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ABSTRACT

We study the segregation of emulsions in decaying turbulence using direct numerical simulations in combination with the volume of fluid
method. To this end, we generate emulsions in forced homogeneous isotropic turbulence and then turn the forcing off and activate the
gravitational acceleration. This allows us to study the segregation process in decaying turbulence and under gravity. We consider non-iso-
density emulsions, where the dispersed phase is the lighter one. The segregation process is driven by both the minimization of the potential
energy achieved by the sinking of the heavier phase as well as the minimization of the surface energy achieved by coalescence. To study these
two processes and their impacts on the segregation progress in detail, we consider different buoyancy forces and surface tension coefficients
in our investigation, resulting in five different configurations. The surface tension coefficient also alters the droplet size distribution of the
emulsion. Using the three-dimensional simulation results and the monitored data, we analyze the driving mechanisms and their impact on
the segregation progress in detail. We propose a dimensionless number that reflects the energy release dominating the segregation.
Moreover, we evaluate the time required for the rise of the lighter phase and study correlations with the varied parameters: gravitational
acceleration and surface tension coefficient.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0112565

I. INTRODUCTION

Emulsions are suspensions of immiscible liquids (such as oil and
water) and play a central role in a wide range of industrial processes,
such as food processing,1–3 pharmaceutical processes,4 and oil produc-
tion.5,6 Moreover, current research is examining the application of
fuel–water emulsions for more efficient and environmentally friendly
power generation. Examples include gasoline–water direct injection
(GWDI) for future gasoline engines7,8 or fuel–water emulsions for
small gas turbines9 and diesel engines.10 In particular, for power gener-
ation applications, better understanding of the stability of emulsions
and the timescale of the segregation process is of central importance.
To this end, we numerically study the segregation of emulsions in
decaying turbulence under gravity.

The formation of an emulsion requires energy input in the form
of kinetic energy to deform and breakup droplets. For a non-iso-
density emulsion, the mixing of the lighter and the heavier phase
requires additional energy input. In order to keep an emulsion stable,
a continuous supply of energy is then required. Without further energy
input, emulsions are unstable due to the natural tendency to minimize

the potential and surface energy. To minimize the net potential energy,
the heavier phase sinks, which is governed by the gravitational acceler-
ation g and the density difference between the two phases. To mini-
mize the surface energy, the droplets coalesce, thus reducing the
interface area. A higher surface tension r leads to a higher variation in
the surface energy and, thus, increases the tendency for coalescence.
Furthermore, it should be noted that interface minimization can be
prevented by the presence of surfactants,11,12 such as the naturally
occurring surfactants, e.g., asphaltene and resins. Both rising and coa-
lescence lead to the segregation of emulsions, which can be quantified
by the height of the lighter phase, i.e., the position of its center of mass
in the direction of the gravitational acceleration, and the interface area,
respectively. However, the two processes of rising and coalescence
mutually interact with each other since the larger droplets rise more
easily, and acceleration in one direction promotes coalescence.

Experimental studies on the segregation process of emulsions
mainly focus on chemical engineering aspects and monitor the height
of the coalescing interface. There are several studies in the literature
related to modeling of gravity assisted oil–water emulsion separation
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in oil production processes.13–19 The proposed models are designed
for gravity settlers to separate the water during the oil production pro-
cess and deliver correlations for the temporal evolution of zone
heights. A review of these models is provided by Frising et al.20 Most
of these models require various input and modeling parameters and
are very sophisticated. Furthermore, limited optical access makes
experimental studies of emulsion segregation processes challenging
and requires advanced measurement techniques.21 For this reason,
information on the interface area in segregating the emulsions is hard
to access. In this work, we want to complement these experimental
studies with a numerical investigation for a generic configuration.

Several numerical studies of emulsions and emulsification pro-
cesses have been reported in the past, mostly focusing on droplet size
distributions. First numerical emulsion studies employed lattice-
Boltzmann (LB) methods, e.g., Perlekar et al.,22 Skartlien et al.,23 and
Mukherjee et al.24 More recently, Crialesi-Esposito et al.25 and
Begemann et al.26 utilized direct numerical simulations (DNS) com-
bined with the volume of fluid (VOF) method for these investigations.
Moreover, several numerical studies, such as Komrakova27 and Shao
et al.,28 focused specifically on the breakup of droplets. The reverse
process to emulsification, namely, coalescence and rising of the lighter
phase, was studied in the following papers: Dodd and Ferrante29 inves-
tigated droplet coalescence and the droplet–turbulence interaction in
decaying turbulence and found that the energy release due to coales-
cence processes has an impact on the decay of the turbulent kinetic
energy.

An important and central aspect of multiphase configurations is
the effect of the buoyancy force due to a density difference between
the phases and gravity. Previous numerical studies on the effect of the
buoyancy force considered, for example, bubble-laden downflow con-
figurations30–32 or rising bubbles.33,34 In addition, Saeedipour et al.35

and Estivalezes et al.36 have recently performed simulations of the
phase inversion test case, where the lighter phase is initialized at
the bottom of a box and rises due to gravitational acceleration. Despite
the central importance of the buoyancy force on the segregation of
non-iso-density emulsions, we are not aware of any previous numeri-
cal simulation studies on this. The effect of the buoyancy force on
emulsion stability and emulsion segregation is of particular impor-
tance for various applications, especially with respect to the emulsions
in power generation (see above). With this work, we aim to comple-
ment experimental studies37,38 with numerical investigations of
emulsion stability and segregation. CFD simulations can overcome
some of the limitations and challenges in experimentally characteriz-
ing emulsions21,39 and provide new and more detailed insight.

This work builds upon our recent paper on emulsification and
emulsions.26 Using the enhanced linear forcing approach proposed in
our recent paper, we can generate a statistically stationary emulsion
with a prescribed turbulent kinetic energy and therewith obtain well-
defined initial conditions for studying the segregation. In this work, we
study the segregation of emulsions resembling oil–in–water liquid–
liquid emulsions in terms of density ratio. In our study, we vary the
buoyancy force (by varying the gravitational acceleration g) and the
surface tension coefficient r, the latter resulting in different droplet
size distributions of the emulsions. Hence, we focus on the parameters
affecting the segregation progress (minimization of the potential and
surface energy). For our studies, we use DNS with the finite volume
approach and the VOF method. The emulsions are generated by a

linear forcing of turbulence augmented with a PID controller.26 We
then switch off the forcing and activate the gravitational acceleration
and let the emulsions segregate in decaying turbulence under gravity.

This paper is structured as follows. In Sec. II, we describe the
computational method. Section III presents the considered configura-
tions and the numerical setup. The results are presented in Sec. IV,
which first studies the segregation process in detail and then focuses
on the energy releases to elucidate the dominant mechanisms and
finally studies the timescale of the segregation. Section V summarizes
the findings and draws conclusions.

II. COMPUTATIONAL METHOD

The simulations are conducted with the open source code PARIS
(PArallel, Robust, Interface Simulator).40 PARIS has been specifically
designed for simulations of multiphase flows and is often used for
studies of atomization processes, see, e.g., Refs. 41–44, as well as other
multiphase flow configurations.34

The solver uses the single fluid formulation45 of the incompress-
ible Navier–Stokes equations. The continuity and momentum equa-
tion are given as follows:

@ui
@xi
¼ 0; (1)

q
@ui
@t
þ @uiuj

@xj

 !
¼� @p

@xi
þ @

@xj
l

@ui
@xj
þ@uj
@xi

 !" #
þrnijdsþqgi ;

(2)

with the density q, the dynamic viscosity l, the ith velocity component
ui, the pressure p, and the gravitational acceleration gi. In each cell, the
density and viscosity values are linearly interpolated using the local
volume fraction a of the dispersed phase, which is tracked with the
geometrical VOF method:46

q ¼ aqd þ 1� að Þqc; l ¼ ald þ 1� að Þlc: (3)

The subscripts d and c denote the dispersed and the carrier phase,
respectively.

The Continuous-Surface-Force (CSF) approach47 determines the
surface tension force from the surface tension coefficient r, the inter-
face normal ni ¼ @a

@xi
=jraj, the interface indicator function

dS ¼ jraj, and the interface curvature j ¼ @ni
@xi
. The latter is accurately

computed using a state-of-the-art height function approach.48 Details
on its implementation in PARIS can be found in Aniszewski et al.40

The advection of the VOF marker function is performed using a
geometrical interface reconstruction algorithm. The respective trans-
port equation is given as follows:

@a
@t
þ ui

@a
@xi
¼ 0; a ¼ 1; if x is in dispersed phase;

0; if x is in carrier phase:

�
(4)

A red-black Gauss–Seidel solver with overrelaxation is employed to
solve the Poisson equation for pressure in the framework of the projec-
tion method. The simulation is advanced in time using a second-order
predictor-corrector method. For the spatial discretization, the finite-
volume approach is realized using a cubic grid. The velocity compo-
nents are stored on a staggered grid, while the pressure and the VOF
marker function, as well as the local densities and the viscosities result-
ing from the latter, are computed at the cell centers. The third-order
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Quadratic Upstream Interpolation for Convective Kinematics
(QUICK) scheme49 has been chosen to discretize the convective term
of the momentum equation, while its viscous term is treated using sec-
ond order accurate central differences.

To generate a turbulent emulsion in homogeneous isotropic tur-
bulence (HIT), we employ the linear Lundgren forcing50 extended by
a PID controller; see Begemann et al.26 This extension provides a con-
stant turbulent kinetic energy and accelerates the emulsification
process.

III. CONSIDERED CONFIGURATIONS

In this paper, we study the segregation of emulsions under differ-
ent buoyancy forces obtained by varying the gravitational acceleration
g. Furthermore, we also consider the emulsions with different droplet
size distributions, which are obtained by a variation in the surface ten-
sion coefficient r.

Emulsions feature polydisperse droplet size distributions. A refer-
ence value for the droplet size distributions in the emulsions is given
by the Hinze scale dH,

51 which is expected to be the most stable maxi-
mum droplet diameter in the emulsions for HIT. dH is determined by

dH ¼ Wed;crit=2
� �3=5

qc=rð Þ�3=5e�2=5; (5)

where Wed;crit denotes the critical droplet Weber number, for which
we assume Wed;crit ¼ 1:17 following Hinze51 and recent numerical
studies.24,25 Moreover, qc is the density of the carrier fluid, r is the sur-
face tension coefficient, and e is the dissipation rate associated with the
turbulence intensity.

For emulsions, a Weber numberWel using a characteristic length
scale can be defined as

Wel ¼
qcu

02l
r

; (6)

taking into account the effect of surface tension. In experimental stud-
ies (e.g., Ref. 22), for example, the diameter of the stirrer is used as the
length scale. For the HIT considered here, the integral length scale of
the turbulent flow field is employed. Therefore, the emulsions at a sta-
tionary state can be characterized by Wel as demonstrated and dis-
cussed in Begemann et al.26 Moreover, using l ¼ ðu02Þ3=2=e, the
correlation

dH=l /We�3=5l (7)

is obtained.
The emulsions are generated in HIT with a constant turbulent

kinetic energy k. For isotropic turbulence, k is given by k ¼ ð3=2Þu02,
where u0 denotes the velocity fluctuation. In the case of linear forcing,
the dissipation rate e is determined by k and the integral length scale l,
which is 20% of the domain length,52,53 using the correlation
l ¼ ðu02Þ3=2=e. Additionally, for HIT, a characteristic dimensionless
number is the Taylor Reynolds number Rek ¼ ku0=� formed with the
Taylor micro-scale k ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
15�=e

p
u0.

We simulate five different configurations. The parameters com-
mon for all configurations are summarized in Table I. The volume
fraction of the dispersed phase is / ¼ Vd=ðVd þ VcÞ ¼ 1=8 for all
cases. The carrier and dispersed fluid have a density of qc ¼ 1
and qd ¼ 0:9 kg=m3, respectively, thus making the dispersed
fluid the lighter one. The kinematic viscosities are both set to

�d ¼ �c ¼ 0:001 m2=s. We here study the emulsions generated at a
turbulence intensity of k ¼ 0:5 m2=s2 in a cubic domain with length
L ¼ 2p and, thus, a Taylor Reynolds number of Rek ¼ 104 and a dis-
sipation rate of e ¼ 0:153 m2=s3. We discretize the domain with
N¼ 384 cells in each direction (�57� 106 cells in total). This grid res-
olution has been chosen to fulfill the criterion Kmaxg � 1:5, see, e.g.,
Pope,54 where Kmax is the maximum wavenumber Kmax ¼ Np=L, and
g is the Kolmogorov scale g ¼ ð�3=eÞ1=4, given by the kinematic vis-
cosity � and the dissipation rate e. A grid study of this configuration
can be found in our recent paper.26

For the simulation of the segregation process, first, turbulent
emulsions in HIT are generated as described in detail in Begemann
et al.26 We consider a cubic box with periodic boundary condi-
tions. In order to generate turbulent emulsions, we first perform
single-phase simulations to obtain a fully developed single-phase
HIT. Then, we initialize the dispersed phase as spherical droplets,
which breakup in the linearly forced HIT, and an emulsion is
obtained as visualized in Fig. 1(a). At a statistically stationary state,
we turn the forcing off and prescribe slip walls in the direction of
the gravitational force; see Fig. 1(b). A thin layer (four cells) of the
carrier fluid is additionally initialized at the bottom to detach dis-
persed structures there. Then, we let the emulsions segregate [Fig.
1(c)]. The time t is measured from the time instant when the forc-
ing is turned off.

Table II lists the considered configurations for the segregation.
The configurations are adopted from our previous investigation26 of
emulsification processes and the emulsions at the statistically stationary
state. The emulsions before segregation can be described by the dimen-
sionless Weber number Wel. Starting from a baseline case (baseline),
the gravitational acceleration g for the segregation process is varied.
More precisely, g is halved in case low g and doubled in case high g
with respect to the baseline case. Furthermore, the surface tension coef-
ficient r is varied for the cases low r and high r, resulting in different
droplet size distributions at the statistically stationary state before the
segregation. Note that for constant qc and e, which is the case here,
the correlation between dH and r reads dH ¼ r3=5; see also Eq. (5). For
the variation in r, the entire emulsification process has been simulated
to obtain the respective emulsions at the statistically stationary state.
The employed value for the surface tension rBL ¼ 2� 10�2 N=m
approximates that of realistic fluids.21 The gravitational acceleration gBL
¼ 4:59 m=s2 has been chosen to obtain a Bond number Bo ¼ DqgR2=
r of Hinze droplets comparable to the realistic examples of liquid–li-
quid emulsions (estimated values Dq ¼ 100 kg=m3, g ¼ 9:81 m=s2;
R ¼ 1:6� 10�3 m; and r ¼ 2� 10�2 N=m). Additionally, it is worth
noting that for gravity-driven rising/falling of a dispersed phase, the
ratio of the density difference to the density of the disperse phase
Dq=qd is decisive, and the ratio in our simulations corresponds to that
of realistic liquid–liquid emulsions.

To monitor the segregation progress, we track the interface area
A and the center of mass of each phase hi. The interface area of the

TABLE I. Constant emulsion parameters.

/ qc qd �c ¼ �d k e Rek L N
(-) (kg=m3) (kg=m3) (m2=s) (m2=s2) (m2=s3) (-) (m) (-)

1/8 1 0.9 0.001 0.5 0.153 104 2p 384
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dispersed phase is numerically approximated with the volume integral
of the gradient of the VOF marker function jraj. As reference for
the interface area, the theoretically completely segregated state with
A1 ¼ L2 is used.

IV. RESULTS

We first study the segregation process for varying g and r based
on the obtained simulation results (Sec. IVA). In Secs. IVB and IVC,
we analyze the segregation process from the perspective of the energy
releases driving it. At the end of this section (Sec. IVD), we derive cor-
relations to estimate the characteristic velocity and the timescale of the
segregation process.

A. Effect of g and r

Figure 2 visualizes the segregation for different gravitational
accelerations g, while Fig. 3 shows the same process for emulsions with
different surface tension coefficients r. In Fig. 2 (variation in g), a dif-
ference in the segregation progress can already be seen at the second
time step visualized [see Fig. 2(ii)]. At a higher g, a larger fraction of
the lighter phase has risen, and fewer dispersed structures are visible in
the lower part of the box. As time progresses, the faster segregation at
higher g becomes more evident. Finally, at the last time step shown
[see Fig. 2(iv)], a clear difference for different g can be seen. At the
highest g [see Fig. 2(c-iv)], only a few very small structures are visible
in the lower part. Furthermore, it should be noted that in all

configurations (a)–(d), some structures of the heavier phase are
enclosed at the upper boarder, resulting in the interfaces visible there.

Figure 3 illustrates the segregation for different r. Here, the distri-
bution of the dispersed phase in the emulsion differs significantly. The
higher the surface tension coefficient, the larger are the structures of
the dispersed fluid. For the case low r [see Fig. 3(a)], there are many
small structures with a smaller buoyancy force, which is proportional
to DqV , higher drag forces as well as more interactions in between the
dispersed structures. For these reasons, the segregation progress at
lower r is significantly slower than for the cases with a higher r. At
the highest r [see Fig. 3(c)], comparably large structures are present,
and they experience a higher buoyancy force than smaller structures.
Additionally, the high r promotes coalescence even more. For the
high r case, a nearly complete segregation is reached at the last time
step visualized [see Fig. 3(c-iv)].

Moreover, the time series in Figs. 2 and 3 also illustrate the differ-
ent droplet shapes during the segregation process. As expected, small
droplets have a quasi-spherical shape due to the dominance of the sur-
face tension forces, while the larger droplets are rather ellipsoidal.
Figure 3 shows the effect of the surface tension coefficient on the drop-
let shapes at comparable size. Comparing the last time steps of the low
r and the baseline case [Figs. 3(a-iv) and 3(b-iv)], it can be seen that
droplets of comparable size are more ellipsoidal for the low r case.
Regarding the droplet shape, there is an interplay between the surface
tension force, which aims at a spherical shape, gravity, which affects
the buoyancy force and also the hydrodynamic pressure inside the
droplet, and the turbulent flow field. The well-known Grace-
Diagram55 allows for estimations of drop and bubble shapes as a func-
tion of the E€otv€os number, also known as the Bond number, and the
bubble Reynolds number. The E€otv€os/Bond number and its signifi-
cance will be discussed in more detail in Sec. IVB.

The segregation process under gravity can be characterized by
the height of each phase and the interface area. In process engineering,
mostly the height of the lighter phase or a coalescence or creaming
interface is used to quantify the segregation; see, e.g., Aleem et al.19

These quantities are optically easily accessible and are, therefore, com-
monly used. Note that the height refers to the position in the direction
of the gravitational acceleration. In Fig. 4, we have tried to adopt the
experimental procedure for characterizing the segregation to our simu-
lation results and have in particular, post-processed them for this

FIG. 1. Simulation setup. (a) Turbulent emulsion at statistically stationary state, (b) forcing is turned off, the gravitational acceleration g is activated, and slip walls are pre-
scribed in the direction of the gravitational acceleration (orange walls), and (c) segregation under g.

TABLE II. Considered cases. The baseline values (BL) are rBL ¼ 2� 10�2 N=m;
dHBL ¼ 0:1468 m; and gBL ¼ 4:59 m=s2. Note that the correlation between dH and
r for constant qc and e reads dH ¼ r3=5; see also Eq. (5). The last three columns
contain the dimensionless segregation number Seg, the dimensionless energy
release ratio W, and the ratio Seg=W; see Sec. IV B for details.

Case Wel r=rBL dH=dHBL g=gBL Seg W Seg=W

Baseline 21 1.0 1.00 1.0 10.6 2.5 4.2
Low g 21 1.0 1.00 0.5 5.3 1.3 4.2
High g 21 1.0 1.00 2.0 21.2 5.0 4.2
Low r 70 0.3 0.49 1.0 18.3 4.6 4.0
High r 4 5.0 2.63 1.0 5.6 1.8 3.2
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purpose. Furthermore, for a more accurate evaluation, we have moni-
tored the height of the center of mass of each phase during our simula-
tions. As can be seen in Figs. 4(b) and 4(c), the monitored height of
the center of mass matches the optical impression. In a bounded
domain, the changes of height are directly coupled by the correlation
Dhc ¼ �/=ð1� /ÞDhd [see also Eq. (9)], which can be seen in the
visualization in Fig. 4. In the following, we present only the height of
the center of mass of the dispersed phase, where the change is more
evident.

Figure 5 visualizes the segregation progress measured by the
height (a) and (b) and the interface area (c) and (d). The left columns
(a) and (c) depict the data for different gravity accelerations, and the
right columns (b) and (d) illustrate the progress in different surface
tension coefficients. As discussed above, a stronger gravitational force
promotes the segregation and leads to a faster change in the heights of
the center of mass. The surface tension coefficient also alters the segre-
gation progress, since a higher surface tension coefficient accelerates
the segregation measured as the height of the lighter phase. As can be
seen in Fig. 3, larger droplets are present for higher surface tension

coefficients, and the coalescence process is faster, which enhances the
rise of the lighter phase. Additionally, the interface area can also be
considered to characterize the segregation progress. For the present
configuration, the recorded data are shown in Figs. 5(c) and 5(d). It
has to be noted that due to the upper and lower bounds in our config-
uration, structures must coalesce at a certain point in time, and, thus,
the final coalescence process is clearly dominated by the gravitational
acceleration. Figure 5(c) reveals that after about t ¼ 7 s, the segrega-
tion measured by the interface area is predominantly governed by the
gravitational acceleration. Before that (t < 7 s), a smaller g leads to a
somewhat faster decay of the interface area; see Fig. 5(c). We explain
this by the fact that at a lower g, the structures remain at the same
height a little longer and, thus, have more time to coalesce. For the
evolution of the relative interface area A=Aem at varying r [Fig. 5(d)],
no clear trend can be observed. It should be noted that the interface
area of the emulsion Aem is significantly larger for smaller surface ten-
sion coefficients, which biases the representation. The time derivative
@A=@t, or more precisely that of the surface tension energy r@A=@t,
is more suitable for a comparison and will be analyzed in Sec. IVC.

FIG. 2. Visualization of the segregation process for varying g. Rows correspond to different g values with (a) low g, (b) baseline, (c) high g, and columns to different time
instants (i), (ii), (iii), and (iv) (t ¼ f0; 5; 10; 20 sg). The images show the iso-surface of the volume fraction corresponding to a ¼ 0:5.
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Furthermore, the strongly fluctuating evolution at the High r case is
related to the smaller number of droplets present in this configuration.

Overall, we conclude that for the present configuration, a
clear correlation for the evolution of the interface can be expected
only when there is no gravitational effect. The comparison of the
evolution of the height and the interface area demonstrates that
for the configurations studied, the height is more representative of
the segregation progress and is, therefore, considered in the
following.

B. Driving mechanisms and dimensionless segregation
number

Without energy input, the emulsions are unstable and segregate
over time as visualized in Sec. IVA. The segregation is driven by the
energy release due to the minimization of the net potential energy and
that of the surface energy. The change of the potential energy of a two
phase flow composed of a carrier and dispersed phase is given by the
following equation:

DEpot ¼ ðqcVcDhc þ qdVdDhdÞg: (8)

In a bounded domain, the change of heights is restricted to
VcDhc þ VdDhd ¼ 0. Using this and Vd ¼ /V Vc ¼ ð1� /ÞV , the
relation

Dhc ¼ �
/

1� /
Dhd (9)

is obtained. Thus, Eq. (8) can be simplified to

DEpot ¼ �DqgVdDhd; (10)

with Dq ¼ qc � qd , which is in the considered configuration positive
since qc > qd . Consequently, the rise of the lighter phase (here, the
dispersed phase) releases energy (DEpot < 0).

The change of the surface energy is given by

DEr ¼ rDA: (11)

Breakup leads to an increase in the interface area (DA > 0) and
requires energy input, while coalescence leads to a reduction in
the interface area (DA < 0), thus releasing energy (DEr < 0).

To identify the dominant mechanism promoting the segregation,
we propose a non-dimensional energy release ratio W of these two
driving mechanisms

FIG. 3. Visualization of the segregation process for varying r. Rows correspond to different r values with (a) low r, (b) baseline, (c) high r, and columns to different time
instants (i), (ii), (iii), and (iv) (t ¼ f0; 5; 10; 20 sg). The images show the iso-surface of the volume fraction corresponding to a ¼ 0:5.
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W ¼
DEpot
DEr

¼ �DqgVdDhd
rDA

: (12)

The above correlation depends on several case specific quantities, such
as Vd, Dhd , and DA, where especially the latter is often a priori
unknown. In the following, we aim to derive a dimensionless correla-
tion, which depends only on the fluid properties Dq and r, the gravita-
tional acceleration g, and two characteristic length scales—d for a
representative droplet size and H for a representative length scale of
the segregation progress. To this end, we substitute the change of the
interface area DA ¼ A1 � Aem, where A1 is the interface area at a
fully segregated state, and Aem is the interface area of the emulsion at
the stationary state, by DA � �Aem, which is valid for A1 � Aem.
Furthermore, Aem can be expressed with the Sauter mean diameter
d32 ¼ 6Vd=Aem, for which constant relations to the Hinze scale have
been reported d32 / dH .

56–58 This allows for the approximation

DA � �6Vd=d32: (13)

Additionally, substituting Dhd with a representative length scale H
gives

W � 1
6
Dqgd32H

r
: (14)

Using this correlation, a dimensionless segregation number Seg can be
defined as

Seg ¼ DqgdH
r

; (15)

where the representative length scale for the segregation process H is
the height the lighter (here, the dispersed) phase rises on average. In a
bounded domain with length L, H can be calculated using

H ¼ ð1� 0:5/ÞL� 0:5L ¼ 0:5ð1� /ÞL, which here is H ¼ 7=8p. d
stands for a representative diameter of the emulsion, which can be
approximated with d32 or dH. It is worth noting that the dimensionless
segregation number Seg closely resembles the dimensionless Bond
number Bo, also known as E€otv€os number, with

Bo ¼ DqgR2

r
; (16)

for rising/falling bubbles or droplets with radius R. However, Bo has a
different physical relevance since it describes the ratio of body forces
to surface forces and characterizes the bubble/droplet shape and the
tendency for a breakup. R in Eq. (16) can be substituted by a different
characteristic length scale of the bubble/droplet. Because of their dif-
ferent physical meanings, Seg and Bo use different length scales. The
length scale for Bo is associated with the bubble/droplet, while for Seg,
the product of a length scale associated with the bubble/droplet
(denoted here by d) and one associated with the segregation process
(denoted here by H) is used. Note that a Bond number Bo with a char-
acteristic length scale of

ffiffiffiffiffiffiffi
dH
p

, which is physically difficult to motivate,
leads to the same expression as Seg.

Table II contains the segregation number Seg determined with dH
together with the dimensionless energy release ratio W evaluated using
the changes between t ¼ 0 s and t ¼ 25 s. A higher Seg (or higher W)
indicates that the release of the potential energy dominates for segrega-
tion, while a lower number implies a more important role of the sur-
face tension energy release. It should be noted that the segregation
number Seg (or W) indicates only the ratio of the two energy releases
and does not provide any information about the timescale of the segre-
gation process, which is analyzed in Sec. IVD.

The ratio Seg=W is also included in Table II. For a variation in g,
the ratio is a constant confirming the validity of the above made

FIG. 4. Visualization of the segregation process. (a) Front view on the emulsion, (b) recorded evolution of the center of mass of the dispersed and carrier phase, and (c) time
series of the orange section highlighted in (a) at a frame rate of 2 frames/s.
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approximations. When r is varied, the ratio is approximately the
same, but the values scatter. We conjecture that this is due to the
approximation used for DA [Eq. (13)].

C. Energy release rates and decay of turbulent kinetic
energy

For the actual segregation, not only the amount of the energy
release but also the time over which it is released is crucial. To this
end, we propose to evaluate the energy release rates. Using Eqs. (10)
and (11), the energy release rates are as follows:

_Epot ¼ DqVd
_hdg; _Er ¼ r _A: (17)

As discussed above, during the segregation progress, both quantities
are negative and therewith drive this process. Figure 6 visualizes the
energy release rates. For the variation in the gravitational acceleration
[Fig. 6(a)], the energy release for the potential energy _Epot clearly
increases with increasing g, while the energy release due to the reduc-
tion in the surface energy _Er is similar for the three g-variations; see
Fig. 6(a). The difference between _Epot at different g is not only caused
by the different g values, but also the resulting different _h, amplifying
the differences in the energy release. The variation in the surface

tension coefficient [see Fig. 6(b)] does not reveal such a clear trend. As
expected, the energy release from the surface tension term _Er increases
with increasing r; however, the value of r also affects the release of the
potential energy _Epot . At a smaller r, the dispersed phase remains in a
more disturbed state, i.e., smaller droplets, for a longer time. This leads
to a greater number of droplet interactions and mutual hindering
effects, limiting the rise of the lighter phase and, thus, the release of the
potential energy. Conversely, a higher r means fewer droplets as well
as faster coalescence and, consequently, less restriction on the release
of the potential energy. Hence, the release of the potential energy
appears to scale proportional to the droplet size in the emulsions; see
also Fig. 6(b).

Furthermore, the release of the potential and surface energy
affects the decay of the turbulent kinetic energy, which is depicted
in Fig. 7. Figure 7(a) shows that a higher g results in higher energy
release due to the decreasing potential energy, which is trans-
formed in the kinetic energy and retards the decay of the latter.
The variation in r also affects the decay of the turbulent kinetic
energy [Fig. 7(b)]. However, due to the complex interplay of drop-
let size distributions and the release of the gravitational energy, no
clear trend is observed. For a detailed study of the effect of varying
r on the decay of the turbulent kinetic energy in decaying

FIG. 5. Segregation progress measured by the height of the center of mass of the dispersed phase (a) and (b) and the interface area (c) and (d). The effect of different gravita-
tional forces is shown in (a) and (c), whereas the effect of different surface tension coefficients is illustrated in (b) and (d).

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 113324 (2022); doi: 10.1063/5.0112565 34, 113324-8

VC Author(s) 2022

 27 O
ctober 2023 14:32:31

https://scitation.org/journal/phf


turbulence without gravitational force, we refer the reader to Dodd
and Ferrante.29

D. Timescale of the segregation process

For practical applications, the duration of the segregation process
and the effects of parameter changes on this duration are of particular
interest. Therefore, we attempt to derive a characteristic timescale for
segregation progress. For this purpose, we consider the time evolution
of the height of the lighter phase and its time derivative that represents
an average rising velocity.

Figures 8(a) and 8(b) illustrate the temporal derivative of the
height of the center of mass of the dispersed phase _hd . As discussed in
Subsection IVC, in the case of a variation in g, _hd clearly increases for
an increasing g; see Fig. 8(a). The droplet size distribution (associated
with r) alters the release rate of the potential energy and, thus, _hd . A
more dispersed emulsion, characterized by a smaller dH, has a higher
hindering effect and limits the release of the potential energy, whereas
a less dispersed emulsion, characterized by a higher dH, allows for a

higher energy release of the potential energy. Consequently, _hd

increases with increasing r (increasing dH), see Fig. 8(b).
The average rising velocity of a single droplet due to gravitational

acceleration, neglecting friction forces, is given by

Ug ¼
H
t
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2
Dq
qd

gH

s
; (18)

where H stands for the height, which the dispersed phase has risen.
The detailed derivation of this relation is provided in the Appendix.
This velocity, of course, significantly overestimates the average rising
velocity of the considered configuration as the friction forces and dro-
plet–droplet interactions are neglected. However, the gravity-based
velocity [Eq. (18)], together with the observations described above,
motivate the formulation

_hd / UgnðdÞ; (19)

where _hd is assumed to be proportional to a gravity-based velocity Ug

and a factor n depending on the droplet size distribution of the

FIG. 7. Decay of the normalized kinetic energy in different configurations for varying g in (a) and for varying r in (b).

FIG. 6. Energy release rates due to the reduction in the net potential height _E pot and the reduction in the interface area _Er for varying g in (a) and varying r in (b).
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emulsion. The proposed relation is a simplification for the configura-
tions considered here. For other configurations, additional effects of
other parameters, such as viscosity, would also have to be incorpo-
rated. We approximate d with the Hinze scale dH and propose

n ¼ ðdH=dref Þc : (20)

For the considered configuration, we have fitted c ¼ 0:5 and for sim-
plicity taken dref ¼ dHBL. This results in the correlation

FIG. 8. Temporal derivative of the center of mass of the dispersed phase _hd (a) and (b), normalized temporal derivative _hd= _h
�
d (c) and (d), and the temporal evolution of h/L

scaled by the proposed timescale (e) and (f). The left columns (a), (c), and (e) show these quantities for different gravitational accelerations g, and the right columns (b), (d),
and (f) illustrate them for different surface tension coefficients r.
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_h
�
d ¼ cpUgnðdÞ ¼ cp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2
Dq
qd

gH

s ffiffiffiffiffiffiffi
dH
dref

s
; (21)

where cp denotes a proportionality factor depending on the choice of
dref. For dref ¼ dHBL, cp is fitted to cp ¼ 0:25. The measured velocities
_hd normalized by _h

�
d [Eq. (21)] are plotted in Figs. 8(c) and 8(d). In all

cases, the normalized velocities have their maximum at about 1, which
confirms the validity of the approximations made.

Furthermore, the derived correlation allows for an estimation of
a timescale for the segregation. Using Eqs. (19) and (20), the following
is obtained:

sSeg /
H

UgðdH=dref Þc
: (22)

Using, additionally, the definition of Ug [Eq. (18)] results in

sSeg /
ffiffiffiffiffiffiffiffiffi
qdH
Dqg

s
dref
dH

� �c

: (23)

Thus, for a variation in only g, the timescale is proportional to
s / 1=

ffiffiffi
g
p

, and for a variation in only the droplet size distribution (r),
the timescale is proportional to s / 1=dc

H .
For the considered configuration, the timescale of the segregation

can be explicitly calculated as

sSeg ¼
H

cpUgðdH=dref Þc
: (24)

Using c ¼ 0:5; cp ¼ 0:25, and Eq. (A5) gives

sSeg ¼ 25=2
ffiffiffiffiffiffiffiffiffi
qdH
Dqg

s ffiffiffiffiffiffiffi
dref
dH

s
; (25)

where H ¼ 7=8p. Figures 8(e) and 8(f) show the height of the dis-
persed phase h plotted over the time normalized by the characteristic
timescale. It can be seen that for both variations, the segregation mea-
sured by height is completed at sSeg. Moreover, it is noteworthy that
the scaled temporal evolution of the heights almost coincides to one
line when g is varied, see Fig. 8(e).

V. CONCLUSIONS

In this work, we have numerically studied the segregation of tur-
bulent emulsions under different gravitational accelerations g and with
different droplet size distributions obtained by altering the surface ten-
sion coefficient r. To this end, we first generated turbulent emulsions
in a linearly forced HIT and then turned off the forcing and activated
the gravitational acceleration. This approach enabled us to study the
segregation process using well-defined initial conditions. To our
knowledge, this work represents the first numerical investigation of
the gravity-driven segregation process. With it, we extend previous
numerical studies focusing on emulsification or emulsions at the statis-
tically stationary state. Moreover, the time-resolved, three-dimensional
visualization of the segregation progress obtained by our DNS studies
supplements the existing experimental studies on segregation. We
have approached this topic from the thermodynamic perspective of
energy releases, adding an important complementary perspective to
this physical process.

Segregation can be quantified by the height of each phase and
the interface area. In this study, we have primarily analyzed the
temporal evolution of the height of the dispersed phase. Moreover,
we have addressed the energy release of the two central processes,
namely, the rise of the lighter phase (release of the potential
energy) and coalescence (release of the surface energy). Based on
our observations, we have defined a dimensionless segregation
number Seg that characterizes the ratio of the potential energy
release to the surface energy release, allowing for an identification
of the dominating process. In addition, we evaluated and com-
pared the energy release rates. Our simulation results show that a
smaller droplet size, i.e., smaller r, hinders and limits the release of
the potential energy.

Finally, we have derived a correlation to estimate the average ris-
ing velocity of the lighter phase, which also allows for the derivation of
a characteristic timescale. We found that the average rising velocity is
a fraction of a gravity-based velocity and depends on the size of the
droplets in the emulsion. Scaling of the velocities and the time with the
empirically derived correlation showed good agreement.

The presented work can be considered as a first important step
toward the numerical assessment of emulsion segregation. The subject
of the current investigations is the evaluation of droplet size distribu-
tions during the segregation process. Therefore, in order to obtain sta-
tistically reliable data, a multitude of identical segregation processes
have to be simulated simultaneously. Furthermore, in future studies,
we plan to consider configurations with varying density differences
between the dispersed and carrier phase to assess the effect of the den-
sity difference on the segregation and its timescale.
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APPENDIX: A DETAILED DERIVATION OF THE
RELATION FOR THE GRAVITY-BASED
CHARACTERISTIC VELOCITY UG

1. Gravity-based velocity derived from the force
balance on a droplet

A gravity-based characteristic velocity Ug can be derived based
on the force balance on a droplet with mass m (m ¼ qdVdroplet).
Neglecting friction forces and other losses, the force balance reads

md€x ¼ Fb � Fg ; (A1)

where Fb denotes the buoyancy force with Fb ¼ qcVdropletg, and Fg
denotes the gravitation force with Fg ¼ qdVdropletg. This leads to the
following acceleration:

€x ¼ Dq
qd

g: (A2)

Integrating twice in time and using the initial conditions _x ¼ 0;
x ¼ 0 gives

x ¼ Dq
qd

g
1
2
t2: (A3)

The distance over a time t is set to x¼H, and t can be expressed as
follows:

t ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

qd

Dq
H
g

s
: (A4)

Thus, the average velocity resulting from gravitation over a distance
H can be determined with

Ug ¼
H
t
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2
Dq
qd

gH

s
: (A5)

This relation can alternatively be derived by evaluating the velocity
based on the kinetic energy equivalent of the release of the potential
energy, as shown below.

2. Gravity-based velocity derived from the energy
release of the potential energy

The gravity-based characteristic velocity [Eq. (A5)] can also be
derived by evaluating the velocity based on the kinetic energy equivalent
of the release of the potential energy. For consistency, we also consider
the kinetic energy in the carrier phase. This gives the following balance:

1
2
qdVdU

2
g;max þ

1
2
qcVcU

2
c;g;max ¼ �DEpot ; (A6)

where Ug;max refers to the maximum velocity in the dispersed
phase to be consistent with the nomenclature used so far and
Uc;g;max to that in the carrier phase. Using Eq. (9), we can recast
the left part to

1
2
qdVdU

2
g;max 1þ qc

qd

/
1� /

� �
¼ �DEpot : (A7)

We simplify this expression with b ¼ qc
qd

/
1�/. Note that for small

void fractions and density ratios close to 1, this expression vanishes
(b! 0). Inserting the expression for the release of the potential
energy from Eq. (10) yields

1
2
qdVdU

2
g;maxð1þ bÞ ¼ DqVdgDhd: (A8)

Based on this correlation, we can derive a maximum velocity associ-
ated with the energy release of the potential energy that reads

Ug;max ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

1þ b
Dq
qd

gDhd

s
: (A9)

Assuming that the initial velocity is zero and the acceleration is lin-
ear, the average velocity can be approximated by Ug � 1

2Ug;max .
Furthermore, we substitute Dhd with H and obtain

Ug ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
2ð1þ bÞ

Dq
qd

gH

s
: (A10)

For b¼ 0, this expression is identical to Eq. (A5). In the considered
configurations, we have b ¼ 0:1587, which corresponds to a prefac-
tor of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=ð1þ bÞ

p
¼ 0:9289 for Ug and has been neglected in the

evaluations shown in the paper for the sake of simplicity.
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