilities. Figure 5(b) illustrates an example of
this periodic perturbation.

Turbulence Fluctuations

Turbulent flows enhance transport processes and exhibit
strong diffusivity (Mathieu and Scott, 2000). Calabrese
et al. (1986a) stated that shear forces and turbulence fluctua-
tions govern the flow in the impeller neighborhood. In the
present work, the visual evidence shows the effects of the tur-
bulence onto the dispersed phase. Figure 6(a) shows the sca-
lar field of the turbulent intensity (v0) in the vertical plane rz
at Re¼ 24,000. It is important to point out that high values
of turbulent intensity, that is v0 ¼0.5 m � s�1, are observed
near the blade tip, which agree with the converging flow
(previously shown in Figure 2(a)). Close to the tank wall,
in the impeller discharge direction, the turbulent intensity
decreases, that is, 0.1 m � s�1< v0< 0.3 m � s�1, while the flow
in the rest of the liquid bulk exhibits the lowest turbulence
intensity, that is v0 � 0.1 m � s�1, suggesting that the flow is
mostly rotational, as discussed below.

Figure 6(b) shows a U-shaped filament. These structures are
produced randomly in the zone of high turbulence intensity,
that is, v0 of the order of 0.5 m � s�1. Some filaments are also
stretched, deformed, and fragmented, which are the steps pre-
ceding the formation of oil drops. Some other filaments are
simply dragged and sent away from the impeller zone. The
hairpin filaments resemble the numerical description presented
by Yarin (1997). However, the author investigated the folding

Fig. 3. Time-average velocity pattern governing the process (oil dragging from the surface into liquid bulk): (a) t1¼ 0 ms;
(b) t2¼ 195 ms; (c) t3¼ 210 ms; (d) t4¼ 385 ms with the velocity field.
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of a filament under laminar regime, which differs from the
turbulent conditions used in the present work.

Buckling and accumulation are observed when the
filaments are thrown against the shear-free surface

(Skorobogatiy and Mahadevan, 2000; Lueptow and
Lueptow, 2012). Our results show that filaments discharged
into a turbulent flow may exhibit elongation, thinning, or
rupture. In the case of filaments expelled to a non-turbulent

Fig. 4. Schematic representation of the intermittent flow produced by the rotation of the impeller.

Fig. 5. (a) Normalized velocity of two filament points displaced in the rz plane measured for 60 ms (vtip refers to the impeller tip
velocity, and R represents the tank radius); (b) filaments disturbed by the radial velocity intermittence from 0 to 15 ms.

Fig. 6. (a) Time average measurements of the turbulence intensity and the velocity vector field at Re¼ 24,000. (b) Random
production of hairpin filaments in the zone of high turbulence intensity.
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flow, they simply recoil, adopt spheroidal shapes, or remain
stable. Inside a stirred tank, the last two cases are possible
due to the flow pattern heterogeneity, which may exhibit
turbulent and non-turbulent conditions.

Rotation

In Figure 7(a), two swirling regions of opposite vorticity
signs with absolute magnitudes of 0.06 are identified. These
regions are located symmetrically in both sides of the impel-
ler disc near the impeller blade discharge. Although, turbu-
lent flows exhibit vorticity, the effects of the vortex field
on a viscous phase have not been deeply studied yet. In
the vortex zone, the inertial forces dominate over the viscous
forces because the flow is inertial. The oil phase expelled by
the blades is attracted by the low pressure of the vortex cores
and driven by the radial flow discharged by the impeller.
These forces lead to the formation of complex structures
(Figure 8(b)). Velocity vectors have been superimposed on
the image to explain its influence. These viscous thin sheets
are unstable in presence of the turbulent flow and highly
sensitive to rupture. It should be noted that such structures
are shaped by a tridimensional and turbulent flow. These
structures are no longer produced at less turbulent regions.

This stage ends with the formation of numerous drops with
a wide size distribution.

Stretching

A stretched fluid volume experiences dimension changes as a
function of time (Ottino, 1989; Voth et al., 2002). Stretching
produced in stirred tanks has been modeled estimating the
stretching efficiency of laminar flows (Heniche et al., 2005;
Devals et al., 2008). Let us recall the interpretation of the
values of the stretching efficiency (a, Equation (7)). For
a¼ 0 ( _cc¼ 0, _xx 6¼ 0), the flow is purely rotational. Flow is
considered as a pure simple shear flow for a¼ 0.5
( _cc ¼ _xx). Finally, for a¼ 1.0 ( _cc 6¼ 0, _xx¼ 0), the flow is
considered to be purely extensional. The local stretching
efficiency obtained in the present work is presented in
Figure 8. This image has been superimposed on the viscous
fluid volume ejected from the blade. The range of the stretch-
ing efficiency is 0.1< a< 0.9. In the field of a, at least two
zones can be identified to explain where the oil phase is frag-
mented in the liquid bulk. In the first region (i.e., the left side
of the figure) a has smaller values (i.e., a< 0.4, marked by
blue lines), which characterizes a mainly rotational flow. In
this zone, little viscous-phase fragmentation is observed. In
the second region (i.e., the right side of the figure), the
stretching efficiency reaches larger values (i.e., a> 0.6,

Fig. 7. Influence of vortex structure on the formation of threads expelled by impeller blades: (a) vorticity 1=s and velocity field; (b)
filaments formed by the blades and velocity field in the filament formation (t¼ 5 ms).

Fig. 8. Viscous structures deformation and the stretching
efficient contour map (dimensionless) at Re¼ 24,000.

Fig. 9. Proposed mechanism to generate viscous droplets:
(1) mother drop; (2) deformed drop (filament); (3) drop
partition; (4) daughter drop.
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marked by yellow and red lines mainly). This zone has larger
values of shear and extension. Such flow behavior and
properties have different effects in the viscous phase. For
instance, in the zone where a> 0.6, the viscous phase
becomes elongated, fragmented, or experiences size
reduction. Conversely, in the low stretching zone, where
a< 0.4, those fragmented structures recoil and spheroidal
fluid elements remain unchanged and rotate around the
shaft. Such flow behavior corresponds to those phenomena
registered using high-speed video. For instance, Figure 8
shows the time when a filament becomes elongated as it is
expelled by the blade to a high stretching zone (a� 0.7).
The low stretching zone is characterized also for its low tur-
bulence. These results are helpful to understand the perfor-
mance of the half-pipe blade.

Droplet Size Distribution

The drop size distribution produced in stirred tanks has been
the center of attention in numerous publications (Calabrese
et al., 1986a; Chatzi et al., 1991, Zhou and Kresta, 1998;
Sajjadi et al., 2002; Lovick et al., 2005). However, the mech-
anism of breakage in a stirred tank has not been completely
clarified. Zhou and Kresta (1998) proposed that drops are
broken when they gain enough energy to compensate for
the increase of the total surface area. In a different work,
Andersson and Andersson (2006) documented how a single
viscous drop is deformed and broken as it is injected into
a developed turbulent flow along a straight pipe. Similar fea-
tures have been recognized in stirred tanks. Drop breakage
follows a four-step mechanism (illustrated in Figure 9), in
which the first step is when mother drops enter the zone
characterized as turbulent with high stretching coefficients;
in a second step, the drops experience stretching and some
necks are produced; such deformed drops are capillary
unstable and they are easily fragmented (third step); finally,
daughter drops are dispersed in a zone with low turbulence
and weak stretching conditions. The cycle is repeated until
reaching the steady state as claimed by Chatzi et al. (1991)
and Liu and Li (1999). This mechanism is in agreement with
the observations of Cristini et al. (2003), who considered
that drops are broken by the shear forces generated in the
blade discharge. Those segregated drops (i.e., drops moving

faraway from the blade discharge) are not disrupted and
remain stable. Finally, the mechanical impacts (with the
impeller, baffles or the tank wall) could also have a
secondary role in drop breakage.

In the beginning of the process, breakage occurs more
often because big drops are more unstable than the smaller
ones. It is nearly impossible for all drops achieve a uniform
size distribution and there is a debate about drops size. The
minimum size has been predicted considering the
Kolmogorov theory (Liu and Li, 1999), but others have dis-
carded this prediction (Zhou and Kresta, 1998; Cristini et al.,
2003). Mathematical relations have been suggested to
predict the biggest drop or the mean size, particularly for
several silicon types or petroleum by-products (Calabrese
et al., 1986b; Wang and Calabrese, 1986; Zhou and Kresta,
1998); however, oils used in biochemical processes, such as
castor oil, have been less studied.

The drop size and distribution at two different times have
been compared with the in situ measurements of about 500
drops for two different states. Figure 10(a) shows the first
state captured once the filaments were disrupted (i.e.,
t¼ 2 min), while the second state has been taken after stir-
ring for 1 h at constant temperature (Figure 10(b)). For both
cases, the probability density function is shown in
Figure 10(c). The initial state is characterized by big size
drops and wider dispersion. The largest diameter, dmax, is
of the order of 2.5 mm, while the smallest drop, dmin, about
0.23 mm. Each peak represents the average diameter for each
state, that is dav¼ 1.1 mm for the initial state, and
dav¼ 0.834 mm is for the steady state (t¼ 60 min). Drop col-
lision and coalescence are other phenomena involved in the
drop size definition; however, they occur mainly in
high-concentrated dispersions (Coulaloglou and Tavlarides,
1976).

Conclusions

In the present study, the process to disperse a viscous fluid in
a stirred tank was discussed, and the main features of the
flow were identified with the process of the drop formation.
Before oil drops are formed, the viscous phase adopts
filaments-like structures easily perturbed by the flow

Fig. 10. High-speed images of an oil-in-water dispersion produced in a stirred tank from rest state: (a) t1¼ 2 min; (b) t2¼ 60 min; (c)
probability density function of drop diameter obtained at t1 and t2.
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properties. The radial impeller generates two eddies,
distributed above and below the impeller centerline, which
contain two local zones of low velocity able to segregate a
viscous-phase volume. In the opposite case, the maximum
liquid velocity is produced in the blade discharge, where flow
is highly turbulent. The influence of four flow properties
causing filament instabilities, such as intermittences in the
radial velocity, turbulence, rotation, and stretching, was dis-
cussed. In the first case, filaments receive intermittent pulses
producing elongation and buckling. The turbulent flow
ejected from the blades exhibits the formation of vortex
rings, which produces highly unstable structures that are
randomly deformed. The stretching coefficient distribution
was presented to learn the possible zones where deformation
takes place. This information can be useful to improve the
design and operation of two-phase contact devices. A
periodic mechanism to produce drops size fragmentation
was discussed. It starts when drops in the blade flow are
deformed until necking, thereafter they are broken and
two daughter droplets are generated. The effect of this pro-
cess in the drop size was evaluated. To our knowledge, this is
the first work that documents the viscous filament gener-
ation in turbulent flow conditions in a stirred tank compar-
ing such events with the velocity patterns. This experiment
opens the possibility to further investigate this phenomenon
to test some other fluids or some other techniques.
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