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ARTICLE INFO ABSTRACT

Keywords: Turbulent emulsification is of considerable industrial interest. Nevertheless, numerical experiments (direct nu-

High-pressure homogenizer merical simulations, DNS, with highly resolved interface tracking) have been mainly used to study drop breakup

?mltl)lsiﬁcanon in idealized flows. This study, therefore, compares drop breakup in two different settings (homogenous and
urbulence

isotropic flow, and a simplified high-pressure homogenizer) with the intention of better understanding how
insight gained from the idealized systems can be applied to industrially relevant devices. The flow differs be-
tween the two cases, with highly anisotropic and inhomogeneous turbulence in the latter. Results show simi-
larities between the two cases regarding morphology of breakup, suggesting that the underlying mechanism, as a
function of Weber number, is similar. However, differences are also observed, e.g., in terms of breakup time and
deformed morphology, which are associated with the locality of the turbulence in the homogenizer. Implications
for an improved understanding of turbulent breakup in industrially relevant devices are discussed.

Direct numerical simulation
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Nomenclature U; Jet inlet bulk velocity, m s~ ™.
We Weber number, -.
Latin Xx,y, 2  Spatial dimensions (see Fig. 1), m.
A Interfacial area of the drop, m2. Ax Spatial resolutions (in x-dimension), m.
Ap Interfacial area of the spherical drop (of diameter D), m>.
D Drop diameter, m. Greek . .
Dy Initial drop diameter, m. P2 Darnpen.mg ratc?, s 1
f2 Characteristic frequency, s~ v Interfacial tension, N m™ Y 3
h Gap height, m. € Dissipation rate of TKE, m“ s .
N Number of computational cells, -. n Kolrn.ogorov length:scale, m. 3
Re, Taylor-scale Reynolds number, -. pc Density of the continuous phase, kg m™".
¢ Time, s. 7, Kolmogorov time-scale, s.
ts First effective breakup time, s. 74,0 Kolmogorov time-scale (at time of injection), s.
tig Initial breakup time, s.
1. Introduction isotropic turbulence generated by synthetic forcing. No numerical

Emulsification devices are essential in many applications where
creating a dispersion of two immiscible liquids, i.e. an emulsion, is
required. Emulsification is of special relevance for food industry since
many foods are emulsions (e.g., dairy products, dressings and sauces) [1,
2]. Ensuring a high physical stability, as well as controlling structure,
texture and appearance, requires efficient emulsification. Typically, a
high-pressure homogenizer (HPH) is used for low to intermediate vis-
cosity ratio emulsions; however, for applications with a higher viscosity
ratio, a rotor-stator mixer is more favorable.

Regardless of which of these emulsification devices are chosen, the
typical flow pattern where breakup takes place is a turbulent near-wall
jet [3]. In rotor-stator mixers, breakup is observed in the turbulent jet
clinging to and extending from the stator hole [4,5]. In HPH valves, a
turbulent jet is created downstream of the narrow gap. This jet later
bends and clings to the outlet chamber wall [6]. High-speed visualiza-
tion experiments show drop breakup taking place at a distance of 5-20
gap heights downstream of the gap exit [6-9]. This corresponds to po-
sitions where the turbulent kinetic energy (TKE), created as large
structures at the gap exit, has been transported to turbulent eddies of
sizes comparable to the drops [10].

A growing number of experimental high-speed visualization studies
are being performed to investigate single drop breakup in turbulent
flows [11-21]. These studies have greatly increased the understanding of
turbulent breakup, e.g., in term of breakup probabilities, the number of
fragments formed per breakup, breakup rates, breakup times and drop
size distributions. However, experimental visualization techniques also
have limitations, e.g., in allowing for a relatively low temporal resolu-
tion and, typically but not exclusively [16,18], only measuring a
two-dimensional projection of the drop (as opposed to a full three
dimensional view).

In the last two decades, with the advances in computational power
and numerical tools, numerical techniques have also been made avail-
able to study drop breakup. A growing number of studies are investi-
gating turbulent drop breakup using direct numerical simulation (DNS)
coupled with highly resolved interface tracking algorithms, often
referred to as ‘numerical drop breakup experiments’; a review is avail-
able elsewhere [22]. These techniques offer a valuable supplement to
the experimental high-speed visualization studies, for example in clari-
fying turbulence modulation, breakup time and morphology, as well as
the mechanism of turbulence-drop interactions [23-33].

Some investigations have been carried out using numerical breakup
experiments in channel turbulence [34-37] and shear flow turbulence
[38,39]. However, the majority of numerical drop breakup experiments
are carried out in idealized flow conditions, i.e., homogenous and

breakup experiments have yet, to the best of the authors’ knowledge,
been conducted on emulsification devices. In particular, the turbulent
flow field inside an emulsification device (such as an HPH or a
rotor-stator mixer) is strongly anisotropic and inhomogeneous. Recent
investigations suggest that the extent of anisotropy in the effective
breakup region of an emulsification device has a substantial influence on
the fragmentation frequency [40]. A drop traveling through the strongly
anisotropic flow of an emulsification device experiences different stress
levels and turbulence spectra at different positions. These differences
compared to more idealized flow (i.e., to a homogenous and isotropic
turbulence) could significantly alter the breakup process and mecha-
nisms. Thus, there is a great need to investigate to what extent the in-
sights gained from studying breakup in idealized conditions also applies
to commonly used emulsification devices.

This study is part of a larger project attempting to understand tur-
bulent drop breakup in emulsification devices. In a previous study, we
developed a one-phase DNS model of a flow resembling the outlet
chamber of a high-pressure homogenizer [41]. We have also developed a
method for conducting numerical breakup experiments under condi-
tions similar to those in a high-pressure homogenizer [26]. This previous
investigation was, however, using the same assumption of homogenous
and isotropic turbulence as in the majority of the other previous studies
mentioned above. The specific aim of this contribution is to start
exploring how much of the knowledge gained from the idealized
isotropic configurations can be transferred to understanding the breakup
process inside emulsification devices. This is achieved by combining the
HPH DNS methodology and numerical drop breakup methodologies
from our previous studies [26,41]. More specifically, this contribution
aims to answer:

(i) how similar the breakup morphology is between the idealized
case and the emulsification device for the same Weber number,
(i) how similar the breakup times are, and
(iii) to what extent differences in the deformation process can be
observed between the two configurations.

To reduce computational cost, the study is limited to a single Taylor-
scale Reynolds number (Re;, = 54). Moreover, the investigations are
limited to cases where the interfacial tension is constant in space and
time (as often assumed in similar studies), conditions like emulsifying a
drop in the presence of an emulsifier with a high adsorption/desorption
rate [27]. Nevertheless, this is a limitation since Marangoni effects could
play a role in how the drop breakup proceeds, at least if we have
emulsifiers that are either slow to adsorb or does not have a very high
surface diffusivity [42-44].
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2. Methodology
2.1. The two flow cases and DNS setup

Numerical breakup experiments are carried out in two different flow
cases: an idealized fully periodic box with homogenous and isotropic
(artificially injected) turbulence, henceforth referred to as ‘case ISO’,
similar to the cases investigated in the majority of the previous studies
[25-27,30,31,32], and the outlet chamber of a simplified HPH valve
model [41], henceforth referred to as ‘case HPH’.

The ISO case domain consists of a cubic box with length 2x and grid
size 64°. A periodic boundary condition is applied in all directions. A
well-validated in-house DNS code is used to solve the Navier-Stokes
equations ([45]; Crialesi-Esposito et al.,, 2021; [38,39]). The
Arnold-Betrami-Childress forcing [46,47] is used to generate the ho-
mogeneous isotropic turbulence inside the domain. The computational
domain of case ISO is presented in Fig. 1a.

The HPH case domain represents the scaled model of the outlet
chamber of a simplified HPH valve [41]. The domain is depicted in
Fig. 1b and the average flow field is illustrated in Fig. 2 (showing ve-
locity magnitude averaged over time and across the spanwise
y-dimension). The domain inlet (gap exit) is located on the lower-left of
the domain (red face) with gap height h = 750 um, where the
wall-adherent jet enters with a bulk velocity of U; = 16 m/s. The green
face on the right shows the outlet. The inlet boundary condition com-
bines anisotropic synthetic velocity fluctuations with an average ve-
locity profile obtained from experiments [41,48]. Periodic boundary
conditions are applied in the spanwise y-direction and no-slip (station-
ary wall) boundary conditions are applied on all other boundaries, i.e.
walls represented with dark grey color. A uniform Cartesian grid with a
total of 173 million grid points constitutes the computational domain.
More details can be found in the original one-phase DNS study [41].

To ensure a relevant comparison between the cases, the Taylor
Reynolds number should be similar between the cases. For case HPH,
however, Re, varies across the domain (due to the inhomogeneous flow).
The value at the jet centerline, eight gap heights downstream of the gap
exit (Re; = 54), is taken to be representative of case HPH (see blue
marker in Fig. 1b). This is approximately the position where the drop
starts to experience critical deformation, according to preliminary sim-
ulations. The fluid properties of case ISO are, therefore, set so as to also
have Re;, = 54.

2.2. Numerical breakup experiments

The numerical experiments combine DNS, for describing the

2n
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Fig. 2. Average velocity field for case HPH, reproduced from Olad et al. [49].

turbulent flow, with a highly-resolved volume-of-fluid (VOF) sche-
me-the Multi-dimensional tangent of hyperbola interface capturing
method [50]—for describing the interface. Implementation details and
extensive validations can be found in previous studies [38,39].

Each numerical experiment consists of injecting a single spherical
drop into the flow-field. Care is taken to ensure that the turbulent flow
has reached statistical convergence before the point of injection [26,41].
Due to the intermittent nature of turbulent flows, however, each drop
experiences a different history of turbulent stresses. To investigate these
variations, seven drops (labeled A, B, ...G) are separately injected for
each case and for each investigated Weber number. Each injection starts
from a converged one-phase flow. Each drop is injected at a separate
flow realization, differing from the previous injection point by no less
than 80 Kolmogorov time-scales, ;.

Emulsification experiments typically suggest that the largest drop
surviving passage is determined by three dimensionless numbers [26,
51] the Weber number,

We — 2pC£2/3D5/3
14

; ®

the ratio between disperse and continuous phase viscosity, up/pc, and
the ratio between drop diameter and Kolmogorov length-scale, D/5. The
viscosity ratio is kept constant at pp/uc = 5 and Dy/7 is kept well above
unity for all cases (Dy/n = 38 for case ISO and Dy/n = 5 for case HPH)
ensuring turbulent inertial breakup [51].

Turbulent drop breakup in emulsification devices can typically be
characterized by Weber numbers in the range 1-100 [26]. Previous in-
vestigations show characteristically different breakup morphologies
across this range [26]. Consequently, three Weber numbers are studied
in the present study: We = 1, We = 5 and We = 96. In an applied setting,
We =1 is comparable to what a drop just small enough to survive

Q

(x, ¥, z) = (8h, 0.475h,1h)
()

2n
(a) (ISO)

40h
(b) (HPH)

Fig. 1. The computational domains for cases ISO (a) and HPH (b). In b) the red area represents the inlet and the green the outflow boundary and the dimensions are
expressed in h, where h = 750 um. The blue plane shows the middle-plane in y-direction and the blue point in this plane shows the reference location for Taylor
Reynolds number and the dissipation rate of TKE. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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breakup experiences, We = 5 is comparable to what the smaller drops
breaking in the device experience (i.e., breakup of the ‘limiting drop’)
and We = 96 is comparable to what is experienced by the largest drops
entering the device [26]. For case ISO, ¢ in Eq. 1 refers to the temporally
and spatially averaged value across the domain and for case HPH, ¢
refers to the value at the reference location (jet centerline at x/h = 8),
shown in Fig. 1b. Numerical experiments with these different Weber
numbers are performed by varying the value of the interfacial tension
[30], in order to ensure that the spatial resolution does not differ be-
tween the different cases.

For case ISO, a spherical Dy = 2 drop is injected in the center of the
domain, resulting in a spatial resolution of Dp/Ax = 41. In case HPH, a
spherical Dy = h/3 drop is injected slightly downstream of the gap exit in
the center of the jet, (x,y,2) = (0.8 h, 0.5 h, 1 h)-the 0.8 h offset is used to
ensure that the synthetic fluctuations generated at the inlet do not add
artificial deformation to the drop. This results in a spatial resolution of
Dy/Ax = 20 for case HPH. This lower resolution is necessary in order to
limit the computational cost for case HPH (note that the number of
computational cells is a factor 650 larger for case HPH compared to case
ISO). The effect of this difference in resolution between cases on the
breakup morphology and breakup characteristics are discussed in detail
in Section 2.4. (Note that the ISO case simulations were carried out in
dimensionless form, as typically the case under idealized conditions,
whereas the HPH case simulations were carried out in the physical
units.).

Each numerical simulation is run either until breakup is observed or
until the drop has spent at least 100 7, (Kolmogorov times) in the tur-
bulence (corresponding to the passage time through an emulsification
device). Drops that do not reach a critically deformed state at this point,
are expected to survive the passage.

2.3. First effective breakup

Drop breakup (especially when the initial drop diameter is relatively
large) often goes through a sequence where the drop is first deformed
and breaks into two or more fragments. Each of these large fragments
might continue deforming and/or break into several sub-fragments [52].
The main interest in this study is this first stage of the breakup process,
since this is what determines the limit in terms of the largest drop sur-
viving passage (which in turn determines the physical stability of the
emulsion). Therefore, a clear definition of the first phase of the breakup
process is critical to enable clear comparisons.

/=0 tr, = 19.4
/r, = 26.0 tr, = 31.0,
‘ 8

t/5, = 22.7
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Solsvik et al. [52] defined the state of ‘initial breakup’ when the first
fragment detaches, and this has proven to be a useful concept in sub-
sequent investigations. Preliminary simulations, however, show that
small fragments are occasionally detached (due to external stress), after
which the rest of the drop is able to relax and survive further breakup for
a long time period. Although, these drops have technically undergone a
breakup event, they are virtually unaffected from an applied perspective
(the emulsion stability is only marginally affected if a fragment con-
taining less than a small percentage of the drop volume is detached). In
the present study, the term ‘first effective breakup’ is therefore used to
define the first detachment of a fragment with more than 2 % of the
initial drop volume.

An example can be seen in Fig. 3, showing the drop morphology for
one of the simulated cases at eight different points in time. The first
(small) fragment detaches at t/7,, = 26.0 (‘initial breakup’, grey arrow).
This fragment, however, quickly re-coalesces with the larger fragment,
after which the drop relaxes. The first occurrence of a breakup event
detaching a substantial drop volume appears considerably later at t/7,
= 44.6 (‘first effective breakup’, green arrow).

2.4. Grid independence

As discussed above, the HPH numerical breakup experiments were
conducted with a lower spatial resolution than for the ISO case. This was
deemed necessary to limit the computational cost of the HPH case which
has a considerably larger domain size. The spatial resolution for the HPH
is still high in relation to the Kolmogorov length-scale [41], implying
that spatial resolution has no effect on the representation of the
single-phase turbulent flow. However, the interface is less well-resolved
in the HPH than in the ISO (Dy/Ax = 20 compared to Dy/Ax = 41).

To ensure that this does not influence the results, a grid indepen-
dence study is carried out based on the ISO case: Using a previously
suggested method [26,30], a spherical drop is injected into the
converged one-phase turbulent flow of case ISO. The drop is either
injected directly into the flow-field (resulting in Dy/Ax = 41) or into a
field that has been interpolated to obtain half the initial resolution
(resulting in Dy/Ax = 20). Turbulent forcing is turned off at the time of
injection (cf. [30]). Injections are carried out for four drops (I, II, IIl and
IV), one in each flow realization (separated by no less than 100 z,).

Of the four investigated flow realizations, two resulted in breakup (I
and II) and two resulted in drops deforming but then relaxing back to
spherical shape (III and IV). Fig. 4 shows the drop morphology at the

/5, 24.4

/t,= 35.3 t/t,= 44.6

—

Fig. 3. Example sequence showing the drop morphology at eight different points in time, illustrating a minor fragment detaching at t/t,, = 26.0 (‘initial breakup’,
grey arrow), but the first fragment of considerable volume detaching at t/t, = 44.6 (‘first effective breakup’, green arrow). (Case HPH, We = 5, Drop C). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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state of first effective breakup (iso-surfaces at VOF = 0.5) for the two
drops that do break (I and II), comparing the coarser (left) and finer
(right) mesh resolutions. (For both cases, first effective breakup co-
incides with initial breakup). The drops appear rougher with the coarser
mesh. However, the simulations predict similar general morphology at
the state of first effective breakup regardless of which mesh resolution is
used. Using the coarser mesh results in an error of 3-6 % in the deter-
mination of the initial breakup time. The error in the global deformation
extent (total interfacial area divided by the initial interfacial area of the
unreformed drop, A/Ap) at initial breakup is even smaller (1-2 %), when
comparing the coarser to the finer mesh.

Fig. 5 compares the drops that do not break, showing their mor-
phologies at the time of maximum global deformation (i.e., maximum
interfacial area), for the coarser (left) and finer (right) mesh. As above,
morphological differences are small. The main difference is a slightly
rougher appearance for the drop on the coarser mesh. Note, however,
that for one of the cases (IV), the high curvature in the lower left corner
makes it challenging for the iso-surfaces to display the interface,
resulting in a small isolated high-VOF region. This should not, however,
be misinterpreted as a detachment (as seen, this artificial fragment in
Fig. 5 is substantially smaller than the initial breakup fragment in
Fig. 3). Using the coarser mesh results in an error of 9-10 % when
determining the time of maximum global deformation and an error of
0.2-2 % in the determination of the global deformation extent.

In summary, the simulations predict similar breakup morphologies
and breakup behavior on the coarser and the finer mesh. The main
difference is the less smooth appearance of the drops with the coarser
mesh, an increased uncertainty in the breakup time (3-10 %) and total
drop interfacial area (0.2-2 %), and the risk of small artificial fragments.
The latter finding is an additional reason to focus comparisons on the
first effective breakup rather than initial breakup (see Section 2.3). In
summary, the difference in mesh resolution between the two cases is not
expected to influence the conclusions of the present study.

3. Results and discussion

This section is organized as follows: Section 3.1 discusses the
morphology at the first effective breakup and the deformation process

2.67

1z,

Drop I
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leading to it. This section is divided in three parts, each focusing on one
Weber number, comparing the two configurations under investigation
(ISO vs HPH). The breakup time and its relation to the Weber number is
discussed in Section 3.2 and Section 3.3, finally, investigates breakup
position in the HPH, and discusses its relation to the inhomogeneous
turbulent flow field.

3.1. Deformation and breakup morphology

3.1.1. We = 96 (corresponding to the largest drops entering the device)

Figs. 6-7 illustrate the shape of the drop at the instance of first
effective breakup for the ISO and HPH cases, respectively (iso-surfaces
of VOF = 0.5). Regardless of the flow realization (A, B, ...G) and the flow
case (ISO or HPH), the drop breaks after having been intensely deformed
in multiple directions. This deformation pulls the drop into a thin sheet
which eventually ruptures into a number of thin threads. Small frag-
ments start detaching from this highly deformed structure, either in its
sheet state or as these threads start to break (see Figs. 6-7). Note that
several such small fragments have already been formed when reaching
the state of first effective breakup in Figs. 6-7 (i.e., when the first
fragment with a volume exceeding 2 % of the initial volume is de-
tached). The finding of a strong and multi-directional deformation at
high Weber numbers agrees well with results from previous in-
vestigations in homogenous and isotropic turbulence (Komrakova et al.,
2019; [26]). Moreover, no clear difference is observed for the cases of
ISO and HPH, indicating that this behavior at high Weber numbers
generalizes to the more complex flow in the emulsification device.

Fig. 8 provides a further illustration of the deformation process for
the different drops and flow cases, showing the total interfacial area
(normalized by the surface area of the initial spherical drop) as a func-
tion of time (normalized by the Kolmogorov time-scale). A larger
interfacial area corresponds to a (globally) more deformed drop. The
deformation of the drops in case ISO (Fig. 8a) starts at the same time as
the drops are injected into the turbulence. It continues monotonically
until reaching the state of first effective breakup (disc markers). The
drops injected in the HPH, however, are virtually un-deformed for the
first 7.5-10 7,. This time corresponds to a streamwise position of x/
h= 4-6, which is approximately at the point where the jet shear layers

2.78

I/r,]’ 0

Drop 11 1, =226

N = 643
D,/Ax 20

V5, =2.16

N = 1283

D/Ax 41

Fig. 4. Comparison of the grid resolution impact on the initial drop breakup morphology, showing drop I (upper row) and drop II (lower row). Left) Coarser grid
(with the same resolution as that of case HPH). Right) finer grid (with the same resolution as that of case ISO).
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e, = 1.34

Drop III

Drop IV 1, =185

Artificial
detachment

N = 64
D,/Ax 20
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e, = 1.23

Vi, ~ 1.65

N = 1283

Dy/Ax 41

Fig. 5. Comparison of the grid resolution impact on the morphology of highest global deformation, showing drop III (upper row) and drop IV (lower row). Left)
Coarser grid (with the same resolution as that of case HPH). Right) finer grid (with the same resolution as that of case ISO).

(A) ty/z, = 11.8

(B) 17, = 9.3

(C) ty/r, = 10.0 (D) tp/r, = 9.3

7

(G) ty/z, = 9.7

Fig. 6. Deformation morphology of drops for case ISO at the instance of first effective breakup showing drops A-G at We= 96. (Iso-surfaces of VOF=0.5). The first
effective breakup time normalized with the Kolmogorov time-scale is specified for each case. Green arrows show the position of first effective breakup. The box
displays the size of the simulation domain. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

first have substantial levels of TKE [41], cf. Fig. 2. After this point, a
majority of the drops show monotonically increasing deformations until
reaching the state of first effective breakup.

3.1.2. We =5 (corresponding to a limiting drop entering the device)
Figs. 9-10 illustrate the shape of the drop at the state of first effective

breakup for the case with We = 5, for the ISO and HPH cases respec-
tively (iso-surfaces at VOF = 0.5). Looking first at the case of homoge-
nous and isotropic turbulence (case ISO) (Fig. 9), the drops deform and
stretch, until a neck is formed with two bulbs of disperse phase on each
side of it. The first effective breakup occurs at the neck (green arrows in
Fig. 9). For all seven cases, the first initial breakup also coincides with
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(A) ty/7, = 33.5

(B) 5/, = 23.3

Ao

(E) /7, = 23.8

4 .
’u.../

(F)ty/7, = 29.4
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(O)tyr,=22.7

(D)ts/z, = 26.3

Fig. 7. Deformation morphology of drops for case HPH at the instance of first effective breakup showing drops A-G at We= 96. (Iso-surfaces of VOF=0.5). The first
effective breakup time normalized with the Kolmogorov time-scale is specified for each case. Green arrows show the position of first effective breakup. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

0
,.
o C
o
2 .
2 e
7
e /.
7, (4
‘e ’,,’ /
/,El ’E /’
0/’ ’ /’
2 -, -
,/,/ P e
AP
¢ ’/
1.5 'l//’,
¢’ -
'//
e2”
-
lsﬁ L 1
0 2 4 6 8 10
L-‘T,]H

(a) We =96 (1SO)

3.5 T ’
Y]
]
3F 1
' o0
)
1
i ! ,
1
T 257 ,’ ’ s
< 7 4
< Y A
g rin A
< 2 I r! /
vy 41 ’
I,//[
ij I lj
£ 4
1.5 w e, by,
w L)
7N/ 7
Y ANPE A
LA P
lh__a_‘.a"'=,, L
0 5 10 15 20 25 30 35

(b) We = 96 (HPH)

Fig. 8. Total interfacial area, A, as a function of time, t, for the cases of ISO (a) and HPH (b) at We= 96. Hollow squares mark the state of initial breakup and solid

discs mark the state of first effective breakup.

the initial breakup (i.e., no detachment of < 2 % fragments are observed
before the states in Fig. 9). This breakup behavior is well-known from
previous investigations at similar Weber numbers on idealized and
forced turbulence [26,27] and is referred to as a ‘neck-bulb’ mechanism;
deformation at the neck increases the local curvature and, thus, the
Laplace pressure. When the Laplace pressure at the neck exceeds that in
the smaller bulb, a net destabilizing internal flow will form, leading to
the inevitable breakup of the drop [27].

The drops injected in the HPH flow show a similar morphology at the
state of first effective breakup. The majority of the drops still break after
being deformed into two clearly distinguishable bulbs separated by a
neck (A, B, C, E and G in Fig. 10). However, the bulbs are often more
heavily deformed than in the idealized flow. Moreover, in two of the
cases (D and E in Fig. 10), the deformation has become sufficiently large
to allow minor fragments to detach before reaching the state of first

effective breakup. This suggests that the breakup processes in the
emulsification device (case HPH) is similar to that in the idealized flow
(case ISO), but not identical to it.

Further insights into the difference between the deformation pro-
cesses can be gained from Fig. 11, showing the evolution of the drop
interface over time for the two cases. Just as was seen for the higher We
(cf. Fig. 8), drops injected in the homogenous and isotropic turbulence
(case ISO) start deforming directly at injection, whereas deformation is
delayed until t/7, = 7.5-10 in the emulsification device (case HPH).

Compared to the higher Weber number (We = 96), deformation is
not typically monotonic at We = 5. Some drops start deforming and then
go into a brief period of relaxation after which deformation resumes.
Fig. 11 shows how this behavior, previously reported for drops in ho-
mogenous and isotropic turbulence [26], can also be seen in the HPH (e.
g., case B and D).
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(A) tg/r, = 12.1 (B) 1y/7, = 20.2 (C) ty/r, = 14.6 (D) ty/r, = 23.3

TN

_— N

Fig. 9. Deformation morphology of drops for case ISO at the instance of first effective breakup showing drops A-G at We= 5 (Iso-surfaces of VOF=0.5). The first
effective breakup time normalized with the Kolmogorov time-scale is specified for each case. Green arrows show the position of first effective breakup. The box
displays the size of the simulation domain. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Deformation morphology of drops for case HPH at the instance of first effective breakup showing drops A-G at We= 5. (Iso-surfaces of VOF=0.5). The first
effective breakup time normalized with the Kolmogorov time-scale is specified for each case. Green arrows show the position of first effective breakup. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.1.3. We =1 (corresponding to the smallest drops entering the device) conducted at We = 1. None of the drops injected in the homogeneous
Figs. 12 and 13 show the final snapshot of drop morphology, for the and isotropic turbulence (case ISO) at this Weber number are frag-
ISO and HPH cases respectively, for the numerical experiments mented. As seen in Fig. 12, all drops are in a relaxed, nearly spherical
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Fig. 11. Total interfacial area, A, as a function of time, t, for the cases of ISO (a) and HPH (b) at We= 5. Hollow squares mark the state of initial breakup and solid

discs mark the state of first effective breakup.

shape at t = 100 7, (i.e., at the time drops typically exit the emulsifica-
tion device). This also applies for the majority of drops injected in the
emulsification device (case HPH). Only one drop in case HPH (drop E in
Fig. 13) breaks up at this Weber number. (For a discussion on differences
in breakup behavior between drops/flow-realizations, see Section 3.3).

Fig. 14 displays the extent of global deformation as a function of time
for the two configurations and the seven different drops with We =1,
where we can observe a different behavior for ISO and HPH. For drops
experiencing the homogenous and isotropic turbulence (case ISO), the
total surface area shows an oscillatory behavior, with a sequence of
deformations and relaxations. The amplitude of the deformation shows a
steady increase over time, although the slope is relatively small, so that

(A) 1/, = 108

.

(B) t/z, = 108

e " N " \\-\

(F) 1/z, = 108

the drops still appear approximately spherical at t = 100 7, (Fig. 12).
This oscillatory behavior, with an amplitude growing over time, is
similar to what Risso and Fabre [19] refers to as a resonance deforma-
tion mechanism and has previously been described mathematically by
the Rayleigh-Lamb model [19,53] in which the drop interface oscillates
(deforms and relaxes) with a characteristic frequency f> and a damp-
ening rate f2 [12,19,54]. Using the disperse and continuous phase
properties used in the numerical experiments, and the analytical method
suggested by Miller and Scriven [55], the theoretical characteristic
oscillation was estimated to be 9 7,. This agrees fairly well with the
observed oscillation period in Fig. 14a, which is approximately in the
range 1-10 7,. This suggests that the Rayleigh-Lamb model provides a

D) t/z, = 108

- N

~ o

(G) t/z, = 108

Fig. 12. Deformation morphology of drops for case ISO at the instance of first effective breakup showing drops A-G at We= 1. (Iso-surfaces of VOF=0.5). The final
simulation times normalized with the Kolmogorov time-scale are specified for each case. The box displays the size of the simulation domain.
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Fig. 13. Deformation morphology of drops for case HPH at the instance of first effective breakup showing drops A-G at We= 1. (Iso-surfaces of VOF=0.5). The final
simulation times normalized with the Kolmogorov timescale are specified for each case. For case E where breakup occurs, the normalized first effective breakup time
is specified. Green arrow shows the position of first effective breakup. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 14. Total interfacial area, A, as a function of time, t, for the cases of ISO (a) and HPH (b) at We= 1. Hollow square marks the state of initial breakup and solid

disc marks the state of first effective breakup.

fairly good description of the drop in the idealized flow (case ISO).

As seen in Fig. 14b, the deformation progresses differently for the
drops experiencing the inhomogeneous and anisotropic turbulence of
case HPH. As for drops with higher Weber numbers, they start deforming
only after reaching positions of high turbulence levels. Drops are
deformed and typically pass through a few deformation-relaxation cy-
cles, but without showing an increase in oscillation amplitude
(Fig. 14b). Also note that the first deformation cycle has a substantially
higher amplitude than for case ISO. However, with the exception of drop
E (where the initial deformation is sufficient to lead to breakup), the
drops exit the HPH in a less deformed state than for case ISO.

The differences in the deformation process are expected because of
the inhomogeneity in the emulsification device. A drop injected in case

10

HPH experiences high stress levels when passing the shear layers (see
Fig. 2) but leaves this region relatively quickly, after which turbulent
stresses decrease to low levels. Thus, although the same physics applies
to the different cases, drops in the emulsification device do not experi-
ence high stress for a sufficiently long period of time to excite the
resonance mechanism.

3.2. Breakup time

A summary of the time of first effective breakup (tg) and initial
breakup (t5), comparing the different Weber numbers and drop re-
alizations, can be found in Tables 1-2. Table 1 displays the data for case
ISO and Table 2 for case HPH.
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As observed in Table 1, the breakup time decreases when increasing
the Weber number for the drops experiencing homogenous and isotropic
turbulence. This applies for the average as well as when comparing
across drops of different We injected in the same flow realization (i.e.,
comparing across rows), and is expected because drops experiencing a
higher deforming stress should break earlier [56].

For the drops in the emulsification device (case HPH), the situation is
more complex. Statistically, there is no significant decrease in breakup
time (neither when defined as the time of initial breakup nor when
defined as first effective breakup) with increasing Weber number.
Looking at the individual flow realizations, there is also a drop (G) that
experiences its first effective breakup slightly earlier at We = 5 than at
We =96. As for the difference in the global deformation evolution
(Figs. 8, 11 and 14), this can be explained by the inhomogeneity of the
turbulent flow in the emulsification device (case HPH), and shows that it
is difficult to apply breakup time correlations developed for idealized
conditions (e.g., [56]) to predict breakup in the emulsification device.

3.3. Breakup position

As discussed in Section 3.2, the time at which the drop enters a re-
gion of highly intense turbulence (created in the outer jet shear layer)
appears to be a better breakup predictor than the time spent in the flow
for the case HPH. Thus, a more detailed understanding of how breakup
relates to the drop trajectories is of interest.

Fig. 15 illustrates the trajectories for the different drops and Weber
numbers under investigation. Squares mark the initial breakup and discs
the first effective breakup (see definitions in Section 2.3). The contour of
the time-averaged dissipation rate of TKE (as obtained from the one-
phase DNS and averaged in the spanwise y-direction, see [41]), can be
seen in the background. As shown in the figure, a highly dissipative
region exists at a distance x/h = 4-10 downstream of the gap exit (i.e.,
from the domain inlet) (a more comprehensive discussion of the
one-phase turbulent field can be found in [41]). Breakup is observed
inside or shortly downstream of this region at x/h = 9-18. This obser-
vation is also consistent with experimental investigations on similar
systems [6-9].

As expected, each drop will follow its own trajectory that differs
somewhat from the other drops injected in the same conditions due to
the stochastic nature of the turbulence. The results in Fig. 15 imply that
the drop trajectory has an impact on the breakup time, which is observed
most prominently for the drops with We = 5. The drops which travel
closer to the highly dissipative shear layer (drop G, E and D in Fig. 15b)
break earlier. Drops passing further from the shear layers, closer to the
center of the jet (drops A and C in Fig. 15b), survive longer. We can also
see that the drop venturing the furthest into the dissipative region (G in
Fig. 15b) is also the first to break. This can be seen more clearly in
Fig. 16, displaying the time-average dissipation rate of TKE at the
location of the drop centroid (spatially averaged across a sphere with
diameter 2 Dy) as a function of time.

However, Figs. 15-16 also show that drop trajectories and average

Table 1
Time of initial breakup, tip, and time of first effective breakup, tg, for the seven
flow realizations for case ISO.

Drop ts/Ty /Ty

We =1 We =5 We =96 We =1 We =5 We =96
A >100 12.1 8.2 >100 121 6.2
B >100 20.2 9.3 >100 20.2 8.7
C >100 14.6 10.0 >100 14.6 7.3
D >100 23.3 9.3 >100 23.3 4.8
E >100 15.8 7.3 >100 15.8 5.9
F >100 15.4 9.0 >100 15.4 7.8

>100 12.8 9.7 >100 12.8 7.4
Mean >100 16.3 9.5 >100 16.3 6.9
Std. NA 4.0 1.3 NA 4.0 1.3
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Table 2
Time of initial breakup, t;, and time of first effective breakup, tg, for the seven
flow realizations for case HPH.

Drop ta/Ty tip/Ty
We=1 We =5 We =96 We=1 We =5 We =96

A >116 26.7 33.5 >116 26.7 26.7
B >116 33.5 23.3 >116 33.5 21.3
C >116 44.9 22.7 >116 26.0 22.7
D >116 30.0 26.3 >116 26.0 26.3
E 23.8 24.2 23.8 23.8 24.2 19.3
F >116 34.3 29.4 >116 34.3 29.4
G >116 21.8 27.7 >116 21.8 19.7
Mean NA 30.8 27.7 NA 27.5 23.6
Std. NA 7.7 3.9 NA 4.7 3.9

flow fields are unable to predict all of the observed differences in
breakup behavior. At We =1, for example, drops G and E follow
approximately the same trajectory through the domain (see Fig. 15a),
consequently, they also visit locations with approximately the same
time-averaged dissipation rate of TKE (see Fig. 16a). However, drop E
breaks, whereas drop G only reaches a modest degree of global defor-
mation, A/Ap = 1.2, at this position (see Fig. 14b). Drop G is able to relax
further downstream and exits the device intact. This is not unexpected in
the light of previous investigations. Already in an idealized homogenous
and isotropic turbulence, the details of how turbulent structures interact
with, deform and eventually break a drop is complex. Intermittency
leads to substantial differences in the instantaneous turbulent stresses,
so that very different turbulent stresses are measured at the same spatial
location depending on when it is visited. Previous investigations on
idealized flows also suggest that the breakup requires a sequence of
several eddy-drop interactions [26], that eddies relatively far from the
drop participate in deforming it [33] and that the orientation between
turbulent eddies and drops plays an important role in determining the
efficiency to critically break the drop [31]. There is yet no combined and
generally accepted model able to deterministically predict what causes
breakup for a single drop based on the surrounding turbulent field, even
for the idealized case of homogenous and isotropic forced turbulence.
Further investigations aiming to provide such an understanding are
possible exploiting the data generated from the numerical experiments
underlying this investigation, and will be performed later in the project.

4. Conclusions

The objective of this study was to identify similarities and dissimi-
larities between turbulent drop breakup obtained from interface-
resolved simulations in homogenous and isotropic turbulence (case
ISO) (as it has typically been studied previously) and in a model emul-
sification device (case HPH) (which is of great industrial interest). To
summarize the main findings of this work:

e The breakup morphology is similar when comparing the two cases,
with sheet-rupture breakup [26] at We = 96, neck-bulb breakup [27]
at We = 5 and mainly deformation-relaxation oscillations [19] at We
= 1. Differences are, however, also observed: i) the drop deformation
is more multi-directional already at lower Weber numbers for case
HPH (possibly due to the inhomogeneity of the flow). ii) One
breakup event was recorded at We = 1 for case HPH, whereas none
was recorded for case ISO. However, the total number of flow re-
alizations is too low to draw definite conclusions on this.

For case ISO, the breakup time decreases with the Weber number (as
predicted theoretically, see e.g., [56]). For the HPH, however, the
situation is more complex, due to the inhomogeneous turbulent field.
Drops appear to deform and break relatively soon after entering the
high turbulence intensity zone downstream of the gap exit, with no
significant dependence on the Weber number. First effective breakup
occurs in a region 9-18 gap heights downstream of the gap exit for
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Fig. 15. Drop trajectories (dashed lines) with positions of initial breakup (hollow squares) and first effective breakup (solid discs) in the x-z plane of case HPH.
Trajectories are showed on top of the normalized time-averaged dissipation rate of TKE contour (as obtained from the one-phase DNS, [41]). a) We =1,b) We =5, ¢)
We = 96.
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Fig. 16. Temporally- and spatially-averaged dissipation rate of TKE (averaged inside a sphere with diameter 2 D, and centered at the drop centroid) along the drop
trajectories for case HPH. (a) We = 1, (b) We = 5, and (c) We = 96. Hollow squares mark the state of initial breakup and solid discs mark the state of first effec-
tive breakup.

flow (due to the decay of the turbulence intensity, forcing the
deformation, further downstream).

the geometry considered here, with no significant effect of the Weber
number (at least for the number of flow realizations currently
available, i.e., 7 for each Weber number).

Both similarities and differences can be seen in the deformation
process. Regardless of the flow case, high Weber number typically
gives rise to deformations continuously increasing with time,
whereas cycles of deformations and relaxation are observed at low
Weber number. For the emulsification device, the onset of the first
deformation is delayed until the drop enters the highly dissipative
region. Moreover, for the low Weber number, corresponding to the
smallest drops entering the device (We = 1), the oscillation ampli-
tude does not grow over time in the HPH as it does in the idealized

Overall, these results suggest that the breakup mechanism as a
function of Weber number is similar between the two configurations,
with the inhomogeneity of the emulsification device introducing addi-
tional complexity in the breakup time and triggering a more multi-
directional breakup. Since working with an idealized system is often
substantially less costly from a computational perspective (650 fewer
computational cells when comparing case ISO to case HPH in the present
study), a combination of approaches (identifying phenomena and
mechanisms using homogeneous and isotropic turbulence, and vali-
dating/identifying non-idealities using specific emulsification device

12
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geometry) is a promising route for further investigations into the nature
of turbulent drop breakup in industrially relevant emulsifications.
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