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� Breakup of viscous drops in HPH-
similar conditions was studied with
DNS.

� Deformation is in a single (multiple)
direction(s) for small (large) drops.

� The lower the We, the more likely a
drop is to enter an oscillatory phase.

� The higher the We, the more likely a
drop is to enter critical deformation/
breakup.

� Breakup occurs deterministically
once a sufficiently thin neck has
formed locally.
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This study uses numerical experiments to investigate initial breakupmorphology for conditions similar to
those experienced in an emulsification device (e.g., a high-pressure homogenizer) (Rek = 33, We = 1–30,
lD/lC = 22, qD/qC = 0.9, D/g = 22). Results show breakup consisting of two phases: and ‘oscillatory phase’
where the drops are periodically deforming and relaxing, followed by a ‘critical deformation phase’ where
the drop deforms continuously until initial breakup. Large drops (We � 13) go directly to the breakup
phase and are highly deformed in multiple direction before bursting. Smaller drops (3 � We � 5) are less
likely to go directly to the critical deformation phase and more likely to never reach it before exiting the
device. These drops break by the formation of a single filament, creating two large fragments and a number
of smaller satellites. Several turbulent structures contribute to critical deformation.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
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Nomenclature

Abbreviations
DNS Direct numerical simulation
HPH High-pressure homogenizer
LES Large eddy simulation
RMS Root mean square
TKE Turbulent kinetic energy
VOF Volume of fluid

Symbols
A, A0 Interfacial area (and initial interfacial area), m2

C1, C2 Constants in Eq. (1)
D Drop diameter, m
D0 Initial drop diameter, m
Dmax Maximum drop diameter, m
f2 Characteristic frequency of the drop, s�1

h Gap height, m
L Integral length-scale, m
Lbox Edge length of the simulation cube
N Number of computational cells (in each dimension)
Q Second invariant of the velocity tensor, s�1

Rek Taylor-scale Reynolds number
T Time spent in the turbulent region, s
t Time, s
tB Time of initial break (injection to breakup), s
tB* Corrected initial breakup time, s
u’ RMS velocity, m
Ug HPH gap exit velocity, m s�1

We Weber number (Eq. (3))

Greek
a VOF of dispersed phase
b2 Dampening rate of the drop, s
c Interfacial tension, N m�1

e Dissipation rate of TKE, m2 s�3

g Kolmogorov length-scale, m
k Taylor length-scale, m
lC Continuous phase dynamic viscosity, Pa s
lD Disperse phase dynamic viscosity, Pa s
mC Continuous phase kinematic viscosity, m2 s�1

n Dimensionless dampening rate
qC Continuous phase density, kg m�3

sg Kolmogorov time-scale, s
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1. Introduction

Emulsification is a commonly used unit operation, aimed at
producing a stable homogenous dispersion of two immiscible flu-
ids (McClements, 2016; Tadros, 2013). Applications range from
food, to pharmaceutical and general chemical processing. Products
with a low to intermediate continuous phase viscosity are typically
produced using (valve) high-pressure homogenizers (HPHs)
(Håkansson, 2019; Schultz et al., 2004). Homogenization of (cow)
milk, for increased physical stability, is the single largest applica-
tion. The disperse to continuous phase viscosity ratio is typically
high in these applications (lD/lC � 20) due to the high dynamic
viscosities of food grade fats and vegetable oils (Phipps, 1985).

The HPH operates in a continuous mode and allows for scale-up,
but is relatively inefficient from a thermodynamic perspective
(Mohr, 1987). Consequently, there is a large interest in increasing
the fundamental understanding of drop breakup in HPHs to further
optimise device design and operation.

Experimental investigations have showed how the narrow valve
(h � 10–100 mm) gives rise to an acceleration of the fluid upstream
of the gap and the development of an intense high velocity turbu-
lent jet downstream of the gap (Ug � 100 m/s) (Håkansson et al.,
2011; Innings and Trägårdh, 2007; Kelemen et al., 2015; Mutsch
et al., 2021). Breakup visualizations with high-speed imaging have
revealed that drops are deformed and then break in the turbulent
jet created downstream of the gap (Innings and Trägårdh, 2007;
Innings et al., 2011; Kelemen et al., 2015; Mutsch et al., 2021;
Preiss et al., 2021). Comparing breakup visualizations to turbulence
statistics, leads to the conclusion that turbulent interactions are
responsible for breaking the drop (Håkansson et al., 2011;
Håkansson, 2018).

Direct numerical simulations (DNS) have been used to investi-
gate a turbulent jet in a domain similar to a HPH, suggesting that
the turbulent structures behave relatively ideally on the scales pos-
tulated to be responsible for turbulent inertial or viscous breakup;
i.e., the energy spectra and the relation between second-order
structure functions and dissipation rate of turbulent kinetic energy
(TKE) are fairly similar to that of a homogenous, isotropic turbulent
flow (Olad et al., 2021a, 2021b).
2

The growing number of high-quality experimental single drop
breakup visualizations have greatly added to the mechanistic
understanding of emulsification. This applies to both idealized tur-
bulent flows (Andersson and Andersson, 2006; Eastwood et al.,
2004; Herø et al., 2020; Martínez-Bazán et al., 1999; Masuk
et al., 2021; Risso and Fabre, 1998; Vejražka et al., 2018) and more
specific studies of breakup in emulsification devices (Ashar et al.,
2018; Galinat et al., 2007; Innings et al., 2011; Kelemen et al.,
2015; Maaß and Kraume, 2012; Mutsch et al., 2021; Preiss et al.,
2021; Solsvik and Jakobsen, 2015). However, single drop breakup
visualizations have limitations. Firstly, the experimental condi-
tions in itself sets constraints, i.e., requiring scaling of the geometry
to slow down the dynamics to the camera frame rate, and often
relying on a 2D projection when studying the drop details (Bisten
and Schuchmann, 2016; Håkansson, 2020). Secondly, the visualiza-
tion results are limited in terms of time resolution, and typically
only provide a few images per breakup event, making it difficult
to fully visualize how the morphology evolves during the whole
process. Thirdly, it remains challenging to measure both the drop
morphology and the instantaneous turbulent field in an experi-
mental setting, which makes it difficult to study direct interactions,
local in space and time, using these techniques (see Masuk et al.,
2021 for a recent exception).

Numerical experiments, where the turbulence is described
using a model-free DNS and the drop morphology is described by
a high-resolution volume of fluid (VOF) scheme, has emerged as
a complementary method to study drop deformation and breakup
from a mechanistic perspective. A comprehensive review of
methodology and main findings is available elsewhere
(Elghobashi, 2019) but a brief look at some of these previous con-
tributions will prove informative:.

One branch of numerical breakup investigations has focused on
how a large number of drops interact with turbulence and how the
drop size distribution evolves over time when subjected to a turbu-
lent flow. Skartlien et al. (2013) studied the evolution of the drop
size distribution and maximum drop size of an emulsion (including
a model for a mobile surfactant) in a forced isotropic homogenous
turbulence. They found good agreement with the Kolmogorov-
Hinze theory. Scarbolo et al. (2015) and later Rosti et al. (2019)



A. Håkansson and L. Brandt Chemical Engineering Science 253 (2022) 117599
extended these investigations into channel and shear turbulence
respectively. Scarbolo et al. (2015) studied a swarm of low viscos-
ity ratio emulsion drops (lD/lC = 1.0), injected into a channel flow,
and concluded on a difference in breakup dominated (We > 1) and
coalescence dominated (We < 1) emulsification. More recent
numerical investigations show the emulsification process going
through an alternating dominance of breakup and coalescence as
time progresses (Crialesi-Esposito et al., 2021; Mukherjee et al.,
2019).

Another branch of numerical breakup investigations has
focused on the morphology and behaviour of single drops placed
in turbulent flows. Qian et al. (2006) published an early attempt
to study the deformation and breakup of relatively small single
bubbles (qD/qC < 0.1, lD/lC = 1, We = 0.6–5) injected into isotropic
homogenous turbulence, concluding that breakup is preceded by a
period of bubble oscillation. When breakup occurred, it was fol-
lowing a rapid and substantial deformation. Breakup was not, how-
ever, generally observed at the point of maximum deformation, but
at a later time when some relaxation had already occurred.

Andersson and Helmi (2014) based their numerical breakup
study on a large eddy simulation (LES) instead of a DNS. They con-
cluded that breakup could be predicted from an energy barrier
approach; with breakup taking place when the relative increase
in surface energy exceeds a factor 1.4. Moreover, eddy visualization
(Q-criterion) indicated that breakup takes place due to the interac-
tion with a single eddy. This eddy was oriented perpendicular to
the drop it deformed and this eddy was relatively large in compar-
ison to the unreformed drop. These investigations were further
refined in a later study by the same group (Karimi and Andersson,
2020), correcting the critical energy barrier to 1.5 after using a
higher spatial resolution.

Shao et al. (2018) studied cascade breakup starting with a large
drop of a low viscosity ratio emulsion (lD/lC = 1.0). Breakup was
seen to follow a ‘burst mode’ where the drop was rapidly deformed
in multiple directions before breaking into a large number of frag-
ments. Shao et al. (2018) put special attention to the orientation of
the drop interface and turbulent eddy (i.e., to high vorticity
regions), concluding that the structures participating in the initial
breakup of large drops tended to be tangential to the interface,
whereas this alignment decreases as deformation and breakup
progresses.

Komrakova (2019) studied breakup of single low-viscosity
drops placed in homogenous and isotropic turbulence and identi-
fied different breakup mechanisms based on the initial drop-size.
Relatively large drops (We = 30) break with a burst mechanism
into a large number of fragments–similar to what was observed
by Shao et al. (2018)–whereas smaller drops deform and break into
fewer fragments. This could explain why burst mode breakup is
typically not seen in experimental single drop breakup visualiza-
tion studies, where the initial drops (i.e., We) is typically more
on the lower range in Komrakova’s study.

Recently, Rivière et al. (2021) studied the breakup of low
viscosity- and density-ratio drops (i.e., gas bubbles) (lD/
lD = 0.04), of sizes comparable to a few times the Kolmogorov-
Hinze diameters (We = 3–45). These authors also show a pro-
nounced difference in breakup morphology depending on how
large the initial bubble is in relation to the Kolmogorov-Hinze
scale. The smallest bubbles (We = 3) show a sequence of oscilla-
tions followed by subsequent breakup, primarily into two frag-
ments. Somewhat larger bubbles (We = 6) show a similar initial
breakup sequence but fragments (larger than the Kolmogorov-
Hinze scale) continue breaking once more. Finally, large bubbles
(We � 15) break substantially faster and into a larger number of
fragments. The authors discuss the results in terms of a difference
in breakup time-scale. The breakup time of small bubbles is highly
Weber number dependent and relatively long, whereas the
3

breakup time of larger bubbles is short and relatively independent
of Weber number.

Vela-Martín and Avila (2021) performed numerical experi-
ments on a low viscosity ratio drop (lD/lD = 1, qD/qC = 1) breaking
in homogenous isotropic turbulence, focusing on the correlation
between drop deformation (stretching) and the vorticity (‘eddies’),
arguing that vorticity structures (‘eddies’) far from the drop inter-
face (at a distance > 0.12 D, equivalent to > 6 g) dominate over
inner eddies, i.e., vorticity structures close to the drop. At high
We, the authors argue, both inner and outer eddies contribute to
deforming the drop whereas at low We (We < �3.5) the inner
eddies are associated with drop relaxation, and thus counteract
the deformation of the outer eddies. This goes against the popular
assumption of breakup as caused by drop-eddy collisions.

Although representing substantial advances in their own right,
it is far from obvious how to translate the insights gained from
these previous numerical breakup studies to increase the under-
standing and efficiency of HPH emulsification in realistic applica-
tions. Most notably, these previous studies are typically
performed with a substantially lower disperse phase viscosity,
and it is well-known from applied emulsification investigations,
that disperse phase viscosity contributes substantially to stabiliz-
ing the drop (Arai et al., 1977; Calabrese et al., 1986; Davies,
1985; Vankova et al., 2007), thereby influencing the deformation
and breakup process.

The present contribution applies the numerical breakup exper-
iment methodology to conditions closer to those in an industrially
relevant emulsification device (i.e., a HPH used to process milk, or
another high disperse phase viscosity product), than previous
investigations. The aim is to improve the understanding of how
turbulent interactions lead to breakup via deformations under con-
ditions relevant to emulsification devices, with an emphasis on
morphology of ‘initial breakup’ (Solsvik et al., 2016). This should
be seen as the first step in such an attempt, and some simplifying
assumptions are therefore necessary:.

(i) The turbulent field is approximated as being isotropic and
homogenous. This assumption is based on the finding that
local turbulent quantities behave fairly ideal in a HPH jet,
at least for length-scales and positions relevant to drop
breakup (Olad et al., 2021a, 2021b),

(ii) The investigations are limited to a relatively low Reynolds
number, in order to limit computational cost.

(iii) The interfacial tension is assumed to be independent of time.

2. Ensuring conditions similar to the HPH

Predictions of the largest drop diameter surviving prolonged
exposure to a turbulent field is traditionally based on the
Kolmogorov-Hinze theory (Hinze, 1955; Kolmogorov, 1949), or
one of the extensions thereof (Bałdyga and Podgorska, 1998;
Calabrese et al., 1986; Shinnar, 1961; Tcholakova et al., 2011).
Comprehensive comparisons of experimental emulsification data
with proposed semi-empirical models suggest that the maximum
drop diameter, after passing a low volume-fraction emulsion
though an emulsification device, when operating in the turbulent
inertial regime, can be predicted from (Arai et al., 1977;
Calabrese et al., 1986; Davies, 1985; Vankova et al., 2007):.

Dmax ¼ C1 1þ C2
lDe1=3D

1=3
max

c

 !
e�2=5c3=5q�3=5

C ð1Þ

with C1 = 0.86 and C2 = 0.37 (Vankova et al., 2007). Note that the
original Kolmogorov-Hinze model (Hinze, 1955; Kolmogorov,
1949) is a special case of Eq. (1), obtained when the stabilizing
effect of drop viscosity is assumed negligible.
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Eq. (1) can be re-formulated in terms of the dimensionless num-
bers typically used to describe the conditions for numerical drop
breakup investigations:.

We3=5 ¼ C1 1þ C2
lD

lC

g
D

� �4=3
We

� �
ð2Þ

where the Weber number:

We ¼ 2 � qC � e2=3 � D5=3

c
ð3Þ

denotes the ratio between disrupting turbulent inertial stress and
stabilizing Laplace pressure and

g ¼ l3=4
C

q3=4
C � e1=4

ð4Þ

denotes the Kolmogorov micro-scale. Note that the multiplying fac-
tor C2 in Eq. (1) (which quantifies the stabilizing effect caused by
drop viscosity), is re-expressed as a combination of viscosity ratio,
drop diameter to Kolmogorov length-scale ratio and Weber number
in Eq. (2). Thus, empirical emulsification experiments suggest that
the breakup behaviour is controlled by three dimensionless num-
bers: We, g/D and lD/lC.

Turbulent flows are also characterized by a Reynolds number.
Investigations of specific emulsification devices typically use a
Reynolds number based on the average velocity and device geom-
etry (Håkansson, 2019). Numerical breakup experiments are, how-
ever, most often performed in isotropic, homogenous turbulence
with zero average flow, where it is more suitable to use a Reynolds
number based on the scales of the turbulence, i.e., the Taylor-scale
based Reynolds number (Pope 2000).

Rek ¼ qC � u0 � k
lC

ð5Þ

where u’ is a RMS velocity and k is the Taylor length-scale. Rek can
be reformulated in terms of quantities that are more accessible in
an applied setting, such as the (time-averaged) dissipation rate of
turbulent kinetic energy, e, and the integral length-scale of the tur-
bulence, L (Pope, 2000):

Rek ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
20
3

L4=3 � e1=3
mC

s
ð6Þ

A fifth dimensionless number, which is often suggested to have
an influence on the breakup process in numerical studies is the
density ratio, qD/qC. A sixth parameter to consider is the time the
drops spend in the region of high turbulence in the emulsification
device. In dimensionless form this can be expressed as the hold-up
time divided by the Kolmogorov time-scale, T/sg, where.

sg ¼
ffiffiffiffiffi
tC
e

r
ð7Þ

Table 1 displays the value of these six dimensionless numbers
for a HPH running milk at 25 MPa, operating at a homogenization
temperature of 65 �C. The gap height (h) and average gap velocity
(Ug) is calculated from the pressure loss correlation suggested by
Phipps (1975) and the time-averaged dissipation rate of TKE is esti-
mated from the scaling suggested by Mohr (1987) and Innings and
Trägårdh (2007).

e ¼ U3
g

80h
ð8Þ

The hold-up time in the turbulent region of the HPH is approx-
imated as the time required to travel a distance of 5 h at the gap
velocity, Ug.
4

The disperse and continuous phase viscosities (milk fat and
skim milk respectively) are obtained from Phipps (1985), the skim
milk density is obtained from Kessler (2002) and the milk fat den-
sity is obtained from a general expression for fat (Singh, 2007).

Table 1 shows these scales for both a pilot scale and production
scale HPH. As seen in the table, devices differ in turbulent condi-
tions across these two industrially relevant scales. However, they
are often found to perform similarly in terms of emulsification effi-
ciency (Håkansson, 2016).

The drops entering an emulsification device under industrial
conditions are polydisperse, implying that a range of both We
and D/g are relevant for drop breakup in HPHs. Milk fat globules
enter the HPH with diameters in the range 2–5 mm (Attaie and
Richter, 2000), corresponding to We = 30–180 and D/g = 14–40.
Milk fat globules exits with diameters in the range 0.5–1.5 mm
(Di Marzo et al., 2016; Ransmark et al., 2019), corresponding to
We = 2.9–23 and D/g = 3.7–11.

The numerical breakup experiments in the present study are
setup with We = 1–60, covering the range from drops too small
to break in the HPH to the larger drop entering the device. The den-
sity and viscosity ratios are set equal to those of milk fat (lD/
lC = 22, qD/qC = 0.9). The length-scale ratio is set equal to 22, rep-
resentative of an average of the values experienced in the HPH, see
Table 1.

The time spent in the turbulent region differs by almost an
order of magnitude between the pilot scale and production scale
devices (T/sg = 20–100), a value in the upper region is chosen in
the simulations (T/sg = 90), to capture all relevant breakup events.
(No highly deformed surviving drops were found at simulation
time T/sg = 90).

The Reynolds number is set to Rek = 33 in all simulations. It
should be noted that this is lower than the values of a pilot or pro-
duction scale HPH (see Table 1). This is a limitation of the current
study, imposed to reduce computational cost. Decreasing the Rek
corresponds to a narrowing of the inertial subrange, and as the
inertial subrange narrows, the second similarity hypothesis
becomes less applicable (Pope, 2000, p. 242). From a turbulent
emulsification viewpoint, a lower Rek implies that the second order
structure functions (appearing in the exact expression for the tur-
bulent inertial stress assumed to break the drops) is over-predicted
by the dissipation rate of TKE (Olad et al., 2021c; Solsvik and
Jakobsen, 2016). Thus the Weber number, as defined by Eq. (3),
over-predicts the ratio between disruptive inertial turbulent stress
and stabilizing Laplace pressure. This should be kept in mind when
interpreting the results. However, there are reasons to believe that
the effect on the breakup morphology from the limited Reynolds
number is still marginal (as long as the flow remains turbulent)
since the empirical results do not suggest a Reynolds number
dependence (Eq. (2)) when predicting the largest surviving drop
diameter.
3. Methodology for numerical experiments

3.1. DNS and numerical method

The simulations are set up over a box with dimensionless length
Lbox = 2p and periodic boundaries. An Arnold-Betrami-Childress
(ABC) forcing (Mininni et al., 2006; Vallefuoco et al., 2017) is used
to create an isotropic and homogenous turbulent flow inside the
box. All three ABC amplitudes are set equal to 1.0. The dimension-
less continuous phase viscosity is set to tC = 0.06 and energy is
injected at the second wavenumber, to avoid the instability or arti-
ficial coalescence that can otherwise occur with the ABC forcing
(Komrakova et al., 2015; Mukherjee et al., 2019; Podvigina and
Pouquet, 1994).



Table 1
Relevant conditions and dimensionless numbers for drop breakup, comparing pilot and production scale HPH to the settings in the numerical experiments of this study.

Production scale
HPH

Pilot scale
HPH

Numerical experiment
(This study)

RELEVANT CONDITONS
Ug [m/s] 214 103 –
h [mm] 138 11 –
e [m2/s3] 8.9�108 13�108 –
DIMENSIONLESS NUMBERS
qD/qC [-] 0.9 0.9 0.9
lD/lC [-] 22 22 22
Rek [-] 500 100 33
We [-] D = 2–6 mm 29–180 38–240 1–60

D = 0.5–1.5 mm 2.9–18 2.8–23
D/g [-] D = 2–6 mm 14–41 15–45 22

D = 0.5–1.5 mm 3.4–10 3.7–11
T/sg [-] 100 20 90
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The Navier-Stokes equations are solved using an in-house DNS
code where space and time discretizations are performed using
second order accuracy central difference and Adams-Bashforth
schemes, and an FFT solver is used for the Poisson equation. The
interface between continuous phase fluid and the dispersed drop
is described using the multi-dimensional tangent hyperbola inter-
face capturing (MTHINC) algorithm (Ii et al., 2014; Rosti et al.,
2019), a type of volume of fluid (VOF) method. The time step is
adaptive and set to give a Courant–Friedrichs–Lewy number of
0.25.

More detailed description of the method, together with an over-
view of code structure and several validation cases, can be found
elsewhere (Costa, 2018; Crialesi-Esposito et al., 2021; Rosti et al.,
2019).

3.2. Interfacial area

Several methods have been suggested for calculating the inter-
facial area from a discretized VOF variable, a, but the most com-
mon approach is still to use the volume integral of the VOF
gradient (cf. Guo et al., 2014; Soh et al., 2016),.

AðtÞ ¼
Z

jrajdV ð9Þ

The rate of global interfacial deformation is quantified by the
time derivative of A(t), estimated with a five-point stencil scheme
(fourth order method).

3.3. Vorticity visualizations

The Q-criterion (Hunt et al., 1988) is used below to visualize
regions of high vorticity. A similar approach has been used in pre-
vious numerical breakup studies (Andersson and Helmi, 2014;
Shao et al., 2018) to obtain first insights into the interaction
between turbulent structures and the drop interface. However, it
is important to interpret these visualizations with care. The Q-
criterion will identify cores of these turbulent high-vorticity struc-
tures (often referred to as ‘eddies’), but the number of such struc-
tures and their size will depend on the chosen cut-off. More
elaborate methods for identifying turbulent structures have been
proposed (Ghasempour et al., 2015; Haller, 2005) but are outside
the scope of the current investigations.

3.4. Drop reconstruction

To ensure cost-efficiency in the simulations, the domain is mod-
elled as a periodic cube (see Section 3.1). This creates a practical
problem for identifying and visualizing breakup when drops cross
5

one or more of the periodic boundaries. A reconstruction algorithm
is therefore used for presenting the morphology results. Care was
taken to ensure that this does not influence conclusions. Details
of the algorithm and a comparison to raw isosurface visualization
can be found in Appendix A.

3.5. Initialization and convergence

The flow variables are initialized by a zero field and run in one-
phase mode until the average of the dissipation rate of TKE and Rek,
across the entire domain, appeare to have converged (see Fig. 1).
The convergence criterion is similar to the one used by Rivière
et al. (2021). Both properties level out after approximately 400
sg. The one-phase flow is run for another 500 sg to collect averaged
quantities (Rek = 32.9 and e = 3.07, indicated by the dashed lines in
Fig. 1). These time-averaged one-phase values are used in the def-
inition of We, D/g and sg reported in connection to the settings and
results.

To conduct a numerical breakup experiment, a spherical drop
(D0/Lbox = p-1, corresponding to a volume fraction of 1.7%) is
injected into the one-phase flow and tracked over time, either until
the first fragment detached itself or until time t = 90 sg (at which
time the drop is considered to have exited the active region of the
device). By varying the interfacial tension, a range of different We
cases are investigated, see Table 2 (note that all length-scales in
Table 2 are given in the primary dimensionless units used in the
simulations). Drops of different We are injected on the same initial
one-phase flow-field, allowing for a comparison of how drops of
different We would behave if experiencing the same trajectory
through the emulsification device. These simulations are marked
as belonging to flow realization A in Table 2.

It is well known that the turbulent field varies stochastically,
that instantaneous stresses can be considerably higher and lower
than the time-average, and that these intermittent effects influ-
ence drop breakup (Bałdyga and Podgorska, 1998; Håkansson
2021; Kolmogorov, 1949). This implies that each drop passing
the device experiences a different stress history. To account for this
in the numerical experiments, three additional flow realizations
are created (B-D in Table 2) by running the one-phase flow for
an additional 100, 200 or 300 sg respectively, before injecting the
drop.

3.6. Mesh resolution

A DNS is considered well resolved if the mesh size (Dx) is suffi-
ciently small in comparison to the Kolmogorov length-scale.
Eswaran and Pope (1988) suggests Dx/g < 2p, which implies that
the current simulation (Dx/g = 0.5) is well-resolved with respect



Fig. 1. Convergence prior to injection of the drop for (a) Rek and (b) e, averaged across the computational domain.

Table 2
Simulated cases with primary settings (in the dimensionless units used in the simulation), calculated characteristic dimensions (also in the dimensionless form) with resulting
breakup times (tB/sg) and extents of global deformation (A/A0) at point of initial breakup.

Flow realization N
[-]

D
[-]

c
[-]

mC
[-]

k
[-]

g
[-]

We
[-]

tB/sg
[-]

A/A0at tB

PRIMARY SETTINGS CALCULATED RESULTS
A 128 2 0.22 0.06 0.64 0.092 60 13.5 2.28

0.45 30 13.2 2.11
1.0 13 14.1 1.81
2.7 5 21.44 1.74
4.5 3 24.5 1.41
13 1 NA NA

B 0.45 30 23.8 2.34
2.7 5 62.9 1.32
4.5 3 73.6 1.32
13 1 NA NA

C 0.22 60 22.1 2.39
0.45 30 34.6 2.71
1.3 13 38.2 2.02
2.7 5 50.0 1.39
4.5 3 NA NA
13 1 NA NA

D 0.45 30 19.45 1.60
2.7 5 48.4 1.43
4.5 3 54.9 1.33
13 1 NA NA

NA) No breakup detected before t = 90 sg.
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to the flow of the continuous phase. However, the resolution across
drop diameter (D/Dx) often becomes the limiting factor for
breakup simulations. The setup in this study resulted in 41 grid
points across the initial drop diameter. This D0/Dx is similar to that
obtained in several similar numerical single drop breakup studies
(Komrakova, 2019; Qian et al., 2006; Riviére et al., 2021), and it
is also comparable to the initial drop diameter to pixel size typi-
cally obtained in experimental single drop breakup visualizations,
see comparison in Håkansson (2020). Also note that the purpose of
the study influences the required resolution; a higher resolution
(measured in terms of D0/Dx) is needed for studying the creation
of small fragments or multi-stage breakup process than for study-
ing the morphology at the initial breakup (as in this study).

To investigate the effect of mesh resolution on the results in this
study, a test-case was set up where a drop was injected into a tur-
bulent field (flow realization A) into three resolutions: (i) directly
into the original flowfield (1283, D0/Dx = 41), (ii) into the same
flow-field to double resolution at (2563, D0/Dx = 82) and (iii) into
the flow-filed to half resolution (643, D0/Dx = 20). The turbulent
forcing was turned off at the same time as the drop was injected
6

(since the forcing operates on a fixed wave number), similar to
what was done by Rivière et al. (2021), to test mesh sensitivity.
The We based on the turbulence level before injection was set to
13 in these simulations, leading to a pronounced deformation
(maximally so at t/sg = 17.9), followed by a relaxation (since forc-
ing was turned off, the turbulence is decaying rapidly). The drop
morphology at t/sg = 17.9 can be seen in Fig. 2 for the three differ-
ent mesh resolutions. Morphological differences between the dou-
ble resolution case (2563, D0/Dx = 82) and the standard result case
(1283, D0/Dx = 41) are small, and the relative error in the interfacial
area is<2 %. The half resolution case (643, D0/Dx = 20), still repro-
duces the general morphology but with a more staggered appear-
ance, and with a relative error in surface area of 4.3 % (compared to
double resolution). All further investigations are therefore con-
ducted with D0/Dx = 41.

Another factor influenced by the mesh resolution is the risk of a
gradual loss of mass, seen as a loss of the total disperse phase vol-
ume during the simulations. With the cases in Table 2, the relative
loss of volume is below 0.022 %, comparing injection and initial
breakup.



Fig. 2. Mesh resolution study, showing the drop morphology at t/sg = 18, for three mesh resolutions (D0/Dx = 20, 41, 82). (Decaying turbulence starting fromWe = 13 at t = 0).
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4. Results and discussion

4.1. Drops at high Weber numbers (13 � We � 60)

As discussed in Section 2, the large drops breaking in an emul-
sification device have a We = 30 or higher.
4.1.1. Morphology at initial breakup
Fig. 3 displays how the drop morphology evolves over time for a

drop with We = 30 (flow realization A). The drop starts deforming
as soon as it is injected into the turbulent flow. It first elongates
slightly into an approximately ellipsoidal shape (t/sg = 5.42), after
which it is pulled into a sheet that starts bending (t/sg = 7.15).
From t/sg = 8.64, we see how the sheet is pulled out in three differ-
ent directions, forming three filaments/sheets, which have further
deformed at t/sg = 10.7. At t/sg = 13.2, one of the necks has become
sufficiently thin for the initial breakup to take place (green arrow).
Continuing the simulations beyond this point, shows that the ini-
tial breakup event is followed by a rapid succession of continued
breakup of the highly deformed large fragments.

As previously discussed, two drops injected in the flow at differ-
ent times will show different deformation and breakup behaviour,
due to intermittency effects in the turbulence. Fig. 4 shows the
drop morphology prior to the detachment of the first fragment
for all four flow realizations considered here (at We = 30). The time
from injection to initial breakup differs between drops, however,
severable similarities can also be seen among the cases in Fig. 4.
First, note that initial breakup occurs relatively early (tB = 13.2–
34.6 sg, see Table 2) for all four cases. Also note the highly
deformed structures in Fig. 4, where the drop has either been
extended in multiple filament and/or sheets before breaking (A-
C), or where large heavily deformed fragments are formed after
the initial breakup (D). This behaviour appears to be consistent
across a larger range of high Weber numbers, as seen in Fig. 5,
showing the breakup morphology just prior to breakup for two
of the flow realizations (A and C) at a lower (We = 13) and a higher
We (We = 60); all these high-We cases show highly deformed
structures, with multiple filaments extending in different direc-
tions. This behaviour has similarities to the burst-like breakup
mechanism observed by previous investigators studying low vis-
cosity systems (Komrakova, 2019; Shao et al., 2018). However,
the higher viscosity in this study (lD/lC = 22 instead of 1.0) seem
to promote longer and fewer filaments, as expected from the stabi-
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lizing influence of the viscous resistance to deformation and
breakup.

For these high-We cases (We = 13–60), the deformation process
is monotonic in the sense that the drop surface (and, hence, the
interfacial energy) increases continuously until the initial breakup
takes place, as seen in Fig. 6 showing the evolution of the interfa-
cial area over time (upper panel) and its time derivative (lower
panel). A positive derivative implies an increase in the total inter-
facial area, and thus a net increase in the interfacial energy (defor-
mation), whereas a negative derivative indicates a net decrease in
interfacial energy (relaxation). Note that the derivative remains
positive throughout the process, showing that the drop never has
a possibility to relax. This behaviour is consistent between the four
flow realizations (Fig. 6). However, the extent of global deforma-
tion (as measured by the relative increase in interfacial area
between the point of breakup and the initial spherical state), A/
A0, differ substantially between the cases (see Table 2); i.e., it is
not possible to predict breakup simply as a consequence of reach-
ing a critical increase in surface area, as is sometimes suggested in
breakup frequency modelling (see review in Solsvik et al., 2013).
The reason why the interfacial area is a poor predictor for when
breakup takes place can be readily seen from the drop morphology
at the point of breakup (Figs. 4-5); the initial breakup occurs when
one of the filaments grows sufficiently thin (which is a local condi-
tion); this cannot be predicted using a global condition of net
increase in interfacial energy (A/A0), since the deformation mor-
phology may substantially differ between drops even for similar
values of A/A0. The data in Figs. 4-5, suggest that the increase in
interfacial area appears to be more related to the number of fila-
ments than to the dimensions of the thinnest filament.

4.1.2. Turbulent structures and critical deformation
As discussed already in the methodology section, there are sub-

stantial challenges involved in any attempts to link drop deforma-
tion to specific localized turbulent structures. However, some
additional insight into the breakup process might be obtained by
comparing the drop morphology to high-vorticity flow structures.
Fig. 7 displays the drop morphology (isosurface corresponding to
the value of the VOF function a = 0.5) together with eddy visualiza-
tions (isosurface of Q = 30), focusing on the timespan where the
drop is critically deforming. First, note that many turbulent struc-
tures can be seen in the vicinity of the breaking drop. However,
some eddies appear to play a larger role than others. At t/
sg = 4.1, the most prominent high vorticity structure, denoted (i)



Fig. 3. Drop deformation sequence for We = 30 (flow realization A).

Fig. 4. Drop morphology at initial breakup We = 30 (flow realization A-D). The green arrows indicate the point of initial detachment.
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in the figure, is aligned with the interface and appears to be
involved in flattening the drop in the upper left part. This eddy-
drop interaction is still apparent at t/sg = 5.4, but has almost com-
pletely dissipated before t/sg = 7.5. At t/sg = 4.1, we also see the
emergence of another eddy, (ii), close to and aligned with the drop
interface, pulling the flattened drop and deforming it into a bent
sheet. This structure appears to loose energy fast due to its elongat-
ing action on the drop and has disappeared by t/sg = 7.5. Note that
both these structures participating in the initial deformation are
aligned with the drop, similarly to what was seen by Shao et al.
(2018) for a low-viscosity system. A third interesting structure,
denoted (iii), can also be seen already at t/sg = 4.1, in direct prox-
imity to the upper right edge of the drop. As time progresses, this
eddy gains in vorticity, pulls out a filament from the drop and
twines itself around it (t/sg = 7.5–9.5), which leads to this filament
growing further. This is also the filament where we observe the ini-
tial breakup to take place later, at t/sg = 13.2, see Fig. 3. Finally, we
also see a fourth eddy, (iv), with high vorticity levels and a long
life-time. However, this eddy remains at a distance from the drop
8

during the entire process. The distance between the eddy core of
(iv) and the drop might also help explain why it is more long-
lived than for example eddy (ii): it does not appear to lose any
energy in deforming the drop.

In summary, the eddy visualizations indicate that there is a col-
lection of turbulent structures–varying in length- and time-scales–
that interact with the drop. It is difficult to identify a single turbu-
lent structure that dominates the process. This is also consistent
with what was already deduced from the drop morphology in
Figs. 3-5, showing the deformation of the drop into multiple fila-
ments and sheets, a deformation pattern that is difficult to attri-
bute to a single turbulent structure.

4.2. Drops at intermediate Weber numbers (3 � We � 5)

4.2.1. Morphology at initial breakup
Turning to the case of lowerWeber numbers (comparable to the

We of the smallest drops surviving passage through an emulsifica-
tion device), we note that the breakup morphology is rather differ-



Fig. 5. Drop morphology at the first fragment detachment, showing two flow realizations (A and C) at two Weber numbers (We = 60 and 13). The green arrows indicate the
point of initial detachment.
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ent. In particular, Fig. 8 shows the drop morphology as a sequence
of time-instances for We = 5. Already at t/sg = 3.59, the drop has
started deforming into an ellipsoidal shape. It continues by elon-
gating and flattening, mainly in one direction (t/sg = 7.16). Keep
in mind that this is the same flow realizations as in Fig. 3, and thus,
at least initially, the same turbulent flow. Up to this point, the
deformation is also similar to that seen at higher We. However,
the low-We drop in Fig. 8 is pulled out in one direction only (t/
sg = 10.7–14.2) instead of flattening further as seen for the higher
We case in Fig. 3. A neck growing into a long filament can be clearly
seen at t/sg = 17.9, extended to a length of � 3 D0 at t/sg = 21.4,
after which the drop is ready to break into two larger drops and
a number of smaller satellites.

Fig. 9 (upper row) displays the drop morphology just before ini-
tial breakup, for all four flow realizations with We = 5. All four flow
realizations lead to less complex deformation before breakup when
compared to the high We cases; deformation primarily takes place
in a single direction and eventually leads to the formation of a sin-
gle filament that breaks when growing sufficiently thin. Moreover,
flow realization A, C and D all show a distinct pattern of a filament
forming between two larger drops that are approximately spheri-
cal, indicating that the breakup will eventually give rise to two lar-
ger daughters and an array of satellite drops. Conversely, the
realization denoted as B displays the deformation to a smaller fil-
ament extending from a deformed structure containing most of
the volume. In this case (B), the primary breakup will be closer
to that of the highWe cases, resulting in one or a few smaller drops
together with a highly deformed larger drop (that is likely to break
again if exposed to high turbulence intensity). The transition from
a multidirectional ‘burst-mechanism’ to a unidirectional ‘neck for-
mation’ mechanism is also similar to the observations made when
comparing high to low We for a low-viscosity system in numerical
breakup experiments (Komrakova, 2019), as to the transition from
breakup into a larger number of fragments at higher We to a smal-
ler number at lower We (Rivière et al., 2021). These observations
can also be compared to drop breakup in high speed air jets where
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a transition between a ‘vibrational mode’ (oscillations followed by
slow deformation) and a more violent, almost deterministic ‘bag
breakup’ mode is often observed close to We = 13 (Kulkarni and
Sojka, 2014; Soni et al., 2020).

The evolution of the surface area as a function of time can be
seen in Fig. 10 (left panel), and displays notable differences
between the different flow realizations. Whereas case A leads to
a continuous deformation (much as for the high-We cases), cases
B, C and D all display a sequence of deformations, followed by
relaxation (regions of predominantly negative derivative) before
reaching breakup. As expected from Figs. 9-10, the deformation
at initial breakup is smaller than for the high-We cases (i.e., only
one filament is formed for We = 5, leading to a less pronounced
increase in the total interfacial area). Nevertheless, the global
extent of deformation at breakup still varies substantially between
flow realization (A/A0 = 1.32–1.74, see Table 2).

It could also be noted that drops occasionally relax back to
quasi-spherical conditions after having experienced a substantial
degree of deformation. The drop of case D relaxes back again after
reaching A/A0 = 1.2. Moreover, case B reaches a global degree of
deformation of A/A0 = 1.33 at t/sg = 24.2, before relaxing back to
A/A0 < 1.1. It is noteworthy that the deformation at the time of ini-
tial breakup for flow realization B, is actually lower than the max-
imum deformation from which it was able to relax from. The
reason is examined in Fig. 11, comparing the drop morphology at
these two times. Although the global extent of deformation (A/
A0) is similar, the deformation at t/sg = 24.2 is in the form of a gen-
eral elongation and flattening of the entire structure (a type of
deformation that is possible to relax from) whereas at t/sg = 63.6,
the same global extent of deformation is obtained in the form of
a thin filament (which is difficult to relax back from). This finding
does not necessarily imply that it is impossible to identify a global
degree of deformation from which breakup is inevitable (i.e., a suf-
ficient but not necessary criterion for breakup)–the deformation at
t/sg = 24 is, after all, still lower than the critical level of 1.5 sug-
gested by Karimi and Andersson (2019). However, this particular



Fig. 6. Global deformation, A(t)/A0 (upper panel) and rate of change of the global
deformation (dA/dt) (lower pane), until the point of breakup (filled marker), for four
flow realizations: A (black), B (blue), C (red) and D (green). (We = 30).
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configuration does illustrate the challenges and pitfalls in using a
global deformation measure as a tool for predicting breakup.

4.2.2. Turbulent structures and critical deformation
A plot showing the deforming drop and the turbulent eddies

interacting with it is depicted in Fig. 12. Note that Fig. 12. and 7
are obtained with the same flow realization. Thus the turbulent
eddies are expected to be similar (at least initially, before the inter-
action with the differently rigid drops will give rise to differences in
the turbulence modulation). The same eddy structure discussed for
theWe = 30 case can be seen in Fig. 12, and appears to partake in the
deformation. In particular, we see how eddy (i) initially has the
same flattening effect on the drop (to a smaller extent, due to the
higher resistance to deformation). Moreover, the aligned and
short-lived eddy (ii) appears to play a role in elongating the drop
between t/sg = 3.6 and t/sg = 11.0. The eddy that appeared to drive
the pulling out of the thin filament that was the first to break at
We = 30 (eddy iii), is still present but is now unable to pull out a fil-
ament from the more energetic surface. At t/sg = 11.0 it is still pre-
sent but the drop is moving away from it. Instead of winding on the
filament, eddy (iii) alignswith the drop and appears to contribute to
elongating it together with (ii). Since breakup occurs later atWe = 5
than at We = 30, new turbulent structures also come into play. At t/
sg = 8.0 (when eddy (ii) is decreasing in vorticity level) we see
another aligned high-vorticity structure, denoted as (v), contribut-
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ing to drop elongation. This structure appears to continue elongat-
ing the drop at t/sg = 11 into the direction of which the thin filament
responsible for initial breakup will eventually form.

In summary, althoughwe see a different breakupmorphology, it
is still difficult to identify a single turbulent structure as responsible
for causing critical deformation or breakup. The challenges with
using this type of visualizations to draw conclusions about the
number of interactions are many, however both eddies (ii) and (v)
appear to contribute to the critical elongation, and they behave dif-
ferently, suggesting that they are separate turbulent structures.

4.2.3. Comparing between We in the intermediary range (3 � We � 5)
The morphology visualizations at initial breakup in Fig. 9 also

show the results at a somewhat lower We (We = 3), and illustrate
how the behaviour is similar but with an even more pronounced
deformation into two approximately spherical sub-drops sepa-
rated by a thinning filament. Also note that breakup occurs consis-
tently later (or not at all within the investigated time-span, see
case C) when decreasingWe from 5 to 3. Both of these observations
are consistent with the fact that a more rigid interface gives more
time for the dispersed phase volume to relax into a spherical shape
if the critical filament has not formed. Moreover, in the case of
breakup, stiffer drops form two larger daughter drops and a collec-
tion of smaller satellites.

Fig. 10 displays how the drop interfacial area evolves over time
for We = 3 and the four different flow realizations. For flow realiza-
tion A, the drop deforms monotonic and breaks (as in the previous
cases), whereas for B and D, the drop goes through a number of
deformation-relaxation cycles before finally deforming critically
and breaking. Flow realization C also displays oscillations, with
the last deformation reaching a value of the global deformation
A/A0 = 1.2; nevertheless, the drop, relaxes again and no breakup
occurs before the simulation end-time (t/sg = 90). The We = 3 sim-
ulations illustrate how the stochastic variations in the turbulent
field are linked to the drop survival probability, and how a critical
Weber number is a stochastic property when seen on the level of
individual drops. Drops entering at flow conditions A (which is,
apparently, at a point in time with exceptionally high instanta-
neous stress at the position where the drop is injected) will break
fast even if they are very small or poorly stabilized (i.e., having a
relatively low We), whereas drops entering the flow at flow condi-
tions C (a point in time with lower stresses at the centre of the
domain is less intense), will survive beyond t/sg = 90 for We � 3.

The breakup morphology observed for these drops in the inter-
mediate We range (3 � We � 5) are comparable to the conditions
in experimental studies, allowing for a qualitative comparison. The
formation of a large number of satellites (the number of which is
growing with increasing We) has also been reported in experimen-
tal studies (Ashar et al., 2018; Herø et al., 2020). These results of
the numerical breakup experiments are also in line with the obser-
vations based on the emulsification experiments by Tcholakova
et al. (2007). Using an inverse population balance equation
method, Tcholakova et al. (2007) retrieved the daughter drop prob-
ability distribution function and concluded that for highly viscous
drops (as those considered in this study), breakup generates two
approximately equally sized fragments separated by a long fila-
ment, subsequently breaking into several smaller droplets.

4.3. Drops at low Weber numbers (We = 1)

None of the simulations at We = 1 resulted in a breakup events
before t/sg = 90 (time chosen to correspond approximately to the
time at which drops would leave the efficient region of breakup
in the HPH). To analyse these flow cases, Fig. 13 displays the drop
morphology through a sequence of images for flow realization A,
with the global deformation (A/A0) reported in Fig. 14, for all four



Fig. 7. Simultaneous visualizations of deforming drops (red isosurfaces) and Q-criterion turbulent structures (vorticity coloured isosurfaces) for the configuration We = 30
and flow realization A.

Fig. 8. Drop deformation sequence for a flow configuration at We = 5 (flow realization A).
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Fig. 9. Drop morphology at initial breakup for cases with We = 3 and 5 (flow realizations A-D). The green arrows indicate the point of initial detachment.

Fig. 10. Global deformation, A(t)/A0 (upper pane) and rate of change of the global deformation (dA/dt) (lower pane), until the point of breakup (filled marker) for four flow
realizations: A (black), B (blue), C (red) and D (green). Left size: We = 5. Right side: We = 3.
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flow realizations. As seen in the figures, the drop goes through a
periodic deformation and relaxation. None of the deformations
are, however, effective enough to pull out a filament or lead to
12
the formation of a neck (see Fig. 13), which explains why no
breakup is eventually observed. It could be noted that there is a
tendency for an increased deformation amplitude over time in



Fig. 11. Comparing a deformed state the drop relaxes from (left) and a deformed state the drop does not relax from (right), corresponding to approximately the same global
deformation, A/A0 = 1.3 (We = 5, flow realization B).

Fig. 12. Simultaneous visualizations of deforming drops (red isosurfaces) and Q-criterion turbulent structures (vorticity coloured isosurfaces) for the configuration We = 5
and flow realization A.
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Fig. 14, but that the global extent of deformation is still exceed-
ingly low (A/A0 < 1.06) as compared to the levels where breakup
is observed at higher We, see Figs. 6 and 10.

4.4. A two-stage process: Oscillations and critical deformation

Looking at the results in Sections 4.1-4.3, it is reasonable to
describe the interaction between the drop and the continuous
13
phase–from injection to initial breakup–as a two-step process: an
oscillatory phase and a critical breakup phase. Similar interpreta-
tions can also be deduced from drop breakup experiments (Herø
et al., 2020). The oscillatory phase consists of a sequence of defor-
mation and relaxations where the global deformation can become
exceedingly large (A/A0 � 1.3 is observed) but without the forma-
tion of the necks or filament that lead to breakup. The critical
breakup phase can be identified as when the drop goes into a



Fig. 13. Drop deformation sequence for a configuration with We = 1 (flow realization A).
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monotonic deformation sequence (e.g., starting at t/sg = 46 for flow
realization B, We = 5, and at t/sg = 23 for flow realization D,
We = 3). As noted previously, the global deformation in the
breakup phase is not necessarily larger than in the oscillatory
phase (as seen for flow realization B in We = 5, Fig. 11), but it leads
to the formation of instable structures that once formed will deter-
ministically break. Drops with low We are less likely to enter the
breakup phase (at least when holdup time in the turbulent zone
is limited), whereas drops with a highWe have a higher probability
of going directly into the breakup phase without passing though
the oscillatory phase. It is, however, not possible to make any
quantitative statements about these probabilities and their depen-
dence onWe at this point (since this would require studying a sub-
stantially larger number of flow realizations).

The observation of an oscillatory phase may lead to the identi-
fication of three cases, based on the value of the Weber number
We: a high We regime with direct breakup, an intermediate We
regime leading to oscillation followed by likely breakup, and a
low We regime corresponding to oscillations without breakup.
These distinctions are similar to what has been observed for low
viscosity drops in experimental single drop breakup visualizations
(Risso and Fabre, 1998). For the low viscosity system, it has been
showed that this behaviour also arises when modelling the
drop-fluid interaction with a Rayleigh-Lamb model, describing
the drop interface as a linear oscillator that deforms (‘stretches’)
and relaxes with a characteristic frequency f2 and with a dampen-
ing rate b2 (Risso and Fabre, 1998). The resulting Rayleigh-Lamb
model has also proven highly fruitful in predicting breakup in sub-
sequent studies (Galinat et al., 2007; Lalanne et al., 2019). Some
aspects of this model are in agreement with the high viscosity-
ratio simulation results of the present study. Specifically, a charac-
teristic property of such a Rayleigh-Lamb model is that it predicts
an oscillation amplitude that grows over time, as a consequence of
14
a resonance phenomenon (cf. Fig. 14). Moreover, for the configura-
tions considered in this study, the theoretically predicted oscilla-
tion period is 1/f2 = 32–5.5 sg, with the highest value obtained
for We = 30 and the lowest value for We = 1 (calculated using
the algorithm suggested by Miller and Scriven, 1968). This corre-
sponds roughly to the simulation results in the present study,
which displays an oscillation period of � 10 sg for We = 1–5 (see
Figs. 10 and 14). However, there are also discrepancies between
the Rayleigh-Lamb model and the results in the present study.
Due to the high viscosity of the disperse phase in the present
study, the dampening frequency, b2, becomes exceedingly large:
The dampening in the Rayleigh-Lamb model is often described
in dimensionless form as (Lalanne et al., 2019; Risso and Fabre,
2019):.

n ¼ b2

2p � f 2
ð10Þ

Using the full implicit formula (Miller and Scriven, 1968) to cal-
culate the characteristic frequency f2, and dampening rate b2 for
the cases in Table 2, results in values in the range n = 0.6–5 (lowest
value for We = 1). Indeed, following the results in Lalanne et al.
(2019), possibilities for such a resonance mechanism seems to be
limited already for n > 0.3. This suggests fundamental differences
between mechanisms driving oscillations between low and high
viscosity ratio systems.

Turning to the time required for the drop to break under these
conditions, Fig. 15 (left panel) displays the time between injection
and the initial breakup (tB). The figure illustrates the same beha-
viour as discussed above; time from injection to breakup varies
between flow realizations (for the same We) but more so at lower
We. Moreover, the average time decreases with increasing We. The
empirical lifetime correlation suggested by Rivière et al. (2021) for
drops of low viscosity (lD/lC = 0.04).



Fig. 14. Global deformation, A(t)/A0 (upper panel) and rate of change of global
deformation (dA/dt) (lower panel) for four flow realizations: A (black), B (blue), C
(red) and D (green). We = 1.
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tB ¼ 2
3
� D2=3

0 � e�1=3 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
We=3� 1

p ð11Þ
is displayed in the figure with a black solid line. As seen in the fig-
ure, the drop lifetime is
Fig. 15. Time from injection to initial breakup (tB) as a function of We (left pane), and ti
shows the empirical lifetime correlation suggested by Rivière et al. (2021), Eq. (11) in th
constant adjusted to fit the high-viscosity data (see text).
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substantially higher at higher viscosities (this study). However,
the same scaling is able to reasonably well describes the observed
We-dependence properly rescaled, as seen from the dashed blue
line. This reports the correlation in Eq. (11) with the proportional-
ity constant adjusted to a value of 112 to better fit the high-
viscosity data of our simulations.

As discussed above, the process from injection to initial breakup
can be divided into two phases; note that tB in Fig. 15 (left panel) is
the time for the entire process. Part of this time is spent in
deformation-relaxation cycles, with drops which are in several
cases in a relatively relaxed state when entering the deformation
phase (see Fig. 10). Thus, the We-dependence of the breakup time
is not necessarily a consequence of the different amount of time
required to critically deform the drop (Zhou et al., 2021), but it is
also a measure of how long time a drop spends in the oscillatory
phase.

The right panel of Fig. 15 displays the time spent in the final
deformation phase, tB* (from start of monotonic deformation, dA/
dt > 0, until first detachment) for all drops observed to break in
the present study. Note that typically tB* = tB, for the highWe cases,
and tB* < tB for lower values of We. As seen in the figure, the We-
dependence disappears when correcting for the oscillatory phase
(tB*/sg = 23.5 ± 7.8), suggesting that, once experiencing conditions
intense enough to critically deform the drop, the deformation time
is independent of We.
4.5. Current limitations and suggestions for continued investigations

The long-term aim of these investigations is to increase our
understanding of drop breakup and emulsification in industrially
relevant emulsification devices, such as the HPH, for drops where
the disperse to continuous phase viscosity ratio is large (as is the
case in the majority of applications).

As stated in the introduction, the current study has simplifying
assumptions, relaxing these provides opportunities for new inves-
tigations and improved understanding. The use of isotropic
homogenous turbulence (instead of the flow in the actual device)
is one such limitation. Even if the small scale turbulent scales
responsible for breakup is similar (as suggested by recent DNS
investigations, Olad et al., 2021a, 2021b, 2021c), the turbulence
in an emulsification device is highly inhomogeneous, leading to a
larger variation of the time-history of instantaneous stresses in
the industrially relevant device. Extending the current investiga-
tions to a DNS on the actual device would constitute an interesting
continuation.
me in the breakup phase (tB*) as a function of We (right panel). The solid black line
e text. The dashed blue line indicates the same correlation with the proportionality
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Another limitation is the relatively low Reynolds number (a
common limitation in this type of investigations, due to the com-
putational cost of interface-resolved simulations). As discussed in
Section 2, Reynolds number does not enter the empirical dimen-
sionless number correlation (Eq. (2)), but a Reynolds number
below 100 leads to a change in the behaviour of the second-
order structure functions, and thus indirectly influences the
turbulent stresses and their dependence on the turbulent length-
scale. Thus, extending these investigations to higher Reynolds
numbers would be interesting for future studies.

A third assumption is that the interfacial tension is assumed to be
constant over time and space, whereas the dynamic adsorption of
surface active molecules and particles will influence the interfacial
tension (and make it non-uniform). These time- and spatial-
variations in interfacial tension are expected to have an effect on
the breakup morphology. Models for tracking the dynamics of sur-
factants and interfacial tension have been suggested in different
frameworks (Alopaeus, 2022; Håkansson et al., 2009; Skartlien
et al., 2013), and including this in a numerical breakupmodel is pos-
sible. However, substantial work still remains to be done on how to
describe this, especially for the more industrially relevant case of
high-molecular emulsifiers (e.g., proteins, and protein aggregates).

Finally, it can be noted that further comparisons between
numerical ‘in silico‘ experiments and single drop ‘in vitro’ high-
speed breakup visualization experiments on the same system
would also be of interest for further studies. As discussed in Sec-
tion 1, both methodologies have their advantages and limitations,
suggesting that combined investigations could be of great value.

5. Conclusions

The present numerical single drop breakup experiments, on
drops with a high disperse to continuous phase viscosity ratio, sug-
gest that the breakup morphology is highly dependent on the
Weber number. In a practical application, a range of drop sizes
enter the device. High We drops (the largest drops entering the
device), tend to deform in multiple directions simultaneously. Ini-
tial breakup occurs when one of the many filaments or sheets
becomes sufficiently thin. Intermediary We drops (the smaller
drops entering the device) deform in a single direction, with the
formation of a thin filament separating two almost spherical sub-
drops. This leads to the formation of two approximately equally
large fragments and an array of smaller satellite drops after the
primary breakup. Attempts to correlate the deformation with the
evolution of eddy structures are difficult but indicate that more
than one turbulent eddy is involved in the process of causing the
final critical droplet deformation.

The process from injection of a drop until initial breakup, can be
divided into an oscillatory phase (cycles of increasing and decreas-
ing interfacial area) and a final breakup phase (a monotonic
increase in the degree of deformation until critical deformation),
as also observed in experimental studies as well as in numerical
studies on low viscosity systems. The larger the We (i.e., the larger
the drop), the higher is the probability to pass straight into the
breakup phase. The lower the We, the less likely it is to reach the
breakup phase (within a finite time-period). Again this is in agree-
ment with what has been observed for low viscosity-ratio systems,
but cannot be explained by the same mechanism due to the sub-
stantially higher dampening rates obtained at high drop viscosities.

We also show that the initial breakup time, as measured from
when the drop enters the turbulence until the first fragment is
detached, decreases with We, with a We-dependence similar to
what has been reported in previous studies on low-viscosity sys-
tems. However, the time required for the drop to finally break, after
a varying number of oscillations, is relatively independent of the
Weber number (tB*/sg � 24).
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Appendix. A. Effect of drop reconstruction

The numerical single drop breakup visualizations were carried
out in a periodic box domain. This allows efficient use of computa-
tional resources. However, every time a drop, or a filament thereof,
crosses over one of the six boundaries, it will appear truncated in a
raw VOF-isosurface plot. The left column of Fig. A.1 shows these
raw isosurfaces for two of the cases discussed in the results sec-
tion. From a pedagogic or reader-oriented perspective, this is prob-
lematic since it is easy to misinterpret such a figure from a hasty
view (i.e., the drop drops in the left column of Fig. A.1 appears to
already have been fragmented). It becomes increasingly difficult
to correctly interpret drop morphology for cases with more com-
plex deformation (see lower panel in Fig. A.1).

The current study uses a reconstruction algorithm to translate
the isosurfaces (left column in Fig. A.1) into reconstructed drops
(right column of Fig. A.1). The reconstruction proceeds with the fol-
lowing steps:.

1) The grid points with a > 0.5 are stored in a matrix P.
2) P is mirrored in each of the six periodic planes, and stored

into a new matrix R.
3) An alpha shape (a generalized convex hull) algorithm

(Edelsbrunner et al., 1983) (used as implemented in MATLAB
2019a, with a cut-off radius of 0.1) is used to identify all
bounding volumes. Due to the mirroring, the whole drop
will appear at least once.

4) The largest alpha shape-objects (i.e., one of the representa-
tions of the whole drop) is selected and displayed.

5) A box with the same size as the original computational
domain is plotted as an overlay, for scale references, centred
at the drop volume centre. (Note that the mirroring leads to
that the reconstructed drop can be longer than the length of
the box and, thus, is not always fully contained within this
original box.)

The right column in Fig. A.1 displays the resulting reconstructed
drops. As seen, the reconstruction does not alter the morphology,
but results in a substantially clearer view of it. It should also be
noted that the reconstruction does lead to the drop surface appear-
ing slightly less smooth (compare the surface structure between
columns in Fig. A.1). However, no further post-processing was used



Fig. A1. Comparison between raw VOF-isosurfaces (left) and reconstructed drops (right). The first row shows a case of low deformation complexity (We = 3, flow realization
A, t/sg = 17.9) and the second row shows a case of a more complex deformation (We = 30, flow realization C, t/sg = 34.6).
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to correct this, in order not to adversely influence the morpholog-
ical representation.
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