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Emulsification in turbulent flow
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Abstract

Systematic experimental study of the effects of several factors on the mean and maximum drop sizes during emulsification in turbulent flow is
performed. These factors include: (1) rate of energy dissipation, ε; (2) interfacial tension, σ ; (3) viscosity of the oil phase, ηD; (4) viscosity of
the aqueous phase, ηC; and (5) oil volume fraction, Φ. The emulsions are prepared by using the so-called “narrow-gap homogenizer” working in
turbulent regime of emulsification. The experiments are performed at high surfactant concentration to avoid the effect of drop–drop coalescence.
For emulsions prepared in the inertial turbulent regime, the mean and the maximum drop sizes increase with the increase of ηD and σ , and
with the decrease of ε. In contrast, Φ and ηC affect only slightly the mean and the maximum drop sizes in this regime of emulsification. These
results are described very well by a theoretical expression proposed by Davies [Chem. Eng. Sci. 40 (1985) 839], which accounts for the effects
of the drop capillary pressure and the viscous dissipation inside the breaking drops. The polydispersity of the emulsions prepared in the inertial
regime of emulsification does not depend significantly on σ and ε. However, the emulsion polydispersity increases significantly with the increase
of oil viscosity, ηD. The experiments showed also that the inertial turbulent regime is inappropriate for emulsification of oils with viscosity
above ca. 500 mPa s, if drops of micrometer size are to be obtained. The transition from inertial to viscous turbulent regime of emulsification
was accomplished by a moderate increase of the viscosity of the aqueous phase (above 5 mPa s in the studied systems) and/or by increase
of the oil volume fraction, Φ > 0.6. Remarkably, emulsions with drops of micrometer size are easily formed in the viscous turbulent regime of
emulsification, even for oils with viscosity as high as 10,000 mPa s. In this regime, the mean drop size rapidly decreases with the increase of ηC and
Φ (along with the effects of ε, σ , and ηD, which are qualitatively similar in the inertial and viscous regimes of emulsification). The experimental
results are theoretically described and discussed by using expressions from the literature and their modifications (proposed in the current study).
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The emulsification process can be considered as consisting
of two opposite “elementary reactions”: drop breakup lead-
ing to formation of several smaller drops from a larger one,
and drop–drop coalescence leading to formation of a larger
drop from two smaller drops. In the general case, the evolution
of the drop-size distribution during emulsification is governed
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by the competition of these two opposite processes [1–6]. At
high surfactant concentrations, the contribution of the drop–
drop coalescence is negligible and the process of drop breakup
determines the evolution of the drop-size distribution in the
formed emulsions. After a sufficiently long emulsification time,
a “steady-state” is reached, which is characterized by a rela-
tively slow change of the drop-size distribution in the formed
emulsions. In the current study, we consider the mean and the
maximum drop sizes (see below for precise definitions), ob-
tained as a result of the drop-breakup process in turbulent flow,
in the steady-state stage of the emulsification process. The com-
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plementary study of the kinetics of drop-breakup in the same
systems, which requires more elaborate analysis of the drop-
breakup process, is presented in two subsequent papers [7,8].
For discussion of the kinetic aspects of reaching the steady-
state period in the actual emulsification experiments, see Refs.
[9–11] and Section 4 in Ref. [7].

The classical studies of the emulsification process in tur-
bulent flow, performed by Kolmogorov [12] and Hinze [13],
showed that two different regimes of emulsification should be
distinguished, which are termed “turbulent inertial” and “tur-
bulent viscous” regimes, respectively (see Fig. 1). In the turbu-
lent inertial regime, the drops are larger in diameter than the
smallest turbulent eddies in the continuous phase, whereas in
the turbulent viscous regime the drop diameter is smaller than
the size of the smallest eddies. In the turbulent inertial regime,
the maximum diameter of the stable drops (those able to resist
the disruptive forces of the flow) is determined by the balance
between the fluctuations in the hydrodynamic pressure of the
continuous phase (which act on drop surface and induce drop
deformation), and the drop capillary pressure, which opposes
the drop deformation [12,13]. In contrast, in the turbulent vis-
cous regime, the maximum diameter of the stable drops is de-
termined by the balance between the viscous stress acting from
the continuous phase on the drop surface and the drop capillary
pressure. The transition between these two regimes of emulsifi-
cation depends on the size of the smallest eddies in the turbulent
flow, λ0 (determined mainly by the rate of energy dissipation,
ε, and the viscosity of the aqueous phase, ηC) and on the max-
imum drop size of the formed emulsion—see Section 2 for the
respective equations.

Theoretical expressions relating the maximum diameter of
the stable drops with the rate of energy dissipation, ε (which
characterizes the intensity of the turbulent flow in Kolmogo-
rov’s theory), and with the interfacial tension of the drops,
σ , were derived for these two regimes of emulsification, see
Eqs. (4)–(6) below [12,13]. The expression for the inertial tur-
bulent regime was verified experimentally by several investi-
gators [14,15] for oil drops with viscosity close to that of the
continuous aqueous phase, ηD/ηC ∼ 1, and at relatively low oil
volume fraction, Φ � 0.01.

The theory of emulsification of more viscous drops, ηD/ηC
� 1, in the inertial regime, was further developed by Davies
[16], Lagisetty et al. [17] and Calabrese et al. [18–21]—see Sec-
tion 2 below. Large set of experimental results for the effects of
drop viscosity and interfacial tension on the maximum drop di-
ameter was presented in the papers by Calabrese et al. [18–21],
and a good description by the theoretical expressions was ob-
served.

The studies on the oil emulsification in turbulent viscous
regime are scarce [22–24]. In this regime, the drops should
be smaller than the size of the turbulent eddies, which means
that higher rate of energy dissipation is required to achieve
this regime, at fixed viscosity of the aqueous phase and drop
size [22–24]. On the other hand, different dependences of the
maximum drop size on the various governing parameters were
derived for these two regimes of emulsification (Eqs. (4) and
(6) below), which predict that smaller droplets could be formed
(A)

(B)

Fig. 1. Schematic presentation of the two regimes of emulsification in turbu-
lent flow. (A) Turbulent inertial regime—the drops are larger than the smallest
turbulent eddies and deform under the action of the fluctuations in the hydro-
dynamic pressure. (B) Turbulent viscous regime—the drops are smaller than
the smallest turbulent eddies and, therefore, deform under the action of viscous
stress inside and between the eddies.

in the turbulent viscous regime, as compared to the turbu-
lent inertial regime. To the best of our knowledge, this op-
tion has not been explored systematically so far. Therefore,
one of the major aims of our study is to compare the mean
and the maximum drop sizes, after emulsification in these two
regimes.

In our previous papers [25–27] we studied the effects of
several factors on the mean drop size during emulsification in
the inertial turbulent regime, by using the so-called “narrow-
gap homogenizer”—see Section 3.2 below for its description
and mode of operation. Among the other results, we showed
that an equation proposed by Davies [16] describes relatively
well the maximum diameter of the stable drops in emulsions,
prepared under different hydrodynamic conditions and inter-
facial tensions, and for oils with viscosity varied between 3
and 100 mPa s [27]. The current study complements our pre-
vious work in several aspects. First, we performed experiments
with more viscous oils (up to 10,000 mPa s) to check whether
the conclusions from the previous studies are still applicable
for such viscous oils. Second, the experimental results for the
mean drop size and polydispersity of the formed emulsions are
compared to theoretical expressions and experimental results of
other authors [16–21]. Third, we demonstrate that the emulsifi-
cation of the viscous oils is much more efficient (smaller drops
are formed) when the emulsification is performed at higher vis-
cosity of the aqueous phase and/or at high oil volume fraction.
The latter result is explained by analyzing the conditions for
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transition from the inertial turbulent regime to the viscous tur-
bulent regime of emulsification.

The paper is organized as follows: Section 2 summarizes the
theoretical expressions known from the literature for the maxi-
mum drop size and for the drop-size distribution in emulsions,
prepared in the two turbulent regimes of emulsification. Sec-
tion 3 describes the used materials and experimental methods.
Section 4 presents the experimental results from the character-
ization of the hydrodynamic conditions during emulsification.
In Section 5, the results from the emulsification experiments
in the inertial turbulent regime are presented and compared to
theoretical expressions and experimental data by other authors.
The results from the emulsification experiments in the viscous
turbulent regime are presented in Section 6. Section 7 summa-
rizes the conclusions.

2. Theoretical background

Drops placed in turbulent continuous phase could break
upon the action of viscous or inertial stress acting on the drop
surface. Which of these stresses dominates depends on the ratio
of the drop size and the size of the smallest turbulent eddies in
the flow, see Fig. 1. The size of the smallest eddies, λ0, is given
by the so-called “Kolmogorov scale,” defined as [12]

(1)λ0 ≈ ε−1/4η
3/4
C ρ

−3/4
C ,

where ηC is the viscosity and ρC is the mass density of the
continuous phase, while ε is the rate of energy dissipation per
unit mass of the fluid (J/kg s), which characterizes the hydro-
dynamic conditions during emulsification (in reality, there are
turbulent eddies with size smaller than λ0; however, the flow
in these eddies is regular and the effect of pressure fluctua-
tions on the drop breakup process is negligible). As seen from
Eq. (1), for typical emulsions with ρC ≈ 103 kg/m3, the size of
the smallest eddies depends on the viscosity of the continuous
phase and intensity of stirring.

According to the Kolmogorov–Hinze theory of emulsifica-
tion in inertial turbulent regime [12,13], for drops with viscosity
comparable to that of water, the maximum stable drop diame-
ter, dKH, can be estimated by comparing the fluctuations of the
hydrodynamic pressure in the flow:

(2)
〈
�PT(d)

〉 = C1ρC
〈
U2〉 = C1C2ρC(εd)2/3,

with the capillary pressure of the drops, which opposes the drop
deformation:

(3)PC = 4σ/d.

In Eq. (2), the brackets mean statistical averaging, 〈U2〉 =
C2(εd)2/3 is the mean square of the fluctuations in the fluid
velocity at distance d , and C1,2 are numerical constants of the
order of unity. From Eqs. (2) and (3), the following expression
for dKH was derived [12,13]:

(4)dKH = A1ε
−2/5σ 3/5ρ

−3/5
C = A1dKI,

where A1 is a constant of proportionality of the order of
unity, σ is interfacial tension, and dKI denotes the group
(ε−2/5σ 3/5ρ

−3/5), which has the dimension of length.
C
In the case of viscous turbulent flow, the drop breakup occurs
under the action of the viscous stress, τC, inside the smallest tur-
bulent eddies of the continuous phase [12,13] and the maximum
stable drop diameter, dKV, can be estimated by comparing τC:

(5)τC = ηC
dUλ0

dx
∼ ηC

(ηCε/ρC)1/4

λ0
∼ (ερCηC)1/2,

with the drop capillary pressure, PC. In Eq. (5), the char-
acteristic velocity inside the smallest eddies, Uλ0, is found
from the comparison of the inertial and viscous stresses for
the smallest eddies, ρC(ελ0)

2/3 ∼ ηCUλ0/λ0, which leads to
Uλ0 ∼ (ηCε/ρC)1/4. From Eqs. (3) and (5), the maximum drop
size, dKV, is estimated in the viscous regime of emulsification
as [12,13,28]

(6)dKV = A2ε
−1/2η

−1/2
C ρ

−1/2
C σ,

where A2 ≈ 4 is a numerical constant. As seen from Eq. (6),
the drop size depends on the viscosity of the continuous phase,
ηC, in the viscous regime of emulsification, whereas for the in-
ertial regime of emulsification this dependence is negligible, cf.
Eq. (4).

The Kolmogorov–Hinze theory of emulsification does not
account explicitly for the influence of the viscosity of the
dispersed phase, ηD. Therefore, Eqs. (4)–(6) are valid only
for drops with relatively low viscosity, similar to that of wa-
ter. For such systems, Eq. (4) was experimentally verified by
Sprow [14] and further modified in several subsequent stud-
ies [15,29–31].

The Kolmogorov–Hinze approach was developed further for
more viscous dispersed phase (ηD > ηC) by Davies [16] and
Calabrese et al. [18–21]. Davies [16] included the viscous stress
inside the deforming drop, τD ∼ [ηD〈U2〉1/2]/d into the total
stress balance;〈
�PT(d)

〉 ≈ PC + τD.

Taking into account the known relation 〈U2〉 = C2(εd)2/3, one
obtains τD ≈ C

1/2
2 (ηDε1/3d1/3)/d , and the above stress balance

can be expressed as a transcendental equation for the maximum
diameter of stable Newtonian drops with viscosity ηD:

C1C2ρC(εdD)2/3 = 4σ/dD + C
1/2
2 ηD(εdD)1/3/dD,

where C1 and C2 are numerical constants defined by Eq. (2).
The values C1 ≈ 0.7 and C2 ≈ 2.0 were calculated by Batch-
elor in his detailed analysis of turbulent flow [32]. The above
equation can be transformed into the following more convenient
form:

dD =
(

4

C1C2

)3/5(
1 + C

1/2
2

ηDε1/3d
1/3
D

4σ

)3/5

σ 3/5ρ
−3/5
C ε−2/5

(7)= A3

(
1 + A4

ηDε1/3d
1/3
D

σ

)3/5

dKI,

where A3 and A4 are numerical constants, which are expressed
through C1 and C2. Davies suggested A3 ≈ 1.0 and A4 ≈ 0.35
as appropriate values for describing the emulsification in the
inertial regime [16]. The second term in the parenthesis in the
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right-hand side of Eq. (7) expresses the relative contribution
of the energy of viscous dissipation, normalized by the surface
energy of the deforming drop. At ηD → 0 the viscous contribu-
tion disappears and Eq. (7) simplifies to Eq. (4). Note that A3 in
Eq. (7) should be equal to A1 in Eq. (4) to make these equations
compatible for oils with low viscosity. Equation (7) was derived
under the assumption that the mass densities of the continuous
and dispersed phases are similar, ρD ≈ ρC.

In a different approach, Calabrese et al. [18–21] compared
the energy required for drop deformation with the kinetic en-
ergy of the turbulent eddies, for drops containing a Newtonian
fluid. The possible difference in the mass densities of the two
phases, ρD and ρC, was considered, and the following general-
ization of Eq. (7) was derived:

(8)dC = A5

(
1 + A6

(
ρC

ρD

)1/2 ηDε1/3d
1/3
C

σ

)3/5

dKI,

where A5 = 0.054 and A6 = 4.1 are numerical constants, which
Calabrese et al. [19,21] determined by comparing the predic-
tions of Eq. (8) with their experimental data for the mean drop
diameter, d32. From the data presented in Ref. [21] we found
that Eq. (8) describes also the results for the maximum diam-
eter, dV95, obtained experimentally by Calabrese et al. [19,21],
with values A5 ≈ 0.09 and A6 ≈ 3.5.

Because ρD ≈ ρC in most of the experimental systems,
the main difference between the predictions of the models by
Davies [16] and Calabrese et al. [18–21] is in the values of the
numerical constants AK. For convenience, we use hereafter Aσ

to denote both constants A3 in Eq. (7) and A5 in Eq. (8), which
are related to the effect of the capillary pressure. Similarly, the
notation Aη is used for A4 in Eq. (7) and A6 in Eq. (8), which
account for the relative effect of drop viscosity. Further discus-
sion of the values of Aσ and Aη, in relation to our experimental
results, is presented in Section 5.2 below.

In a third approach, Lagisetty et al. [17] developed and tested
a theoretical model for the maximum drop diameter by in-
cluding the possible effects of the non-Newtonian rheological
behavior of the drop phase, and of the time required for drop
deformation and breakage. For Newtonian drops (like those in
our study) the equations derived by Lagisetty et al. [17] give re-
sults, which are numerically similar to those of Calabrese et al.
[18] and for this reason will not be reproduced here.

Along with the mean drop diameter, the polydispersity of
the drop-size distribution is another important characteristic of
the formed emulsions. For emulsions prepared in stirred tanks,
Chen and Middleman [15] showed that the drops are normally
distributed by volume. Therefore, the following expression was
proposed [15] for scaling the experimental data:

(9)FV(d/d32) = 0.5

[
1 + erf

(
d/d32 − d̄V/d32√

2(σV/d32)

)]
,

where FV(x) is the cumulative distribution function by volume
(derived after integration of the normal distribution function),
d32 is the mean volume-surface diameter, d̄V is the mean vol-
ume diameter in the normal distribution, and σV is the respec-
tive standard deviation. Equation (9) was found to describe well
a large set of experimental data for emulsions prepared in stirred
tanks, with d̄V/d32 ≈ 1.06 and σV/d32 ≈ 0.24 [15,18–20]. In a
subsequent study performed with static mixer [21], similar data
treatment gave d̄V/d32 ≈ 1.12 and σV/d32 ≈ 0.31, which shows
that the emulsions obtained in the static mixer were more poly-
disperse than those obtained in the stirred tanks.

In our study we also found that the experimental drop-size
distributions by volume are relatively well described by a nor-
mal distribution function. To describe the data we use a slightly
modified version of Eq. (9), in which the scaling of the drop
size is made by the mean volume diameter, dV50, which is ex-
perimentally accessible quantity and is an analog of the theoret-
ical mean volume diameter, d̄V (for perfect normal distribution
dV50 ≡ d̄V):

(10)FV(d/dV50) = 0.5

[
1 + erf

(
d/dV50 − d̄V/dV50√

2(σV/dV50)

)]
.

Equation (10) has the advantage that the ratio (d̄V/dV50) brings
direct information about the deviation of the experimentally
determined drop-size distribution from the model normal dis-
tribution, used to fit the experimental data.

Interestingly, we found that the experimentally determined
drop-size distributions by number were better represented by a
log–normal distribution function:

(11)

FN(d/dN50) = 0.5

[
1 + erf

(
ln(d/dN50) − ln(d̄10/dN50)√

2 ln(σLN)

)]
,

where FN(x) is the log–normal cumulative distribution function
by number, dN50 is the mean number diameter as determined
from the experimental data, d̄10 is the geometric mean diameter
by number in the model log–normal distribution, and σLN is the
respective dimensionless standard deviation, which is defined
as the ratio d(84%)/d(50%) in the model log–normal distribu-
tion [33].

Note that Eqs. (10) and (11) are not strictly compatible with
each other, because a perfect log–normal distribution by num-
ber corresponds to a log–normal distribution by volume, as well
[33], which was not found experimentally. Such qualitatively
different experimental distributions by number (closer to log–
normal) and by volume (closer to normal) have been reported
often in the literature, which shows that this is a rather common
situation [18–20].

3. Materials and experimental methods

3.1. Materials

Several surface-active emulsifiers were used to ensure a
wide range of oil–water interfacial tensions: nonionic surfac-
tant polyoxyethylene-20 hexadecyl ether (Brij 58, product of
Sigma); anionic surfactant sodium dodecyl sulfate (SDS, prod-
uct of Acros); mixture of the amphoteric surfactant cocoami-
dopropyl betaine (betaine, product of Goldschmidt Chemi-
cal Corporation) with the anionic surfactant sodium dodecyl-
polyoxyethylene-3 sulfate (SDP3S, product of Stepan Com-
pany) in a molar ratio 3:2; and two protein emulsifiers—sodium
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caseinate (Na caseinate, commercial name Alanate 180, prod-
uct of NXMP) and whey protein concentrate (WPC, trade name
AMP 8000, product of Proliant). All emulsifiers were used as
received. The emulsifier concentration in the aqueous solutions
(1 wt% for Brij 58, SDS and betaine + SDP3S, 0.5 wt% for Na
caseinate and 3 wt% for WPC) was chosen sufficiently high to
suppress drop–drop coalescence during emulsification.

All aqueous solutions were prepared with deionized wa-
ter, which was purified by a Milli-Q Organex system (Milli-
pore). The aqueous phase contained also NaCl (Merck, analyt-
ical grade) with concentration 150 mM for the Brij 58, WPC
and Na caseinate solutions, and 10 mM for the SDS solutions.
The protein solutions of Na caseinate and WPC contained also
0.01 wt% of the antibacterial agent NaN3 (Riedel–de Haën).
Glycerol (99.5% p.a.) was used to increase the viscosity of the
aqueous phase.

As dispersed phase we used several oils of different vis-
cosities: hexadecane with ηD = 3.0 mPa s (product of Merck);
soybean oil with ηD = 50 mPa s (SBO, commercial product);
mineral oils with ηD = 27 and 147 mPa s (products of Sigma–
Aldrich); and seven silicone oils with ηD = 50, 95, 194, 220,
494, 1024, and 10,000 mPa s (denoted for clarity as SilXX,
where XX expresses the oil viscosity). The SBO, mineral oils,
and hexadecane were purified from surface-active contamina-
tions by passing the oil through a glass column, filled with
Florisil adsorbent [34]. The silicone oils (products of BASF,
Rhodia, and TDCS) were used as received.

3.2. Narrow-gap homogenizer

All emulsions were prepared by using a custom-made
“narrow-gap” homogenizer with an axially symmetric, cylindri-
cal mixing head [25–27]. The mixing head contained a process-
ing element, through which the oil–water mixture was passed
under pressure, see Fig. 2A. Two processing elements were
used, both containing annular slits with gap-width of 395 µm
and length of 1 mm. The first processing elements had one slit
only (Fig. 2B), whereas the second element had two consecu-
tive slits (Fig. 2C).

Oil-in-water emulsions were prepared by applying a two-
step procedure. First, two litters of coarse emulsion were
prepared by hand-shaking a vessel, containing the necessary
amounts of oil and surfactant solution (depending on the de-
sired oil volume fraction Φ in the emulsion). In the second
homogenization step, this coarse emulsion was pushed through
the narrow-gap homogenizer in a series of consecutive passes.
The driving pressure, P , for this step was provided by a gas
bottle, containing pressurized nitrogen gas N2. The driving
pressure was controlled during the experiment with a preci-
sion of ±500 Pa, with the help of a pressure control system and
a pressure transducer mounted close to the homogenizer inlet.

After each pass through the homogenizer, the emulsion was
collected in a container attached to the outlet of the equipment,
see Fig. 2A. Then the gas pressure in the inlet container was
released, and the emulsion was poured back in this container
(under the action of gravity), by using a bypass tube. After-
wards, the gas pressure in the inlet container was increased
Fig. 2. (A) Schematics of the used homogenizer, which was equipped with
cylindrical processing element containing: (B) one annular slit (gap); (C)
two consecutive annular slits. An initial oil–water premix was prepared by
hand-shaking and introduced in the homogenizer before starting the actual
emulsification experiment, as described in Section 3.2. The drop diameters
reported in the current paper are measured after 100 passes of the emulsion
through the homogenizer to achieve a steady-state drop-size distribution.

again to the desired value and the emulsion was pushed to make
another pass through the homogenizer. 100 consecutive passes
of the emulsion through the homogenizer were used to ensure
steady-state drop-size distribution, see Fig. 3B.

3.3. Determination of drop-size distribution

The drop-size distribution in the obtained emulsions was de-
termined by video-enhanced optical microscopy [35,36]. The
oil drops were observed and recorded in transmitted light with
microscope Axioplan (Zeiss, Germany), equipped with objec-
tive Epiplan ×50, and connected to a CCD camera (Sony)
and video-recorder (Samsung SV-4000). The diameters of the
recorded oil drops were measured one by one, using a custom-
made image analysis software, operating with Targa+ graphic
board (Truevision, USA). For each sample, the diameters of at
least 3000 drops were measured. The accuracy of the optical
measurements was estimated to be ±0.3 µm [36].

Two characteristic drop sizes were determined from the mea-
sured drop diameters. The mean volume-surface diameter, d32,
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(A)

(B)

Fig. 3. (A) Cumulative distribution by volume as a function of drop diameter
for hexadecane-in-water emulsion stabilized by 1 wt% Brij 58+150 mM NaCl,
after 100 passes of the emulsion through the homogenizer. The values of d32
and dV95 are indicated by dashed vertical lines. (B) The maximum and the
mean volume-surface diameters, dV95 and d32, for the same system, plotted as
functions of the number of passes through the homogenizer.

was calculated from the relation

(12)d32 =
(∑

i

Nid
3
i

) / (∑
i

Nid
2
i

)
,

where Ni is the number of drops with diameter di . The volume-
95 diameter, dV95, is defined as the diameter, for which 95% by
volume of the dispersed oil is contained in drops with d � dV95.
The diameter dV95 is used as an experimentally accessible mea-
sure of the maximum drop size, which is compared in Sec-
tion 5.1 with the respective theoretical predictions of the drop-
breakup models.

3.4. Measurements of oil viscosity and emulsion rheological
properties

The viscosity of the oils and of the aqueous solutions was
measured at the temperature of the emulsification experiment.
The viscosity of soybean oil, hexadecane, and of the aqueous
solutions was measured by capillary viscometer, whereas the
viscosity of the silicone oils was measured on Gemini research
rheometer (Bohlin & Malvern Instruments, UK).
To characterize the rheological properties of the concen-
trated emulsions with Φ � 0.7, we used the Gemini rheometer,
equipped with parallel-plates of radius 2 cm. Measurements at
several gaps were performed (varied between 0.5 and 1 mm)
to check for possible effect of the wall-slip, which would com-
promise the results. The measured rheological properties of the
emulsions did not depend on the gap-width in the range of shear
rates of interest, between 20 and 3000 s−1, which showed that
the possible wall-slip had negligible effect. During these mea-
surements, the emulsion and the parallel plates were closed in
a box to reduce water evaporation, which could induce emul-
sion destruction at the plates’ periphery. The reproducibility of
the results in consecutive runs was within 10% of the measured
stress.

The rheological data from the measurements with the con-
centrated emulsions were described by the Hershel–Bulkley
model [37–39]:

(13)τ(γ̇ ) = τ0 + τV(γ̇ ) = τ0 + cηγ̇
m,

where γ̇ is the shear rate, τ0 is the yield stress of the emulsion,
τV is the respective viscous (shear rate-dependent) stress, m is
the power-law index, and cη is the emulsion consistency.

3.5. Measurement of interfacial tension

The equilibrium oil–water interfacial tension was measured
by a drop-shape-analysis of pendant oil drops, immersed in
the surfactant solutions. The measurements were performed
on commercial Drop Shape Analysis system DSA 10 (Krüss
GmbH, Hamburg, Germany).

The dynamic interfacial tension was determined by a recent
modification [40] of the stopped jet method [41,42]. Briefly,
the method consists in a rapid formation of spherical drop on
the tip of a needle, by a sudden stop of continuous jet of one
liquid, which is pushed into another liquid. After formation of
the drop, the capillary pressure across its spherical surface is
measured as a function of time, by using a pressure transducer.
From the capillary pressure and the drop radius (measured by
a long-focus optical lens) one determines the dynamic surface
tension, σ(t), starting from times as short as 40 ms. Detailed
description of the method is given in Refs. [40–42].

4. Determination of the rate of energy dissipation

For comparison of the experimental data for the maxi-
mum and mean drop diameters with the theoretical predictions,
Eqs. (4)–(8), one should know the rate of energy dissipation, ε,
the interfacial tension, σ , and the viscosities of the dispersed
and continuous phases, ηD and ηC. The values of ηD and ηC
were determined as described in Section 3.4. The values of σ

are discussed in Section 5.1. In a previous study [27], the values
of ε were determined by numerical simulations of the turbu-
lent flow for two flow rates of the emulsion (Q = 0.092 and
0.145 mL/s), at viscosity of the continuous phase ηC = 1 mPa s,
for both processing elements used (with one and two slits, re-
spectively). In the current study we performed experiments at
several additional flow rates and viscosities of the continuous
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phase. Therefore, in this section we describe the procedure used
for determination of ε under these additional conditions.

First, we measured the dependence of the flow rate, Q, on
the driving pressure, P , with the two geometries of the process-
ing element and with aqueous solutions of glycerol, which
had different viscosities, ηC = 1.0, 5.6, and 20 mPa s. The re-
sults obtained with pure water, ηC = 1 mPa s, are shown in
Fig. 4A as a dependence Q(P ), which is well represented by
a power-law empirical fit—see the dashed curves in Fig. 4A.
For both geometries of the processing element, this fit is rep-
resented by the equation Q = aqP

0.527, where aq1 = 0.329 for
the processing element with 1 slit, and aq2 = 0.231 for the 2-
slit processing element (Q is in mL/s, P is in Pa). The relation
between P and Q can be represented also by a power-law func-
tion, P = apQ

1.90, with ap1 = 8.24 for the 1-slit geometry and
ap2 = 16.22 for the 2-slit geometry. One sees from these values
that ap2 ≈ 2ap1, which shows that the pressure loss is about
twice higher for the two-slit processing element at the same
flow rate, Q.

The effect of the fluid viscosity, ηC, on the dependence
Q(P ) was studied for the processing element with two slits. As
seen from Fig. 4B, the experimental data for all studied systems
could be represented very well by a single master line, when
Q is presented as a function of the empirically found group
(P 0.53η−0.095

C ). The obtained linear relation

(14)Q = 0.116 × P 0.53η−0.095
C

reveals that the dependence of Q on ηC (at fixed P ) is very
weak in the range between 1 and 20 mPa s, which reflects
the turbulent nature of the flow in the homogenizer head (the
Reynolds number, Re � 1, see Fig. 4C).

The experimental results for the dependence Q(P ) could be
represented in the form of a friction coefficient, χ , convention-
ally defined as (see, e.g., Chapter 4 in [43]):

(15)χ =
(

P
H

L

)/(
1

2
ρCU2

1

)
,

where H is the gap width (395 µm in our experiments), L = 1
or 2 mm is the length of the gaps, and U1 is the mean linear
velocity of the fluid through the gap. The latter can be calcu-
lated from the relation U1 = Q/S, where S = πH(D − H)

is the area of the gap cross-section and D is the external di-
ameter of the annular gap. The respective Reynolds number
is defined as Re = ρCU1Hhyd/ηC, where Hhyd = 4S/HP and
HP = [2π(D −H)] is the wetted perimeter of the gap [27]. The
results for the dependence χ (Re) are summarized in Fig. 4C
for all conditions studied. One sees that, at the same Reynolds
number, the friction coefficient is the same for the processing el-
ements with one and two slits (see the empty and the full circles
in Fig. 4C), which indicates that the higher pressure required
to achieve the same flow rate in the 2-slit geometry is due ex-
clusively to the presence of two consecutive slits (with twice
longer total length, L) in this geometry. The obtained results
are reasonably well described by the semi-empirical relation
χ = 0.72Re−0.17. At high Reynolds numbers, Re � 12,000, the
friction coefficient remains almost constant, χ = 0.14, which is
around 15 times higher than that for smooth pipes with diameter
Table 1
Rate of energy dissipation, averaged over the volume of the slit in the process-
ing element, ε̄gap, as found from numerical simulations of the turbulent
flow [27]

Re Q (L/s) Geometry ε̄gap

(m2 s−3)

P × 10−5

(Pa)
q = VDIS/VGAP

8450 0.092 One slit 32,706 0.46 15.1
Two slits 57,490 0.84 15.6

13,250 0.145 One slit 180,247 1.11 10.4
Two slits 274,308 2.02 12.4

Note. For the two-slit processing element, only the value for the second slit is
shown, because this value is higher and governs the maximum drop size in the
produced emulsions. Re is the Reynolds number, Q is the emulsion flow rate
through the homogenizer, P is the driving pressure, VGAP is the geometrical
volume of the narrow slit (gap) in the homogenizer head, and VDIS is the effec-
tive volume, in which the main dissipation of turbulent energy takes place (see
Section 4 for further explanations).

equal to H and around 3 times lower than the friction coefficient
measured for static mixer in Ref. [21]. It should be mentioned
that even at relatively low Reynolds numbers, Re ≈ 500, the
friction coefficient differs significantly from the one character-
izing the laminar flow, χ = 64/Re [43], which shows that the
flow is turbulent in the entire range of emulsification conditions
studied. One can conclude from these comparisons that the used
narrow-gap homogenizer is a kind of a static mixer, creating tur-
bulent regime of emulsification.

The hydrodynamic conditions in the homogenizer are char-
acterized by the value of ε, which is a key parameter in the
theoretical models of the emulsification process in turbulent
flow. In a previous study [27], the values of the gap-averaged
turbulent dissipation rate, ε̄gap, was calculated numerically for
the 1-slit and 2-slit geometries of the processing element, and at
two different flow rates, Q, corresponding to different Reynolds
numbers (see Table 1). To find the dissipation rate distribution
in the homogenizer, three-dimensional numerical calculations
were carried out with Fluent 6.1.22 software package for hy-
drodynamic calculations. The standard k–ε model, combined
with the low-Reynolds-number model for the near-wall region,
was used to describe the flow.

To find a reasonable estimate of ε for all conditions used in
the current study, we utilized the fact that the rate of energy dis-
sipation, ε, can be approximately assessed by the relation [21]

(16)ε = PQ

ρCVDIS
,

where VDIS is the effective volume, in which the main turbu-
lent dissipation of energy takes place, whereas P and Q are the
respective pressure and flow rate during the experiment. There-
fore, if an estimate of VDIS is available, one could find ε from
Eq. (16) and the known values of P and Q.

From the numerical calculations performed in Ref. [27],
we could estimate the ratio q = VDIS/VGAP, where VGAP =
8.6×10−9 m3 is the geometrical volume of one gap (slit) in the
processing element. One sees from Table 1 that q is almost the
same for both studied processing elements when the Reynolds
numbers are similar. However, the value of q decreases by about
50% with the increase of the Reynolds number, Re, from 8450
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(A) (B)

(C)

Fig. 4. (A) Flow rate, Q, vs the applied pressure, P , for the processing elements with 1 slit (open circles) and with 2 slits (full circles). (B) Q vs (P 0.53η−0.095
C )

for the processing element with 2 slits, at three different viscosities of the aqueous phase, ηC. (C) Friction coefficient, χ , defined by Eq. (15), as a function of the
Reynolds number, Re. The points are experimental data, whereas the dashed curve is a power-law fit to these data, χ = 0.72Re−0.17.
to 13,250. Assuming as an approximation that the dissipation
volume depends linearly on the Reynolds number (in the range
of ε-values used in the current study), we could fit the data from
Table 1, for the processing element with 2 slits, by the equation
q = (21.24 − 6.7 × 10−4Re). Thus we obtained the following
approximate estimate:

(16′)ε = PQ

(21.2 − 6.67 × 10−4Re)ρCVGAP
.

To check the applicability of Eq. (16′) to describe the sys-
tems under investigation, we performed three series of control
emulsification experiments with hexadecane as oil phase, and
Brij 58, WPC and Na caseinate as emulsifiers. The Reynolds
number was varied between 6420 and 19,300, to cover the en-
tire range of energy dissipation rates, ε, used in the current
study. The experimental results for the maximum stable drop
diameter, dV95, are plotted in Fig. 5 as a function of the group
(ε−2/5σ 3/5ρ

−3/5
C ), see Eq. (4), by using for ε the values esti-

mated from Eq. (16′). The interfacial tensions entering Eq. (4)
were measured to be σ = 7.0, 28.5, and 28.8 mN/m for Brij 58,
WPC, and Na caseinate-stabilized emulsions, respectively (see
Section 5.1 for explanations about these values). One sees from
Fig. 5 that the experimental values of dV95 for all emulsions
fall on a straight line, in agreement with Eq. (4), which indi-
Fig. 5. Experimental values of dV95 plotted vs (ε−2/5σ 3/5ρ
−3/5
C ), see Eq. (4),

for hexadecane-in-water emulsions. From the slope of the best linear fit (dashed
line) one determines the constant A1 = 0.86. The emulsions are prepared with
three different emulsifiers and at several flow rates, Q, which correspond to
different Reynolds numbers, Re, and different rates of energy dissipation, ε (see
the text for further explanations).

cates that the values of ε used to construct the plot are properly
approximated by Eq. (16′). Note, that Eq. (16′) is supported also
by the numerical calculations of ε performed in Ref. [27].
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The slope of the straight line in Fig. 5 gives the value of
A1 = A3 ≈ 0.86 (see Eqs. (4) and (7)), which is very close
to the value A3 ≈ 1.0, suggested by Davies [16]. In the fol-
lowing Section 5, the value A3 = 0.86 is shown to describe
satisfactorily all results obtained with the various systems stud-
ied (including those with the more viscous oils).

5. Inertial turbulent regime of emulsification

In the current section we compare our experimental results
for the maximum drop diameter, dV95, with the respective the-
oretical expressions for the inertial turbulent regime of emul-
sification, see Eqs. (7) and (8). Particular attention is paid to
the values of the numerical constants, AK, entering these ex-
pressions to clarify which set of values ensures satisfactorily
description of the experimental data.

5.1. Experimental results and their comparison with
theoretical models

In Ref. [27] we studied the effects of the energy dissipation
rate, number of slits in the processing element, equilibrium in-
terfacial tension, and viscosity of the oil phase (varied between
3 and 100 mPa s) on the maximum drop size, dV95. The re-
sults were described with Eq. (7), by taking the literature value
A4 ≈ 0.35, and considering A3 as adjustable parameter. The
least-squares method gave A3 = 0.86 and a mean-square rel-
ative error of 12.5% [27]. A close look on the comparison
between the experimental data and the theoretical prediction ev-
idences, however, a not very large, but systematic deviation for
the emulsions prepared with the protein Na caseinate—the ex-
perimental drop size was somewhat larger than predicted (see
Fig. 9 in Ref. [27]).

To clarify the possible reasons for this discrepancy, in the
current study we performed additional experiments. Emulsifi-
cation experiments with another protein sample (whey protein
concentrate, WPC) showed similar systematic deviations when
using the equilibrium interfacial tension in the theoretical esti-
mates of dD. Interestingly, we found by direct numerical checks
that, if we use the interfacial tension of the pure oil–water inter-
face in the estimates for the protein-stabilized samples (instead
of the equilibrium interfacial tensions), we obtain better agree-
ment of the data with the theoretical predictions of dD. These re-
sults indicate that the protein adsorption is probably too slow to
justify the use of the equilibrium interfacial tension for descrip-
tion of the emulsification process in protein systems. Therefore,
we tested the use of the dynamic interfacial tensions of the pro-
tein solutions, as determined by the stopped jet method [40–42],
to estimate dD by Eq. (7). The dynamic tension at the short-
est achievable time in the stopped jet method, t = 40 ms, was
used in these estimates. The numerical checks showed that the
agreement between the experimental data and the predictions
of Eq. (7) is better for all protein-stabilized emulsions stud-
ied, when σ (t = 40 ms) is used to calculate dD. Therefore,
the dynamic interfacial tensions for the protein solutions and
the equilibrium interfacial tensions for the low molecular mass
surfactants (which gave better agreement) are used in the fol-
lowing consideration.

According to Eq. (7), the experimental data for the various
systems should fall on a master line, when plotted as (d/dKI)

5/3

versus ηD(εd)1/3/σ . The respective dependences for dV95 and
d32 are presented in Figs. 6A and 6B, respectively, for hexade-
cane with ηD = 3 mPa s, mineral oil with ηD = 27 mPa s, soy-
bean oil with ηD = 50 mPa s, and silicone oils with ηD = 50 and
95 mPa s. Emulsions stabilized with different surfactants were
studied to ensure a wide range of interfacial tensions, varying
between 4.8 and 28.8 mN/m (see Table S1 in Supplementary
material attached to this paper). As seen from Fig. 6A, the
experimental data for all systems follow a linear dependence,
which was plotted by using the value of A3 = A1 = 0.86 as
obtained with the hexadecane samples (Fig. 5) and A4 = 0.37,
which was determined from the best fit to the data for all oils
included in this figure. The respective correlation coefficient is
r2 = 0.93. The data for d32 were also described rather well by
a linear dependence for all oils with ηD < 100 mPa s, by using
the values A3 = 0.56 and A4 = 0.23 (r2 = 0.96, Fig. 6B). The
difference between the values of A3 for dV95 and d32 reflects
the fact that the mean volume-surface diameter is about twice
smaller than the maximum diameter at low viscosity of the oil,
d32/dV95 ≈ 0.6. The lower value of A4 for d32 indicates differ-
ent relative contributions of the viscous friction into dV95 and
d32, which is related also to the observed higher polydispersity
of the emulsions prepared with more viscous oils (see below for
discussion of polydispersity).

We tested the values of A3 and A4, obtained as described
above, with systems having higher viscosity of the dispersed
phase, 100 < ηD < 500 mPa s. The experimental data for five
emulsions—four of them obtained with silicone oils with ηD =
194, 220, and 494 mPa s, and another emulsion obtained with
mineral oil with ηD = 147 mPa s, were added to the plot
(d/dKI)

5/3 versus ηD(εd)1/3/σ , see Figs. 6C and 6D. As seen
from Fig. 6C, the data for the maximum stable diameter, dV95,
in the emulsions with ηD = 147, 194, and 220 mPa s fall rela-
tively well on the predicted line. For the most viscous oil with
ηD = 494 mPa s (denoted as Sil500 in Fig. 6), the deviation
is already significant (by ≈25%). On the other hand, Fig. 6D
shows that for all viscous oils with ηD > 150 mPa s, the dis-
crepancy between the measured values of d32 and the estimated
linear dependence is significant and rapidly increases with oil
viscosity. One can conclude from these results that the linear
dependence defined by Eq. (7) is satisfied in significantly wider
range of oil viscosities for dV95, as compared to d32.

The latter experimental result is in agreement with the pre-
sumption that Eqs. (7) and (8) are derived for the maximum
diameter of the stable drops (represented better by dV95) rather
than for the mean diameter d32. This difference is insignificant
for emulsions with fixed drop polydispersity, for which the ra-
tio dV95/d32 remains constant and, subsequently, the two plots
would be linear in the same range of governing parameters.
However, if the emulsions have different polydispersities, the
ratio dV95/d32 changes, and the linear dependence presented
by Eq. (7) cannot be simultaneously satisfied for both dV95
and d32. Indeed, the examination of our experimental results
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(A) (B)

(C) (D)

Fig. 6. (A, B) Plots of (d/dKI)
5/3 as a function of ηD(εd)1/3/σ for 27 emulsions with 3.0 � ηD � 95 mPa s. (A) and (B) correspond to d = dV95 and d = d32,

respectively. The symbols are experimental data, whereas the dashed lines represent best linear fits, according to Eq. (7). (C, D) Similar plots including 32 emulsions
with 3.0 � ηD � 494 mPa s. The dashed lines are drawn to be the same as in (A) and (B).
showed that the emulsions obtained with more viscous oils were
significantly more polydisperse than those obtained with oils of
lower viscosity, see Table S1.

Fig. 7 presents the correlation plot between the theoretically
predicted values of the maximum stable drop diameters, dD,
calculated from Eq. (7) with A3 = 0.86 and A4 = 0.37, and
the corresponding experimentally measured diameters, dV95,
for all emulsions studied. As seen from Fig. 7, the correlation
is relatively good in a wide range of oil viscosities (3 � ηD <

500 mPa s), interfacial tensions (5 � σ � 28 mN/m), energy
dissipation rates (2.2 × 104 � ε � 9.6 × 105 J/kg s) and for the
two geometries of the processing element used. The average
relative error is ≈8%. Therefore, the theoretical model, Eq. (7),
with A3 = 0.86 and A4 = 0.37, predicts rather well the effects
on the maximum drop diameter, dV95, of all factors studied.

The effects of the studied factors on the polydispersities of
the emulsions are illustrated in Fig. 8 (see also Table S1). Ac-
cording to Eq. (10), the volume distribution of different emul-
sions with similar polydispersity should fall on a master curve,
when the cumulative distribution FV is plotted as a function
of the scaled drop diameter, d/dV50. We found that the experi-
Fig. 7. Correlation plot for the theoretically predicted values of the maximum
drop diameter, dD (see Eq. (7)), and the corresponding experimental values,
dV95. The symbols correspond to different systems, as described in Fig. 6.

mental data for the drop-size distribution fall on a master curve,
when the emulsions are prepared with oils of similar viscosities,
see Fig. 8A. In other words, the emulsion polydispersity var-
ied only slightly with the changes in the interfacial tension and
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(A)

(B)

Fig. 8. (A) Cumulative distribution by volume, FV, versus the scaled drop
diameter, d/dV50, for hexadecane. The points are experimental data for emul-
sions prepared under different conditions as indicated in the legend, whereas
the dashed curve is the best fit by normal distribution function, Eq. (10). In the
legend, Q is the flow rate in L/s, whereas 1S and 2S indicate the processing el-
ements with 1 and 2 slits, respectively. (B) Comparison of the best fits of the
cumulative volume functions, FV, for oils with different viscosities, versus the
scaled drop diameter, d/dV.

the rate of energy dissipation during emulsification. However,
the distributions for emulsions obtained with oils of different
viscosities were rather different from each other—see the com-
parison in Fig. 8B. As one can see from the data shown in
Table S1, the scaled polydispersity of the emulsions, σV/dV50,
significantly increased with the increase of oil viscosity. These
results are further discussed in the following subsection.

5.2. Comparison of our results with the results by other
authors

The values of the numerical constants A3 = Aσ and A4 = Aη

obtained by interpreting our data with Eq. (7) are compared in
Table 2 with the values of the same constants, as determined
by other authors. For comparison, we show also the type of
the used emulsifying device and the ranges of dispersed phase
viscosities and interfacial tensions, explored by the different
authors.
One sees that the values of Aσ and Aη obtained in the cur-
rent study are in a very good agreement with those presented in
the papers by Davies [16] and Hinze [13], and substantially dif-
fer from those reported in Refs. [14,18–20]. The values of Aσ

reported in Refs. [18–20] are much smaller than those found in
our study and in Refs. [13,16], whereas the opposite trend is ob-
served for the values of Aη. Note that the value of Aη accounts
for the relative contribution of the viscous friction in the drop
breakup process, so that the actual value of this constant brings
a non-trivial physicochemical information.

The discrepancy noticed above arises most probably from
the different expressions used to estimate the rate of energy
dissipation in the emulsification devices. The values reported
in Refs. [14,18–20] were obtained with impeller devices, and
the respective average values of ε were used to construct lin-
ear plots similar to those shown in Fig. 6 and to determine the
values of Aσ and Aη . On the other hand, the average values
of ε in the impeller devices were shown to be about two or-
ders of magnitude smaller than the maximum values of ε, which
are realized in the regions close to the impeller tips, where the
stirring is most intensive [3,44]. One could expect that after
a sufficiently long period of emulsification, when the steady-
state drop-size distribution is achieved, the maximum drop size
should be governed mainly by the regions with highest rate of
energy dissipation, rather than by regions characterized with the
average values of ε. Our numerical checks showed that, if the
maximum values of ε (≈80 times higher than the average ones
[3,44]) are used to fit the same set of experimental data, the val-
ues of Aσ and Aη corresponding to ≈0.09 and ≈3.5 for dV95
in impeller devices [18–20] become equal to ≈0.5 and ≈0.9,
respectively, i.e. much closer to the values determined in our
study and with static mixer in Ref. [21]—see Fig. 9 for illustra-
tion of this effect of ε on the estimated values of Aσ and Aη .

Summarizing, we suppose that the main reason for the large
differences in the values of A3 and A4, reported by various au-
thors, is due mainly to the specific definition of ε, which is used
to construct the linear plots in the studies with impellers. Note
that by unifying the definitions of ε for the various emulsifica-
tion devices (e.g., by using the rate of energy dissipation in the
“most active” zones of the impeller type homogenizers), one
would be able to predict better the results from emulsification
of a given system in the various devices.

To the end of this subsection, we discuss briefly the results
about the emulsion polydispersity. As explained in Section 5.1,
we could not describe our experimental data by a single mas-
ter curve for the oils with different viscosities (which was the
case with the experimental results described by Calabrese et al.
[18–21] for the oils falling in the same viscosity range). This
result is related to the fact that the oils with higher viscosity
resulted in more polydisperse emulsions in our experiments,
whereas the polydispersities of all emulsions were very simi-
lar in Refs. [18–21]. This difference is probably due to the fact
that the drop-size distributions in our systems are strongly af-
fected by the small daughter drops (called also in the literature
“satellite drops”), which form during emulsification and have
diameters much smaller than dK and dD. Indeed, the typical
mean drop size in our experiments was of the order of mi-
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Table 2
Values of the constants Aσ and Aη (see Eq. (7) and the paragraph after Eq. (8)), as determined by various authors to describe the drop breakup in inertial turbulent
regime of emulsification

Study Homogenizer type Viscosity range (mPa s) Interfacial tension (mN/m) Aσ Aη

Davies [16] Theoretical expression ≈1.0 ≈0.35a

Sprow [14] Impellers 0.51 41.8 0.138 Not defined
Calabrese et al. [18–20] Impellers 5 to 500 1 to 45 ≈0.09 ≈3.5
Berkman and Calabrese [21] Static mixer 0.6 to 200 31.8 to 41.6 0.416 1.47
Hinze [13] Coaxial cylinders Low Not defined 0.725 Not defined
Current study Narrow-gap homogenizer 3 to 500 ≈5 to 30 0.86 0.37

a Calculated by us, following the approach from Ref. [16] and by using the numerical constants C1 and C2 determined by Batchelor [32].
(A)

(B)

Fig. 9. Plot of (d/dKI)
5/3 as a function of ηD(εd)1/3/σ , with experimen-

tal data from Ref. [19] obtained with impellers (1.0 � ηD � 500 mPa s,
1.0 � σ � 45 mN/m): (A) based on the mean value of the power dissipation
rate, εMEAN = 0.97N3L2 (Eq. (11) in Ref. [18]), where N is impeller speed
and L is impeller diameter; (B) based on the maximal value of the power dis-
sipation rate, εMAX ≈ 80εMEAN. The symbols represent experimental data for
dMAX ≈ d32/0.6 [19], whereas the lines represent fits by Eq. (8), with values
of Aσ and Aη as shown in the graphs.

crometers and was strongly affected by the contribution of the
satellite drops, which have comparable sizes. In contrast, the
typical mean drop size in the emulsions studied by Calabrese et
al. [18–21] was above 100 µm, which suggests that the satellite
drops (probably of micrometer size) had negligible contribu-
tion into the volume size distributions, presented and discussed
in Refs. [18–21].
The contribution of the satellite drops in our systems was
particularly important in the size distributions by number. These
distributions were better represented by the log–normal model
function (as compared to the normal distribution), and the mean
number diameter, dN50, was determined mainly by the size of
satellite drops with diameters well below dD. As seen from Ta-
ble S1, the only clear effect of the various factors on dN50 was
the larger values, observed with the protein solutions of Na ca-
seinate and WPC, which had rather high interfacial tensions. On
the other hand, the polydispersity in the number distributions
increased significantly with the increase of both the interfacial
tension and oil viscosity, see Table S1 and Fig. S2 for examples.
These results are further discussed in our subsequent study [8].

6. Emulsification in turbulent viscous regime

According to Kolmogorov theory [12], the increase of the
viscosity of the aqueous phase, ηC, leads to increase of the size
of the smallest turbulent eddies, λ0 (see Eq. (1)). As a result, the
emulsified drops could become smaller than λ0 and the emul-
sification would occur in the viscous regime (see Eq. (6) and
Fig. 1). The effect of the emulsification regime (inertial turbu-
lent or viscous turbulent) on the drop size is explored in the
current section.

6.1. Effect of the viscosity of the aqueous phase, ηC

The effect of ηC on the drop-size distribution was studied
with diluted emulsions, Φ = 0.01, of silicone oil with viscosity
95 mPa s. To ensure high emulsion stability (especially needed
at the higher oil volume fractions discussed in the following
Section 6.2), we used the surfactant mixture of betaine and
SDP3S, with 1 wt% total concentration and 3:2 molar ratio.
To increase the viscosity of the aqueous phase, we added glyc-
erol with concentration varied between 0 and 70 wt%, which
corresponded to variations of ηC between 1 and 18 mPa s.

The experimental results showed that the maximum size of
the drops, dV95, decreased almost 3 times (from 17 to 6 µm),
while increasing ηC from 1 to 18 mPa s, see Fig. 10. Note that
the increase of the driving pressure, P , needed to achieve the
smaller drop size in these emulsions, was relatively small (by
≈30% only), due to the very weak dependence of P on ηC, see
Eq. (14).

To clarify the type of the emulsification regime realized
at the various viscosities of the aqueous phase, we calcu-
lated the maximum drop diameter, dD, as predicted by Eq. (7)
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Fig. 10. Maximum drop diameter, dV95, as a function of the viscosity of the
aqueous phase, ηC, for emulsions of silicone oil with ηD = 95 mPa s, stabilized
by 1 wt% betaine + SDP3S (molar ratio 3:2) + glycerol of different concentra-
tions. The two curves show the theoretical predictions for the maximum drop
diameter in the inertial regime, dD, and in the viscous turbulent regime, dKV
(see Eqs. (7) and (6), respectively).

with A3 = 0.86 and A4 = 0.37, and compared this theoreti-
cal prediction to the experimentally measured values of dV95.
A significant discrepancy is observed between the theoretically
predicted and the experimentally measured values (the ratio
dD/dV95 > 1), when the viscosity ηC becomes higher than ca.
3 mPa s. The facts that (i) the drop size decreases with the
viscosity of the continuous phase and (ii) Eq. (7) derived for
the inertial regime of emulsification does not describe the drop
size at ηC > 3 mPa s, indicate that the regime of emulsification
changed from turbulent inertial into turbulent viscous at higher
viscosity of the aqueous phase, cf. Eqs. (6) and (7). To check
further this hypothesis, we estimated the size of the smallest
turbulent eddies, λ0, by Eq. (1) and found that a significant de-
viation from the theoretical dependence for the inertial regime
of emulsification is observed when the drop diameter, d32, be-
comes comparable to λ0 (see Table S2).

Thus we can conclude that the drop breakup in emulsions
with ηC > 3 mPa s occurs in the viscous turbulent regime, for
which the maximum stable diameter is given by Eq. (6). Us-
ing the values of ε from Eq. (16′), and the experimental values
of ηC and σ , we could compare the theoretically predicted dKV

from Eq. (6) with the experimental values of dV95. This compar-
ison showed that dKV ≈ dV95, if A2 ≈ 4 (see Fig. 10), which is
a very reasonable value. Indeed, if we equilibrate the capillary
pressure of the oil drops, PC = 4σ/d , with the viscous stress in
the smallest eddies, Eq. (5), we obtain the theoretical estimate
A2 ≈ 4, which agrees perfectly with the experimental results.
However, one should note that from hydrodynamic viewpoint
A2 is an analog of the critical number for drop breakup in shear
flows and, therefore, A2 is expected to depend on the viscos-
ity ratio ηD/ηC. More experimental data are needed to check
whether Eq. (6), with appropriately chosen values of A2, could
describe adequately the maximum drop diameter in the viscous
turbulent regime for a wider range of systems.

The experimental data for the drop-size distribution by vol-
ume, FV, as a function of the scaled drop diameter, d/dV50,
are compared in Fig. S3 for different viscosities of the aqueous
phase. The drops are reasonably well described by normal dis-
tribution function. The dimensional polydispersity of the drops,
σV, was found to decrease, whereas the scaled polydispersity,
σV/dV50, increased (due to the faster decrease of dV50) with the
increase of the viscosity of the aqueous phase, ηC, see Table S2.

In conclusion, a transition from inertial into viscous regime
of emulsification in turbulent flow could be accomplished by a
moderate increase of the viscosity of the aqueous phase, which
results in smaller mean and maximum drop diameters. Since the
hydrodynamic resistance of the used narrow-gap homogenizer
(which is a kind of static mixer) depends only slightly on the
viscosity of the aqueous phase in the case of turbulent flow, see
Fig. 4B, this is an appropriate procedure for obtaining finely
dispersed emulsion droplets.

6.2. Effect of the oil volume fraction, Φ

The effect of Φ was studied for emulsions of silicone oils
with viscosities of 100, 1000, and 10,000 mPa s. The surfac-
tant mixture betaine + SDP3S in molar ratio 3:2 was used to
stabilize the drops against coalescence. In the emulsions with
oil volume fraction varied between Φ = 0.01 and 0.2, the total
surfactant concentration was 1 wt% (defined with respect to the
aqueous phase in the emulsion). In the emulsions with Φ = 0.5,
the total surfactant concentration was 2.5 wt%, and in the emul-
sions with Φ = 0.7 and 0.8 the surfactant concentration was
5.8 wt%. These higher concentrations were chosen to ensure
sufficient surfactant in the emulsion, which was able to cover
the surface of drops of mean diameter as small as d32 ≈ 1 µm,
with adsorption layer of at least Γ = 2.5 mg/m2, thus avoiding
the possible surfactant depletion from the aqueous phase during
the emulsification process (for estimate of the effect of surfac-
tant adsorption on the bulk surfactant concentration see Eq. (4)
in Ref. [26]).

The experimental results for dV95(Φ) and d32(Φ) are shown
in Fig. 11. For all oils, the maximum and the mean drop di-
ameters change only slightly upon the initial increase of Φ

from 0.01 to ca. 0.5. The further increase of Φ causes a sharp
decrease of dV95 and d32. Furthermore, the microscope obser-
vations revealed that the increase of Φ above 0.6 led to de-
crease of emulsion polydispersity (see Table S3). This effect
was more pronounced for the emulsions of the more viscous
oil, which were very polydisperse at low volume fractions, see
Fig. 12 (see also the discussion in Section 5.5 of the third part
of this series [8]). Similar decrease of the mean drop size and of
the emulsion polydispersity upon increase of Φ were reported
previously in the literature [45–47], without giving an explicit
explanation for the observed trends. The sharp change in the
emulsion characteristics upon the increase of Φ above 0.6 in-
dicates a possible change in the regime of emulsification when
concentrated emulsion is passed through the homogenizer. In
the following, we suggest a plausible explanation of these re-
sults.

Following our discussion from the previous Section 6.1, we
suppose that the observed decrease of the mean drop size at high
oil volume fraction (Φ > 0.6) is related to the increased vis-
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(A)

(B)

Fig. 11. (A) Maximum drop diameter by volume, dV95, and (B) mean vol-
ume-surface diameter, d32, as functions of the oil volume fraction, Φ , for emul-
sions of silicone oil with ηD = 95 mPa s (circles), ηD = 1024 mPa s (squares),
and ηD = 10,000 mPa s (triangles) stabilized by betaine + SDP3S (molar ratio
3:2).

cosity of the concentrated emulsions, which induces a change
of the emulsification regime from turbulent inertial to turbulent
viscous. To check this hypothesis we characterized the rheolog-
ical properties of the concentrated emulsions with Φ = 0.7 and
0.8, of three silicone oils (ηD ≈ 100, 1000, and 10,000 mPa s).
The dependence of the shear stress on the shear rate, τ(γ̇ ), was
measured as described in Section 3.4 and the Hershel–Bulkley
model was used to fit the data and to determine the yield stress,
τ0, the consistency, cη and the power-law index, m, of these
emulsions, see Table 3. As expected, the yield stress, τ0, in-
creased with the increase of Φ and with the decrease of the
mean drop size [37,48]. For all studied emulsions, the con-
tribution of τ0 to the total shear stress was negligible for the
relatively high shear rates, which are realized in the homoge-
nizer head, γ̇ > 104 s−1 (see below for the respective estimate).
Therefore, the contribution of τ0 is neglected in the following
discussion and the emulsions are described as power-law fluids.

To estimate the mean drop size in concentrated emulsions,
subject to turbulent flow, we should modify Eqs. (1) and (6)
to account for the non-Newtonian rheological behavior of these
emulsions. Following the reasoning of Kolmogorov [12,43], we
Fig. 12. Cumulative volume distribution, FV, as a function of the scaled drop
diameter, d/dV50, for emulsions of silicone oil with viscosity 1024 mPa s, pre-
pared at two oil volume fractions, Φ .

could estimate the size of the smallest eddies in the flow, λ0, by
assuming equal magnitude of the fluctuations in the dynamic
pressure, 〈�PT〉, and the viscous stress, τC, for these eddies:

〈�PT〉 ≈ τC ⇒ ρCU2
λ ∼ ρC(ελ0)

2/3

(17)≈ cηγ̇
m ∼ cη

[
(ελ0)

1/3

λ0

]m

.

From Eq. (17), the following expression for λ0 is obtained in
the case of a power-law fluid:

(18)λ0 =
(

cη

ρC

)3/(2(1+m))

ε(m−2)/(2(1+m)),

which reduces to Eq. (1) upon setting m = 1. Next, by assuming
comparable average viscous stress in the emulsion and capil-
lary pressure of the drops, we obtain an analog of Eq. (6) for
the maximum diameter of the stable drops in a concentrated
emulsion, characterized as a power-law fluid:

dV,PL = A7σc−1/(m+1)
η (ερC)−m/(m+1),

power-law emulsion viscous turbulent regime of

(19)emulsification.

Here A7 is unknown constant, which could depend on the vis-
cosity of the dispersed phase (it plays the role of the critical
capillary number leading to drop breakage in shear flow).

From the experimentally measured values of cη and σ , and
from the values of ε calculated from Eq. (16′), we could esti-
mate the maximum diameter of the stable drops from Eq. (19)
and compare it with the experimental values of dV95. In this
way we could determine the value of A7 for the various con-
centrated emulsions studied. The obtained results for A7 are
plotted in Fig. 13 as a function of the viscosity ratio, ηD/ηEM,
where ηEM is the effective viscosity of the emulsion at shear
rate, γ̇ ≈ ε1/3λ

−2/3
0 ∼ 105 s−1, as estimated from Eqs. (17)

and (18), see Table 3. One sees that the obtained values of A7
are in the range between ca. 1 and 10, and rapidly increase with
the viscosity ratio, ηD/ηEM, which could be expected for drops
with viscosity ratio higher than unity [49–51]. Note that these
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Table 3
Properties of the emulsions studied in Section 6.2

ηD (mPa s) Φ d32 (µm) dV95 (µm) τ0 (Pa) cη (Pa sm) m ε × 10−5 (J/kg s) λ0 (µm) γ̇ × 10−5 (s−1)

95 0.01 9.6 17.5 0 0.94 × 10−3 1 2.7 1.3 5.4
95 0.2 8.2 18.8 0 1.5 × 10−3 1 2.7 1.8 4.4
95 0.7 3.4 3.9 9 1.633 0.6167 3.7 10.8 1.5
95 0.8 2.4 2.6 29 12.46 0.4483 1.9 15.8 0.9

1024 0.7 3.4 7.2 <5 1.824 0.6505 4.4 16.0 1.2
1024 0.8 4.6 5.4 25 6.222 0.5777 2.1 31.9 0.6

10,000 0.8 10.7 30.5 <10 5.581 0.5768 1.7 31.3 0.6

Note. ηD is viscosity of the oil phase, Φ is oil volume fraction, d32 is mean volume-surface diameter, dV95 is maximum drop diameter by volume, τ0 is emulsion
yield stress, cη is emulsion consistency, and m is power-law index in the stress vs shear rate dependence. The rate of energy dissipation, ε, is estimated from
Eq. (16′); the size of the smallest eddies, λ0, is estimated by Eq. (18); and the average shear rate in the smallest eddies, γ̇ , is estimated by Eq. (17).
Fig. 13. Critical number, A7, for breakup of silicone oil drops in viscous turbu-
lent regime of emulsification, as a function of the viscosity ratio, ηD/ηEM (see
Section 6.2 for explanations). The dashed curve is guide to the eye.

values of A7 are similar in magnitude to A2 ≈ 4, which was
determined in Section 6.1 for the viscous regime of emulsifi-
cation with diluted emulsions prepared with viscous aqueous
phase, ηC > 3 mPa s. This comparison is another indication that
the smaller drops obtained in concentrated emulsions could be
explained as a result of changing the regime of emulsification
from inertial to viscous due to the increase of Φ .

The estimates performed above should be considered as a
first approximation only, because the rate of energy dissipa-
tion was calculated from Eq. (16′), which might be inapplicable
to such concentrated emulsions. However, the observed cor-
rect trends and the reasonable values of the estimated quantities
indicate that Eqs. (17)–(19) can be used for approximate esti-
mates in the case of concentrated emulsions.

6.3. Discussion—transition between inertial turbulent and
viscous turbulent regimes of emulsification

The results described above and their interpretation show
that the factors controlling the maximum drop size are different
in the two regimes of turbulent emulsification. This difference is
particularly important when emulsifying viscous oils, because
much smaller droplets could be obtained in the viscous regime
of emulsification, at equivalent other conditions. Therefore, it
is important for the researchers and practitioners to be able to
recognize which of these regimes is realized in their equipment
and how one could switch between them.

For non-viscous oils, ηD ≈ ηC, the respective analysis is
straightforward, being based on the Kolmogorov–Hinze theory,
Eqs. (1), (4), and (6). At known power dissipation energy, ε,
one can estimate from these equations the size of the smallest
eddies in the turbulent flow, λ0, and the predicted drop diam-
eters in the two regimes of emulsification, dKH and dKV. If
these equations predict λ0 < dKH, then the emulsification oc-
curs in the inertial regime of emulsification. In contrast, if the
equations predict dKV < λ0, then the emulsification occurs in
the viscous regime of emulsification. Finally, if the equations
predict dKH ≈ dKV ≈ λ0, the emulsification occurs in the tran-
sitional regime between the viscous and the inertial regimes.
Note that Eqs. (4) and (6) are derived under the assumption
dKV < λ0 < dKH and could be used to predict the actual drop
size in these ranges only.

The results obtained in Sections 6.1 and 6.2 show that the
above arguments are not applicable to emulsions of more vis-
cous oils, because we see a significant effect of ηC on the max-
imum drop size, dV95, even when the calculated values of dD
(Eq. (7)) are much larger than λ0. For these oils, one could
compare the maximum drop diameters, dD and dKV, as pre-
dicted by Eqs. (6) and (7). If the estimated sizes dKV > dD > λ0,
then the inertial forces are more efficient in breaking the drops
and the emulsification is in the inertial regime. In the case,
dKV < λ0, the emulsification occurs in the viscous regime, inde-
pendently of the ratio of dD and λ0 (one can show theoretically
that dKV < dD in these systems). There is an intermediate case,
in which the estimates show dD > dKV > λ0, where it is not ob-
vious which of the emulsification regimes is operative, because
Eq. (6) for dKV is not justified in this case. In our experiments,
see Fig. 10, we interpreted the respective data as correspond-
ing to the viscous regime of emulsification, because we detect
a significant effect of ηC on the drop size (see the following
paragraph). Note that for these theoretical estimates one should
know the values of ε and A2 (or A7 for the non-Newtonian flu-
ids), which makes this procedure not always feasible.

Alternatively, one could try to deduce the regime of emulsi-
fication for the viscous oils by investigating experimentally the
effect of ηC on the drop size. If the drop size is not affected sig-
nificantly by variations of the viscosity of the continuous phase
in a relatively narrow range (e.g., up to 2–3 times), this is a
good indication that the emulsification is in the inertial regime.
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In contrast, if the drop diameter decreases with the increase of
ηC and the experimental values of dV95 are smaller than λ0, this
is a good indication for a viscous regime of emulsification.

The analysis of Eqs. (1), (4), (6), and (7) shows that the
most efficient factor for changing the regime of emulsification
is the viscosity of the continuous phase, ηC, because it affects
strongly λ0 and dKV, without affecting dKH and dD. In contrast,
ε is not appropriate variable in this aspect, because it affects
dKH, dD, and λ0 in a similar way: dKH/λ0 ∝ ε−3/20 for non-
viscous oils (negligible ηD in the drop breakup process) and
dD/λ0 ∝ ε0 for viscous oils (negligible capillary pressure).

7. Conclusions

Systematic series of emulsification experiments is per-
formed to quantify the effects of several factors on the mean
drop size, d32, the maximum drop size, dV95, and the emul-
sion polydispersity after emulsification in turbulent flow. These
factors include: oil viscosity, ηD, viscosity of the continuous
phase, ηC, interfacial tension, σ , oil volume fraction, Φ , and
rate of energy dissipation in the turbulent flow, ε. The results
clarify that the emulsification could be performed in the two
qualitatively different regimes predicted by the Kolmogorov’s
theory [12], inertial turbulent and viscous turbulent. The main
observations and conclusions from the study could be summa-
rized as follows:

Emulsification in inertial turbulent regime

• The mean and the maximum drop diameters increase with
the increase of ηD and σ , and with the decrease of ε. In
contrast, the mean drop size depends slightly on Φ and ηC
in the inertial regime of emulsification.

• The emulsion polydispersity does not depend significantly
on σ and ε, but increases strongly with the increase of oil
viscosity, ηD.

• The inertial regime is inappropriate for emulsification of
viscous oils with ηD > 500 mPa s, if drops of micrometer
size have to be obtained.

Emulsification in viscous turbulent regime

• Transition from inertial to viscous turbulent regime of
emulsification can be accomplished by a moderate increase
of the viscosity of the aqueous phase (ηC > 3 mPa s in the
studied systems) and/or by increase of the oil volume frac-
tion, Φ > 0.6.

• The viscous regime of emulsification is appropriate for
emulsification of very viscous oils with ηD up to 10,000
mPa s. Typically, smaller drops are obtained in the viscous
turbulent regime of emulsification (as compared to the in-
ertial regime) at similar other conditions.

• The drop polydispersity for emulsions prepared with vis-
cous silicone oils significantly decreases when the viscous
regime is realized by increase of the oil volume fraction
above 0.6. Apparently, the microstructure of the concen-
trated emulsions modifies the mode of drop breakup in the
process of drop deformation, so that more uniform drops
are formed.

Comparison of the experimental results with theoretical ex-
pressions

• The experimental data for the maximum drop size, dV95,
in the inertial regime of emulsification are reasonably well
described by the Davies expression, Eq. (7), for all systems
with ηD < 500 mPa s.

• The use of Eq. (7) to describe the mean drop size, d32,
has more limited application—to emulsions with similar
polydispersities only (in our systems, for oils with ηD <

100 mPa s).
• The numerical constants, which account for the contribu-

tions of the viscous dissipation inside the drops and for
the surface deformation, are determined by interpreting our
experimental data with Eq. (7) and by comparison with lit-
erature results. We found that Eq. (7) with A1 = A3 = 0.86
and A4 = 0.37 predicts rather well dV95 for a wide range of
oil viscosities, interfacial tensions, and hydrodynamic con-
ditions during emulsification. These values are very close
to those predicted theoretically by Davies [16], A3 ≈ 1.0
and A4 ≈ 0.35. The difference between the numerical val-
ues reported in the current study, and other values reported
in literature, is explained with the different definitions of ε,
used in the various studies.

• The maximum size of the droplets obtained in the vis-
cous turbulent regime was successfully described by Eq. (6)
(with A2 ≈ 4 for oil with viscosity 95 mPa s).

• The maximum size of the droplets obtained in concentrated
emulsions was described by Eq. (19) with A7 considered as
a free parameter, depending on the viscosity ratio ηD/ηEM.
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Appendix A. Notation

Capital Latin letters

A dimensionless constants appearing in the equations for
the drop diameter, d

A1 Eq. (4)
A2 Eq. (6)
A3,A4 Eq. (7)
A5,A6 Eq. (8)
A7 Eq. (19)
Aσ ,Aη dimensionless constants accounting for the effects of

the capillary pressure and of the viscous dissipation
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inside the drop, respectively, in the process of drop de-
formation and breakage

C1,C2 dimensionless constants characterizing the turbulent
flow in Kolmogorov’s theory, Eq. (2)

D external diameter of the annular gap in the processing
element

FV(d) cumulative distribution function by volume
FN(d) cumulative distribution function by number
H geometric width of the gap in the processing element,

Eq. (15)
Hhyd characteristic hydrodynamic width of the gap, defined

as [4S/HP]
HP wetted perimeter of the gap, defined as [2π(D − H)]
L total length of the gaps in the processing element,

Eq. (15)
Ni number of drops with diameter di , measured by optical

microscopy
P pressure
P driving pressure of the emulsification process
PC drop capillary pressure
〈�PT(d)〉 statistically averaged fluctuations in the dynamic

turbulent pressure between two points separated at dis-
tance, d , from each other

Q flow rate of the emulsion through the homogenizer
Re Reynolds number of the fluid, defined as Re = ρCU1 ×

Hhyd/ηC

S area of the gap cross-section, defined as [πH(D−H)]
U velocity
U1 mean linear velocity of the fluid through the gap in the

processing element, Eq. (15)
〈U2〉 mean square fluctuations in the fluid velocity
Uλ0 characteristic fluid velocity inside the smallest turbu-

lent eddies
V volume
VDIS effective volume, in which the main turbulent dissipa-

tion of energy occurs
VGAP geometrical volume of one gap in the processing ele-

ment

Small Latin letters

a constants of proportionality between the flow rate and
the driving pressure during emulsification

ap1 for the pressure as a function of the flow rate for 1-slit
processing element

ap2 for the pressure as a function of the flow rate for 2-slit
processing element

aq1 for the flow rate as a function of the pressure for 1-slit
processing element

aq2 for the flow rate as a function of the pressure for 2-slit
processing element

cη emulsion consistency, Eq. (13)
d drop diameter
dC maximum diameter of stable Newtonian drops ac-

cording to Eq. (8) (Calabrese et al. [18–21], inertial
regime)
dD maximum diameter of stable Newtonian drops accord-
ing to Eq. (7) (Davies [16], inertial regime)

dKH maximum diameter of stable drops at negligible vis-
cosity of the drop phase according to Eq. (4) (Kolmo-
gorov–Hinze [12,13], inertial regime)

dKI group (ε−2/5σ 3/5ρ
−3/5
C ) with dimension of length,

Eq. (4)
dKV maximum diameter of the stable drops in the viscous

regime of emulsification according to Eq. (6)
dV,PL maximum diameter of stable drops in a concentrated

emulsion behaving as a power-law fluid, Eq. (19)
d32 experimentally measured mean volume-surface diam-

eter
d̄10 geometric mean diameter by number in the log–

normal distribution, Eq. (11)
dN50 experimentally measured mean diameter, 50% by

number, Eq. (11)
d̄V mean diameter by volume in the normal distribution,

Eqs. (9) and (10)
dV50 experimentally measured mean diameter, 50% by vol-

ume, Eq. (10)
dV95 experimentally measured maximum drop diameter,

95% by volume
m power-law index characterizing the rheological prop-

erties of concentrated emulsion, Eq. (13)
q ratio (VDIS/VGAP)
r2 correlation coefficient

Capital Greek letters

Γ adsorption of the emulsifier on drop surface
Φ oil volume fraction

Small Greek letters

χ friction coefficient, Eq. (15)
ε rate of energy dissipation in the turbulent flow per unit

mass of the fluid
ε̄gap rate of energy dissipation, averaged over the volume

of the gap in the processing element
γ̇ shear rate
η dynamic viscosity
ηC viscosity of the continuous (aqueous) phase
ηD viscosity of the dispersed (oil) phase
ηEM effective viscosity of the emulsion at shear rate γ̇ ∼

105 s−1

λ0 size of the smallest turbulent eddies
ρ mass density
ρD mass density of the dispersed phase
ρC mass density of the continuous phase
σ equilibrium interfacial tension
σ(t) dynamic interfacial tension
σLN dimensionless width of the log–normal distribution by

number, Eq. (11)
σV dimensional width of the normal distribution by vol-

ume, Eq. (9)
τ stress
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τ0 yield stress of concentrated emulsion
τC viscous stress inside the turbulent eddies
τV viscous (shear rate-dependent) stress of the emulsion

Abbreviations

Betaine cocoamidopropyl betaine
Br, Brij, Brij 58 polyoxyethylene-20 hexadecyl ether
C16 hexadecane
ME membrane emulsification (Table S1)
Min27, Min150 mineral oils with viscosities 27 and 150

mPa s, respectively (Fig. 6)
Na caseinate, NaCas, NaC sodium caseinate
1S processing element with one slit (Fig. 8)
2S processing element with two slits (Fig. 8)
SBO soybean oil
SDP3S sodium dodecyl-polyoxyethylene-3 sulfate
SDS sodium dodecyl sulfate
Sil50, Sil100, Sil200, Sil500 silicone oils with different vis-

cosities (Fig. 6)
WPC whey protein concentrate

Supplementary material

The online version of this article contains additional supple-
mentary material.

Please visit DOI: 10.1016/j.jcis.2007.03.059.
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