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Abstract

Drop-breakup models for liquid/liquid dispersion in turbulent flow mostly derive from
Kolmogorov and Hinze analysis. They are of a semi-empirical type, since they are based on
power laws involving at least Weber and Reynolds numbers. The pre-factors are determined
by fitting the experimental data on droplet diameters in the various configurations. The main
cause for the discrepancies in the fitting constant between different flow types is the intrinsic
spatial heterogeneity of the turbulent field, especially the turbulent kinetic energy (TKE)
dissipation rate ¢. This feature explains why there is no universal physical model suitable for
breakup prediction throughout the range of flow geometries.

In the present work, we investigate the drop size distribution by reference to Hinze’s actual
theory in a local approach, attempting a direct interpretation thanks to the turbulence spectra
measured (by LDA) in the most dissipative locations of a flow which is basically
inhomogeneous. This method allows estimation of droplet size with no constant fitting and
with acceptable accuracy; however the knowledge of the turbulence field is required. The
present study is carried out with low dispersed-phase fraction, so that the coalescence is
negligible. Experiments show that the “typical value” for the TKE dissipation rate to fit the

raw model of Hinze and Kolmogorov lies between the maximum and the mean value in the
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flow field. The issue of “typical & value” hence avoided is discussed by physical arguments

for the flow structure.

Keywords
Drop size; Inhomogeneous turbulent flow; Liquid/Liquid dispersion; Turbulence spectra;

Weber number; Taylor-Grace breakup analysis

1. Liquid/liquid dispersion theories

The study of liquid/liquid or gas/liquid dispersion is of great interest in a wide range of
industries, among them chemical engineering applications involving interfacial reactions and
fluid mixing in the food, cosmetics, pharmaceutics, and paper industries. In all these systems,
process efficiency is governed by droplet size, and this has motivated extensive research on
bubble or droplet breakup. Taylor (1932, 1934) established the theory of droplet deformation
in the laminar regime that is briefly described below, although our study deals with the
turbulent regime. He based his analysis on a simple force balance stating that the breakup is
governed by a dimensionless group Ca (the capillary number) that represents the ratio of the
deforming external viscous stress of the laminar flow and the resisting Laplace forces (half of

them):

_d

Ca= >
o
6]
where o is the surface tension, d the droplet diameter and = the external viscous stress

defined in Eq. (2), where . is the continuous-phase viscosity and S the strain-rate tensor:

T=u~N2S:S @)

The generalized shear rate is defined by

y=~28:8 3)
Breakup is expected to occur when the value of the dimensionless group Ca exceeds a

critical value Ca,, that depends on the relative phase viscosity ratio p (the parameter

describing the resistive internal viscous forces):
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H, 4)
where u, is the dispersed phase viscosity. The dependence of drop deformation on p was

investigated experimentally and theoretically by resolving the Stokes equations around the
drop, as thoroughly described by Grace (1982) for shear and extensional flows. In fact, the

critical ratio appears to depend also on the vorticity (extensional component). The maximum

bubble size d,,,. that can “survive” in the flow is given by:

C it — /LlL' }/dﬂm‘.\'
20 (5)

with the value Ca,, depending on p and its minimum is around 0.5 for p =1. Fig. 1 shows

the behaviour of Ca_, throughout the range of p for both simple shear flow (Couette flow)

crit
and extensional flow (four-roll hyperbolic flow). An important feature is that the shear flow
cannot achieve breakup for a dispersed-phase viscosity greater than four times the continuous-
phase viscosity, whereas this limit does not exist when there is a significant extensional
component. Breakup also appears to be more efficient in the latter case as the critical
Capillary number is lower throughout the whole range of p (Bentley and Leal, 1986). The
diagram reproduced on Fig. 1 allows determination of the maximum drop diameter that can
be encountered in the flow, but not the size distribution resulting from the stochastic breakup
process resulting from the global flow pattern. Nevertheless, we believe, like Ottino et al.
(2000) that “understanding of this diagram constitutes the minimum knowledge needed to
rationalize dispersion process in complex flows”.

This argument can be transposed to the turbulent regime, but the relevant stress for the
breakup phenomenon is here the inertial forces of the turbulent field. The fundamental theory
for bubble or drop breakup in the literature was suggested independently by Kolmogorov
(1949) and Hinze (1955). The Hinze-Kolmogorov theory is based on two assumptions: (i) in
homogeneous and isotropic turbulence, inertial forces in the turbulent eddies are more intense
than viscous forces and are responsible for breakup; (i1) only velocity fluctuations at the drop-
diameter scale can cause the large deformations required for the drop breakup. Of course,
these assumptions are applicable when the range of drop diameters falls in the inertial domain
of the turbulence spectrum, meaning in the turbulent cascade length scales. It can be noticed

that for droplets of diameters below the Kolmogorov length scale, the breakup is essentially
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1/2
governed by viscous shear, 5 :(fj , and the Taylor-Grace theory is relevant for
v

predicting the scale of the droplet size.
Returning to the cascade domain, the stress 7 responsible for drop deformation is based

on the Reynolds tensor for eddies of size d :

T =pou’(d) ©)

where p is the density of the continuous phase and 6u”(d) is the longitudinal autocorrelation

over a distance d equal to the drop diameter, which is the second-order structure function

S, (d) in wavelength space (Monin and Yaglom, 1975):

Su*(d)=S,(d) =u’(x +d)—u’(x) 7

Therefore the expression for the drop Weber number, equivalent to a turbulent capillary

number, is given by:

ou’(d)d
Wol (d)
o (®)
If d is within the inertial range of the turbulent scales, S,(d) can be expressed from the

energy cascade theory for equilibrium turbulence by:

S,(d)=6u*(d) = B&¥*d*? )

where ¢ is the local turbulent kinetic energy dissipation rate (Batchelor, 1953). Eq. (9) is the

Kolmogorov two-thirds law and £ is called the Kolmogorov constant in the physical space, a

“true” constant for homogeneous and isotropic turbulence (often denoted by C, or C, in the

literature). Hence the final expression for the drop Weber number is:

2/3 45/3
We:—pﬂg d

o (10)
The force balance implies the existence of a critical value above which breakup can

occur, We_ ., and then the maximal drop diameter can be predicted by:

crit >

3/5 3/5
d = (%] (Zj &
B o (1)

which can be written
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3/5 35
d — Wecrit o
max ~ [ﬁgZBJ {;j
(12)

The proportionality of d,  to (G/ ,0)3/5 £ in Eq. (11), referred as the HK (Hinze-

X

Kolmogorov) model, has been validated in several studies to fit the maximum drop size, but

the values of the pre-factor (Wem., /B )3/5 and We

., are not generally agreed upon and not very
constant: some examples from the literature are given in Table 1.

The value of the critical Weber number is open for discussion: depending on the drop
breakup mode — binary (Xiang ef al., 2011; Irannejad and Jaberi, 2014), ternary (Konno ef al.,
1983) — there are probably slightly different critical values. Nevertheless, the various values
of this parameter obtained theoretically or by simulation (Hesketh et a/., 1991) in liquid/liquid

dispersions are of order of unity. In this study We

crit

is then fixed at unity in accordance with

the analysis of Hinze (1955).
The discrepancies observed in the (We,, /S )3/5 values in Table 1 may also be explained

by the S values, which may depend on the local turbulent structure and cannot easily be

attained experimentally. Authors generally estimate this value from data in the literature for
similar flows (Martinez-Bazan et al., 1999a). Sometimes it is explicitly fixed to fit the
experimental drop size (Zaccone et al., 2007).

Another significant difficulty arises in the adequate choice of the & value in the HK
model, which is defined for local properties in an inhomogeneous turbulence, unlike the
dispersion result, which is observed as a global process. In real industrial cases, sharp
gradients exist for all the turbulent quantities, so that the reference & value becomes very
arbitrary. The more usual choice is then the mean value, since that can be easily determined
by the energy balance in the process. Alternative options can be mentioned: for instance, the
maximum & value “seen” by the fluid particles in the flow can be considered more suitable to
scale the maximum diameter. The latter idea is relevant if the residence time is sufficient to
ensure that the particles stay “long enough” in the higher-turbulence region in the flow (i.e.
“much” more than the characteristic breakup time), which may be the case in batch processes.
Otherwise, a statistical analysis involving the residence time distribution (RTD) and the
turbulent field is necessary to determine the apparent dissipation rate view by the fluid in a
given flow, but this leads to a complex approach not tractable in engineering applications.

Hence, the model constants must be adapted through the choice of ¢. Dimensionally, this
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fitting operation is not a real difficulty since the mean flow pattern is similar for different

operating conditions (in a given geometry), so that the £* dependence always holds.

Only few conceptual improvements have been made in later studies since the local Hinze-
Kolmogorov approach. For example, some models allow taking into account complexities
such as coalescence (Calabrese et al., 1986), or the extra resistance of the internal phase
viscosity (Davies, 1985), or the turbulence intermittency (Baldyga et al., 2001). These
refinements of the general model are not discussed here, as they do not obviate introducing
one or more fitting constants in each situation.

Finally, several authors have investigated the prediction of the complete size distribution
by population models, either in a fully developed turbulent flow (Eastwood et al., 2004;
Martinez-Bazan et al., 1999b, 2000; Lasheras et al., 2002) or in some particular flow
conditions (Azizi and Al Taweel, 2010; Podgorska, 2006; Wang et al., 2014) i.e. high shear
rates or intermittent turbulence. In this approach, some additional hypotheses are introduced
not only on the maximum drop size, but also on the breakup mode and the associated kinetics.
Results are very often in fair agreement with the experiments and give useful information for
engineering applications. Nevertheless, whatever their mathematical complexity, the models
are always specific to a particular flow geometry.

The present study compares the experimental results for oil in a water dispersion
performed in a turbulent flow produced with aligned vorticity generators. To avoid bubble
coalescence experiments have been carried out in low dispersed-phase fraction. The aim of
this work is to provide a major improvement to the HK model by taking into account the fact
that the knowledge of the local turbulent spectra at different locations permits estimating the
droplet size distribution without any empirical correlation and independent of any choice of
constant. However, the knowledge of the turbulence field is required.

The flow studied in this geometry is complex and highly non-uniform, with longitudinal
vortices (CVP: counter-rotating vortex pair) managing the turbulence production. A full
analysis of the flow pattern has been given in Mohand Kaci et al. (2009) and Habchi et al.
(2010a, 2010b), and experimental results on the oil-in-water dispersion in the same flow are
presented in Lemenand ef al. (2003). Section 2 establishes a straightforward relationship
between the maximum drop diameter and the experimental turbulent spectrum that describes
the predictive breakup model referred to as the TS (turbulent spectrum) model. Section 3
introduces the main hydrodynamic features of the turbulent flow with vorticity generators,

including the turbulent spectra in various locations in the mixer, for Reynolds numbers in the
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range 7500-15000, useful in the TS model. The experimental method and measurement
techniques for the oil-in-water dispersion are presented in Section 4, and the results are
discussed in relation to the predictions given by turbulent spectra in two typical regions of the

flow.

2. Turbulent spectrum (TS) model

As discussed above, predictions of drop size frequently involve some strong hypotheses
and almost all applications of the Hinze-Kolmogorov theory in the literature have lost the
universality of that theory. Then the purpose of the present work is to show to what extent it is
possible to evaluate the drop diameters on the basis of the original, purely physical theory of
Hinze and Kolmogorov.

Actually, if the two-point turbulent spectra are available and presented as a function of
eddy size in log scale, the equilibrium turbulence theory for the inertial range can be checked
by the spectral version of the two-thirds law given by Obukhov in terms of the three-

dimensional energy spectrum function:

_ 2/3 75/3
E(d)=C&¥d 13)

with C an absolute constant in spectral space or, as expressed in terms of wave number,

_ 2/37.-5/3
E(k)=ac’k 14)

with & the wave number given by k =2n/d and o the Kolmogorov constant in spectral
space, called « by Batchelor (1953).

In intermediate scales of the inertial range, the Kolmogorov (1941) results for the one-
dimensional longitudinal energy spectrum are given by
E, (k)=C, &"k (15)
where C, is the one-dimensional Kolmogorov constant, linked with the three-dimensional

Kolmogorov constant by

_18
55 (16)

Sreenivasan (1995) compiles values of the constant C, from a variety of experiments

Cl

with microscale Reynolds numbers Re, ranging from about 50 to more than 10* and finds

that C, =0.53+0.055. From the spectrum E, (k) in Fig. 2, the C,&” term can readily be
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deduced by extrapolation of the trend curve in the inertial domain. If the & value is known

independently, this provides a conventional way to determine the constant C, . In this study,

we propose to use the global expression C, &”? value from the spectrum to predict drop size
in liquid-liquid dispersions.

If the universal equilibrium hypothesis is formulated in terms of the probability
distribution of velocity differences (Eq. (7)), the mean values depend on & alone and Eq. (9)

can be written as a wave number expression:

m = £33 a7

Then the level of the velocity fluctuations at a given length scale d 1is the result of the

contribution of all the smaller turbulent vortices, so that du’(d) can be obtained as the
integral of E|,(k) on the inertial range. Both the Kolmogorov constants S and C, are

linked, by identification, with the integral of £, (k) (Monin and Yaglom, 1975):

B =4.02C %)

Finally, in the HK model, it can be noted that the parameters £ and ¢ are involved by

their product in the expression B&”’. Thus, the term C, & can be determined from the

turbulent spectra measurements, and it is hence possible to compute a “local” maximum
diameter by Eq. (12), meaning that this diameter would be the equilibrium diameter in those
hydrodynamic conditions if they were uniform and steady. Of course, different locations in
the flow will provide different diameters with the TS model: the results can give information
on the “active regions” of the flow when comparing the droplet size with experimental values.
In the following, the theoretical diameters resulting from the HK model (Hinze-Kolmogorov

in Eq. (11)) are computed with a critical Weber number of 1.

3. Dispersive flow hydrodynamics

3.1. Experimental apparatus

The dispersion is achieved in the straight tube of circular cross section shown in Fig. 3.

The inner diameter (20 mm) is fitted with vortex generators consisting of inclined trapezoidal

tabs fixed at the wall: the resulting hydraulic diameter D, is 17.1 mm and is used in
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dimensionless numbers. The tube is 140 mm long, the distance between two successive tabs
rows is 20 mm and the length of tab elements is 7 mm. The test section is preceded by a
preconditioner to produce a fully developed turbulent flow at the inlet, and is followed by a
postconditioner (both 200 mm straight Plexiglas pipes). The water is supplied by a constant-
level feed tank to ensure a stable flow in the test section. The test section is equipped with a
two-phase injection system, providing continuous phase flow up to 1 m’/h and a dispersed
phase holdup from 0% to 15%, meaning a Reynolds numbers range 7500-15000. All
measurements are taken on radial profiles 3 mm downstream from each array. The

temperature of the working fluid is maintained at 20°C.

3.2. Hydrodynamic features

The flow pattern and the turbulent field studied in previous work (Habchi ef al., 2010a;
Lemenand et al., 2005) are briefly recalled here. Streamwise and transverse vortical structures
are generated by the tabs and their induced local pressure gradients and shear instabilities
(Dong and Meng, 2004). Gretta and Smith (1993) investigated the flow pattern in such a
configuration and identified two types of flow structures: first, a counter-rotating vortex pair
formed in the wake of the tab; second, a periodic sequence of hairpin-like structures (or
horseshoe vortices) riding on top of the counter-rotating vortex pair. The interactions of these
structures with the main flow significantly enhance mixing by mass exchange between the
near-wall region and the core flow (Fiebig, 1998; Lemenand et al., 2010).

The four pairs of longitudinal vortices generated by one tab array are presented in Fig.
4(a), and images (b) and (c) show that the structures recombine at each tab array downstream.
The turbulent field is highly non-uniform over the flow cross-section and the mixer axis (as
seen in Fig. 5). The velocity profiles for the mean and fluctuating velocities as measured by
LDA were analyzed in Mohand Kaci et al. (2010). Schematically, three typical flow regions
can be distinguished, as shown in Fig. 6: a high-velocity core region, a high-shear zone on the
vorticity generators and a tab wake (see Table 2). Detailed information on this flow pattern

can also be found in Habchi ez al. (2010a, 2010b).

3.3. Turbulence spectra

Temporal signals of the longitudinal velocity fluctuations are recorded using an LDA
system at different locations either upstream or downstream from the vorticity generator. The

spectra are presented in pre-multiplied shape and are normalized by the signal energy. Plotted
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versus frequency on a semi-log scale, as shown in Fig. 7, the turbulence energy is visualized
by the area below the curve (Nickels and Marusic, 2001). Downstream from the seventh (and
last) row of baffles, two different radial positions are studied (shear region and bulk flow) and
compared to the spectrum observed in the empty duct upstream of the first row of baffles. The
downstream spectra exhibit a shift in turbulent kinetic energy towards higher frequencies —
when compared to the empty pipe and they all differ notably from the homogeneous isotropic
turbulent case. However, the inertial domain of each spectrum is well defined and is reliable

enough for the proposed analysis.

Spatial statistics have been determined from these single-point temporal measurements
by using Taylor’s “frozen” turbulence hypothesis (Taylor, 1938) and assuming that the
timescales of the turbulence are large compared to the advection time in the spatial extent (Eq.
19). Even then, the Taylor hypothesis has to be used with an appropriate value of the

convection U,,,,:

0 1 ©
L0550 "

with U, = the velocity of the convection of turbulence (Lemenand et al., 2005):

conv

2 772 L? \; ﬁ —2 L?
Uconw =U 1+_—2+2_—2+2_—2 ~U 1+5_—2
v U U U 20)
In fine, the temporal spectra E,;( /) are converted into spatial spectra E,, (k) in Fig. 8,

which makes it possible to identify the inertial zone with slope —5/3. The value of C,&** is

read for k=1 (Eq. (14)) on the log-slope —5/3 law extrapolated from the inertial zone of the

3

spectrum, as seen in Fig. 8. Then the values of C, £¥° are measured with accuracy 20%.

4. Drop size results and discussion

4.1. Drop size measurements and global correlations

Dispersion experiments are performed in the reactor flow with a mineral oil whose
properties are recapitulated in Table 3, and tap water for the continuous phase. The
experiments are limited to a 15% oil volume fraction to avoid coalescence. Droplet size is
stabilized by microencapsulation of the emulsion by addition of a monomer in the oil and of a

reactive species at the exit. The polymerization reaction at the contact surface leads to the

10
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formation of an interfacial membrane. The reaction used here is based on the isocyanate-
amine reaction, which does not modify the emulsion morphology. Tensioactive effects of the
dilute monomer are taken into account, even if they remain weak.

A video-optic computer-assisted device is used for granulometric analysis of the droplet
population at the mixer outlet. Convergence of the size distribution is ensured with samples of
at least 600 droplets, and experiments are performed with 5% reproducibility. The full results
on the size distributions are reported in Lemenand et al. (2003). All runs are performed

several times, for liquid volume fractions in the range 0—15%.

The Hinze-Kolmogorov model in Eq. (11) leads to the proportionality of d, _ versus

IX

e’ An adaptation of this expression, commonly used for emulsification or foaming

processes, arises by assuming that £ ~ U°/Dy; and defining a global Weber number:

2
We,, _PUD,

o €2y

Thus one obtains the conventional model:

% =4 We[_f/5

Du (22)
with 4 a semi-empirical pre-factor. Our measurements are in fair agreement with the

theoretical trend with 4 =1.19.

4.2. The Kolmogorov constant

The Kolmogorov constant C, values can be estimated from the values of C,&”* in

Table 4 and independent knowledge of the dissipation rate &. The C, constant is considered

universal but is subject to an intrinsic uncertainty due to flow anisotropy in the turbulent
macro-scales. The turbulence dissipation rates & obtained from experimental values (Mohand

Kaci et al., 2009) provided by LDA measurements are presented in Table 5. From the & and
C,&”” values, we can compute the C, values at the different locations in the real flow and
various Reynolds numbers. The purpose of this discussion is not to propose a better

determination of the constant C, than is found in the literature, but rather to show that

measurements presented in this work are accurate enough obtaining C, value.

11
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Values of the Kolmogorov constant C, are plotted in Fig. 9 versus the Reynolds number
Re, based on the Taylor microscale. Upstream, C, decreases from 1.27 to 0.73 as the

Reynolds number increases, and downstream in both locations, C, decreases from 0.86 to

0.57. The dispersion of the “constant” also decreases for the high Reynolds numbers. In
homogeneous and isotropic turbulence, Sreenivasan (1995) indicated a value of 0.53 £ 0.055

for the Kolmogorov constant and stated that there may be an increasing trend with Re, for

Re, <50. The Kolmogorov constant is also reported as about 0.60 by Yeung and Zhou

(1997). Hence the C, values obtained in this work appear to be consistent with the

measurements of quasi-homogeneous and isotropic turbulence.

4.3. Size distribution and turbulent spectra

Since the complete drop-size distribution is available from the experimental data, it is
interesting to compare the drop-diameter distribution with the spatial turbulent eddy spectrum.
In Fig. 10, the drop size distribution and the turbulent spectrum are normalized by the modal
peak. The turbulent spectrum is also presented in pre-multiplied scale versus eddy size, to

superimpose both spectra in a common length scale.

Although the turbulent spectra do not present real measurements in most of the inertial
domain between the Taylor integral length scale A and Kolmogorov length scale 4, , Fig. 10
clearly demonstrates that the droplet size distribution lies inside the central domain. As
mentioned previously, since the turbulent kinetic energy vanishes at scale below A4, , the flow
cannot produce droplets below this scale. Furthermore A is statically smaller than the length

scale corresponding to the maximum of the density spectrum and, whatever the We__, value,

crit

the HK model predicts that no droplet could resist breakup at the scale of A .

Table 6 sums up the experimental and computed drop diameters and also the flow length
scales. As can be observed in Fig. 10, the drop size distribution falls in the inertial domain

(between the Kolmogorov length scale and the integral scale), corroborating the fundamental
assumption of the HK model. However, in this case the coarser drops of diameter d,_ are

max

much smaller than the integral scale, (the theory has nothing to say on this subject).

The smaller drops also are of some importance in dispersion processes since they govern

the Ostwald ripening process (Salager, 2000), which is primarily responsible for emulsion

12
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destabilization. It is interesting to notice that their minimum size is, conversely, very close to
the Kolmogorov scale. Some drops can be a little smaller because of the stochastic breakup
process, but no divisions take place under the Kolmogorov scale. This strong correlation
between turbulence and droplet scale confirms that the breakup is here entirely governed by
the turbulence. Lemenand et al. (2013) have demonstrated that in the same flow the mean
gradients are not high enough to generate breakup under the microscale by the Taylor

mechanism.

4.4. Maximum diameter prediction from turbulent spectrum model

Velocity measurements by LDA are made at three locations in the flow: at the inlet in the
bulk flow (as a reference for the empty duct), and at the outlet of the mixer, in the bulk zone

and in the high shear zone. Four Reynolds number values [7500, 10000, 12500, 15000] are

used, and the trend curve always follows k™ on the inertial domain of the spectra, as
explained in Section 3.3 for the determination of C, g7’ (values are reported in Table 4).

The values of B&”* are hence computed with Eq. (18), and the theoretical diameters d,,,,

are established from Eq. (12). This theoretical diameter is computed following the TS
(turbulence spectrum) model with an estimated accuracy of 14%. These theoretical TS model
results are obtained for each four Reynolds numbers and each location downstream of the

seventh row of tabs. Then these predictions are compared in Fig. 11 to the experimental

diameters d,, measured over the four Reynolds numbers in the experimental runs.

These comparisons show that the experimental value of d,

X

always lies above the TS

model prediction for €, and below the TS model using &,,, . As the turbulence intensity is

hear
maximum in the high-shear zone, the TS model in this location provides an absolute lower
limit for the equilibrium diameter, about half of the real maximal diameter. On the other hand,
an upper limit is provided by the TS model with the lowest turbulence intensity observed in

the bulk zone, about 40% higher than the real maximal diameter.

An alternative prediction model is the conventional HK model involving the global mean
dissipation rate (computed from the pressure drop) by using Eq. (11) with a unit critical drop

Weber number: these results are also presented in Fig. 11 and seem to be very close to the
first of previous prediction, i.e. the TS model using &,,, . The results obtained from the global

mean dissipation rate by the HK model with Eq. (11) are very close to those in the bulk zone;

13
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the difference is less than 7%. Then, appears clear that the use of the mean dissipation rate

over-estimates the drop size in the raw HK model.

Another point of view involves interpreting the diameter behavior in Fig. 11 by
examining the residence time of the oil particles in the different mixer zones. As imposed by
the geometry, the bulk zone is the largest in the mixer, and the drop diameter is mainly
adjusted by the turbulence level in that region. Previous conclusions mean that the dispersion
is stronger than that in the bulk region but the dispersion never attains the final state
dominated by the shear zone. Many oil drops cross the high-shear region too quickly to bring
about the full breakup that is potentially possible from the high-turbulence-intensity eddies

present in the shear zone.

Moreover, the fact that at high Reynolds numbers the experimental diameter values come
closer to the bulk values reflects the nonlinearity of the breakup process: when the streamwise

velocity is increased, the turbulence intensity does not increase enough to compensate for the

loss of residence time. This feature is confirmed by the ratio of the drop breakup time #, to
residence time 7, : as t, occ U™, and t, oc d”* with d oc We "> ; we have #,00U** and finally

t, [ty 00U 0 Re™* . Thus the ratio #,/t, decreases with increasing Reynolds number. As a

result, the breakup time decreases more quickly than the residence time: this could explain
why the maximum diameter is governed more by the global mean turbulence than by the local
high turbulence for higher Reynolds numbers. It results from the non similarity observed with
the Reynolds number concerning the location of the actual drop size between the theoretical
limits, based on the effect of residence time. This is analogous to the effect of breakup

kinetics in a batch mixer and the mixing time necessary to attain the equilibrium diameter.

5. Conclusions

Predicting drop diameter is a difficult challenge in complex flows, especially when
complexities at all levels must be taken into account: viscous effects in the internal phase,
coalescence or particle interactions, intermittency effects, coupling of the drop dynamics on
the driving flow. In this study, the flow conditions let us consider these phenomena as of
second-order influence so that we could focus on the turbulent mechanism governing the
breakup. The present study compares the experimental results for oil in a water dispersion

carried out in a turbulent flow. The dispersed-phase fraction has been kept low so that the

14
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bubble coalescence is negligible. The objective of this work is to propose a major
improvement to the HK model which permits estimating the droplet size distribution without
using any empirical correlation and independent of any choice of a constant. Nevertheless, the
knowledge of the turbulence field is required in this model.

It 1s found that the drop size distribution is completely included in the inertial domain,
and that the smaller drops are close to the Kolmogorov scale, as established in the theoretical
analysis of Hinze (1955) and Kolmogorov (1949). The turbulent kinetic energy spectrum
allowed targeting drop diameters ranging between the bulk and maximal turbulent intensity,
approximately +40% in this case. This approach can be transposed to any process geometry
used for phase dispersion or emulsification, in view of which relevant data in the turbulent
structure must be available. This approach seems at least as accurate as the conventional
models needing the determination of a pre-factor and leads to further fundamental insight into

the interactions of the dispersion and the turbulent spectra.
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Figure Captions

Fig. 1. Critical capillary number (adapted from Grace, 1982).

Fig. 2. Turbulent spectra and extrapolation of the inertial zone. Numerical values are omitted
in order to exhibit the general behavior of the plot.

Fig. 3. (a) Longitudinal view of the test section with seven aligned rows of baffles. The
injector is a 3-mm tube placed in the center of the continuous-phase flow. (b) Dimensions of
mixing tab: front view, side view and position of LDA radial profile.

Fig. 4. Visualization of mixing by the longitudinal vortices of a fluorescent tracer by a LIF
(laser-induced fluorescence) technique, Re = 1000, downstream from (a) first row of baffles;
(b) second row of baffles; (c) fourth row of baffles.

Fig. 5. Experimental velocity profiles along a radial line 3 mm behind each vorticity
generator: (a) mean axial velocity, (b) fluctuating z-velocity component of axial velocity.

Fig. 6. Distribution of turbulent kinetic energy in the flow with vorticity generator: high-
velocity core region (1), high-shear zone (2) and tab wake (3).

Fig. 7. Normalized premultiplied spectra downstream from seventh row of baffles (location
Xq47) for two radial locations (shear region and bulk flow) compared with upstream spectrum
(location X,) for the bulk flow. Re=15000.

Fig. 8. Determination of C; & for Re=15000, downstream from the seventh row of baffles in
bulk flow.

Fig. 9. Experimental Kolmogorov constant C; (0) upstream in the bulk zone, (®) downstream
in the bulk zone, (m) downstream in the shear zone.

Fig. 10. Comparison of drop size distribution and turbulent spectra: (a) spectrum in bulk zone,
(b) spectrum in high-shear zone. The normalized premultiplied spectra are taken at the mixer
outlet versus eddy size A=U.q,/f . The premultiplied spectrum is extrapolated by a A% trend
curve. The inertial domain is positioned on the graph. Re=15000 and oil fraction 5%.

Fig. 11. Experimental dy.x with oil volume fractions 2.5% to 15% (0). Theoretical dpax
computed by TS model from Eq. (12) with C;&”” value obtained from spectra in outlet
section: (==) in bulk zone, (==) in shear zone. Theoretical d,,, computed by HK model from
Eq. (11) with mean dissipation rate in the device (---).
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Tables captions

Table 1. Values of the constant (We,, /S )3/5 used in Eq. (11) by different authors. The values

followed by = are not provided by the authors cited but are computed from data in the
references.

Table 2. Hydrodynamic characteristics of the three typical flow regions. y = y/R is the
nondimensional distance to the wall with y the distance to the wall and R the pipe radius.

Table 3. Physical properties of oil loaded with 10% volume of encapsulation reactant.

Table 4. Experimental C, &% values obtained from the turbulent spectra upstream in the bulk
zone and downstream in the bulk and shear zones.

Table 5. Experimental turbulent dissipation rate & obtained from the turbulent spectra
upstream in the bulk zone and downstream in the bulk and shear zones.

Table 6. Experimental maximum diameter d,.,. Integral scale A computed from LDA
measurements (Mohand Kaci et al., 2009) at the outlet in the bulk zone. Experimental

minimum diameter d,,, . Kolmogorov length scale 4, computed from LDA measurements at
the outlet in the bulk zone.

20



Submitted to Chemical Engineering Science

10?
5 10' Simple shear flow Breakup
© 4
O
o
[}
Re!
IS
2 (¢
< 10 3
=
-
a
©
o
= -1
g 0
'5 Elongational flow No breakup

10” ——rrrr ——rrrr ——rrr ———rr

10° 10 10" 10° 10

Viscosity ratio, p

Fig. 1. Critical capillary number (adapted from Grace, 1982).
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Fig. 2. Turbulent spectra and extrapolation of the inertial zone. Numerical values are

deliberately erased to exhibit the general behaviour of the plot.
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Fig. 3. (a) Longitudinal view of the test section with seven aligned rows of baffles. The
injector is a 3-mm tube placed in the centre of the continuous phase flow. (b) Dimensions of

mixing tab: front view, side view and position of LDA radial profile.
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(2) (b) (©

Fig. 4. Visualization of mixing by the longitudinal vortices of a fluorescent tracer by a LIF
(Laser-Induced Fluorescence) technique, Re = 1000, downstream from (a) first row of baffle;

(b) second row of baffle; (c) fourth row of baffle.
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Fig. 5. Experimental velocity profiles along a radial line 3 mm behind each vorticity

generator: (a) mean axial velocity, (b) fluctuating z-velocity component of axial velocity.
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%Vortioity generator

Fig. 6. Distribution of turbulent kinetic energy in the flow with vorticity generator: high

velocity core region (1), high shear zone (2) and tab wake (3).
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Fig. 10. Comparison between drop size distribution and turbulent spectra: (a) spectrum in the

bulk zone, (b) spectrum in the high shear zone. The normalized premultiplied spectra are

taken at the mixer outlet versus eddy size A=U_, / /. The premultiplied spectrum is

extrapolated by a A*° trend curve. The inertial domain is positioned on the graph.

Re=15000 and oil fraction 5 %.
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Fig. 11. Experimental d,,, with oil volume fractions 2.5 % to 15 % (o). Theoretical d,,,

computed by TS model from Eq. (12) with C, £ value obtained from spectra in the outlet

section: (==) in bulk zone, (==) in shear zone. Theoretical d,,, computed by HK model from

Eq. (11) with the mean dissipation rate in the device (---).
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Table 1. Values of the constant (Wem.t /B )3/ > used in Eq. (11) by different authors. The values

followed by " are not provided by the cited authors but estimated from available data of the

references.
Authors ( We,.|pB )3/5 Flow type 5;1? ger‘irir;intal
Hesketh et al. (1991) 0.699" Liquid/Liquid Yes
Hinze (1955) 0.725 Liquid/Liquid Yes
Eastwood et al. (2004) 0.852" Liquid/Liquid Yes
Streiff et al. (1997) 0.940" Liquid/Liquid Yes
Haas (1987) 1.197° Liquid/Liquid Yes
Walter and Blanch (1986) 1.120 Gas/Liquid Yes
Sevik and Park (1973) 1.143° Gas/Liquid Yes
Martinez-Bazan et al. (1999a) 1.257° Gas/Liquid Yes
Risso and Fabre (1998) 1.732° Gas/Liquid Yes

Table 2. Hydrodynamic characteristics of the three typical flow regions. y = y/R is the

adimensional distance to the wall with y the distance to the wall and R the pipe radius.

Flow region Location Velocity Turbulence

Bulk y=1.0 High Weak / weak gradients
Shear y=02 Moderate High / high gradients
Wake y=04 Weak Moderate / weak gradients
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Table 3. Physical properties of oil loaded with 10% volume of encapsulation reactant.

Property (20°C) Value Measurement methods

Kinematic viscosity 30 x 10°m’s~  Mettler™ RM180 rheometer

Density 0.85 Data Technical™

Interfacial tension with water 20 x 10° Nm™  Kriiss™ tensiometer (K12) by the ring
method

Table 4. Experimental C, &%? values obtained from the turbulent spectra upstream in the bulk

zone and downstream in the bulk and shear zones.

Re
7500 10000 12500 15000
Upstream Bulk zone 0.059 0.077 0.095 0.105
C, &’ Downstream  Bulk zone 0.253 0.372 0.613 1.021
Downstream Shear zone 1.174 2.538 3.813 4.248

Table 5. Experimental turbulent dissipation rate & obtained from the turbulent spectra

upstream in the bulk zone and downstream in the bulk and shear zones.

Re
7500 10000 12500 15000
Upstream Bulk zone 0.0045 0.0095 0.0157 0.0204
&
() Downstream  Bulk zone 0.135 0.297 0.710 1.722
m- s
Downstream Shear zone 1.311 5.721 11.313 16.146
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Table 6. Experimental maximum diameter d,,,. Integral scale A computed from LDA

measurements (Mohand Kaci er al., 2009) at the outlet in the bulk zone. Experimental

minimum diameter d,, . Kolmogorov length scale A, computed from LDA measurements at

min *

the outlet in the bulk zone.

Re 7500 10000 12500 15000
d, . (um) 1058 875 712 608
A (um) 6090 5720 4690 3900
d,. (um) 32.3 23.9 18.5 16.6
A, (um) 522 42.8 34.4 27.6
Highlights

e We investigate the drop size distribution by reference to Hinze’s actual theory in a
local approach, attempting a direct interpretation

e This method allows estimation of droplet size with no constant fitting and with
acceptable accuracy.

e Experiments show that the “typical value” for the TKE dissipation rate to fit the raw
model of Hinze and Kolmogorov lies between the maximum and the mean value in the
flow field.

e The issue of “typical £ value” hence avoided is discussed by physical arguments for

the flow structure.
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