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Abstract

The design of a liquid–liquid gravity settler relies on the experimental

investigation and model-based description of the phase separation process

in a batch-settling cell. However, according to the current state of the art,

the modelling assumes a monodisperse droplet size distribution (DSD),

which can lead to an inaccurate settler design. This study considers the

polydispersity of the initial DSD resulting from the mixing process in the

settling cell to enhance the model accuracy. DSDs of o/w and w/o disper-

sions during the mixing process in a settling cell are investigated in this

work for 2-methyltetrahydrofuran/water and decane/water material sys-

tems at hold-ups of 25–50 vol.% and stirrer speeds of 400–850 min�1. Sauter

mean diameters (SMD) and DSD shapes are analyzed to identify the influ-

ence of the investigated parameters on the SMD and DSD and to model the

SMD and DSD. The experimental investigation shows that stirrer speed,

hold-up, and interfacial tension significantly affect the DSD, while the

viscosity of the continuous phase plays a minor role. The SMD is correlated

to the Weber number, viscosity group, and hold-up by a model with a mean

absolute percentage error (MAPE) of 3.6%. The DSD is described by a log-

normal distribution function with a MAPE of 5%. The SMD and DSD

models presented in this work can be used to describe the initial DSD of the

phase separation process in a batch-settling cell, considering polydispersity

and thus increasing the modelling accuracy of the phase separation process.
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1 | INTRODUCTION

The separation of liquid–liquid dispersions in gravity
settlers is essential in several technical applications of pro-
cess engineering, for example, liquid–liquid extraction.[1]

The design of a settler can be performed by an experiment
and model-based method developed by Henschke.[2,3] This
method first examines the phase separation behaviour in a
standardized batch-settling cell at a laboratory scale. The
batch-settling cell is a stirred vessel standardized in the
sense that its geometric parameters are firmly defined,
which makes it possible to compare the experimental data
from several authors.[2,4–6] For the experimental investiga-
tion of the phase separation behaviour, the liquid–liquid
system within the cell is first dispersed and then separated
while the phase separation behaviour is observed. Accord-
ingly, based on the obtained experimental data, a model is
parameterized, which is used to design the settler. Due to
its simple application, low chemical consumption and
computing effort, this method is well-established.[4–7]

However, a significant disadvantage of Henschke’s model
is the assumption of a monodisperse droplet size distribu-
tion (DSD). This assumption can lead to an inaccurate
model prediction of the phase separation behaviour within
a settler and thus to an under- or over-sizing of the
settler.[2] In order to increase the accuracy of the model
prediction, the existing models must consider the polydis-
persity of the DSD. To address this challenge, several
authors developed suitable models based on a polydisperse
consideration of the DSD[8,9] to describe individual
phenomena during the phase separation, for example,
coalescence during the sedimentation process. However,
considering the initial state of the phase separation
process in the settling cell was neither investigated
experimentally nor model-based. The initial state occurs
as soon as the mixing step of the settling experiment is
completed and is characterized by the initial DSD result-
ing from the mixing step.[2] Knowing the initial DSD
is essential for a model-based description of the phase
separation process considering polydispersity.

This work aims to describe the initial DSD in the
standardized batch-settling cell, both phenomenological
and model-based. For this purpose, mixing experiments
are performed in the settling cell at relevant operating
conditions for settling experiments. The material systems
are chosen to cover the range of physical properties rele-
vant to separation tasks in a settler. The experimental
results are compared with the observations in mixing
technology from the literature and explained phenome-
nologically. Moreover, established models from the
mixing technology are applied to describe the SMD and
DSD and the most suitable models are identified. The
suitable models must, on the one hand, represent the

defined range of the material system’s physical properties
and operating conditions accurately. On the other hand,
a model with a similarly low computational effort as the
Henschke’s method is preferred to be easily implemented
in this method.

The study is organized as follows: First, the theoreti-
cal foundations of DSD in mixing processes are intro-
duced. Second, the approach to investigating DSD on an
experimental and model-based basis is described. Third,
the experimental results and the model-based descrip-
tion of the DSD are discussed. Finally, a summary and
an outlook are provided.

2 | FUNDAMENTALS

Since the batch settling cell is a stirred vessel, the theoretical
foundations on stirred vessels can describe the mixing
behaviour and, thus, the initial DSD in the settling cell,
both phenomenological and model-based. The DSD in
liquid–liquid systems results from droplet breakage and
coalescence mechanisms.[10] Several authors have reviewed
experimental investigations and modelling approaches of
DSD in stirred vessels.[10–12] In addition to the stirrer and
vessel geometry, the main parameters influencing droplet
breakage and coalescence and, thus, the DSD are the stirrer
speed and the dispersed phase fraction, referred to as hold-
up in the following. Moreover, material system properties,
for example, phase densities, viscosities, and interfacial ten-
sion, influence the DSD, whereby the density ratio plays a
relatively minor role.[13–20]

Besides distribution functions, the DSD is described by
characteristic diameters, Sauter mean diameter (SMD) d32,
d05, and d95. The last two represent particular volume
fractions of the cumulative volume distribution.[21,22]

Approaches based on mechanistic models and dimen-
sionless numbers describing the SMD of the DSD[16,23,24]

in combination with simple correlations between the
SMD and DSD[25] are well suited to model the initial
DSD in a batch settling cell. These approaches require a
similarly low computational effort as Henschke’s method
for settler design and can be easily implemented in this
method. Since no scaling is intended, but only the
description of the mixing behaviour in the settling cell
depending on relevant influencing parameters, these
models are also sufficiently accurate.[10,23]

The appropriate model for the SMD depends primar-
ily on the energy spectrum range of the present turbulent
flow in which the droplets are located.[24] Moreover,
it depends on the material system properties and the
hold-up.[24,26,27] Due to the broad range of material sys-
tems relevant to separation tasks in a settler, models that
consider a broad range of material system properties
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should be selected. Moreover, batch settling experiments
are typically conducted at hold-ups of 25–50 vol.%.[2,4–7]

Assuming homogeneity of the vessel content and a
dispersion located in the inertial sub-range of the energy
spectrum, the model of Calabrese et al.[26] (Equation (1))
can be applied to describe the SMD of the DSD. This
model is based on an extensive experiments database
and valid for hold-ups up to 0.5 vol.%, dispersed phase
viscosities of 0.001–1 Pas, and interfacial tensions of 1–45
mN/m.[18,26]

d32
L

¼C1 1þ3ϕð Þ We

1þC2 1�2:5ϕð ÞVi d32
L

� �1=3
2
4

3
5
�3=5

, ð1Þ

here, d32 is the SMD, L the characteristic length, typically
the impeller diameter, and ϕ the hold-up. Furthermore,
the Weber number We and viscosity group Vi are dimen-
sionless expressions representing the ratio of the continu-
ous phase inertial forces to surface forces acting on the
droplet (We) and the ratio of the dispersed phase viscous
forces to surface forces resisting droplet deformation
(Vi).[24] We and Vi are given by We¼ ρcn

2L3=γ and
Vi¼ ρc=ρdð Þ1=2ηdnL=γ, where n is the stirrer speed, ηd the
dispersed phase viscosity, γ the interfacial tension, and ρc
and ρd the continuous phase and dispersed phase densi-
ties, respectively. Both dimensionless empirical constants
C1 and C2 are dependent on the apparatus geometry and
are fitted to experimental data.

Although Equation (1) considers the hold-up influ-
ence on the SMD, Calabrese et al. proposed using
Equation (1) only as a first approximation of SMD if the
hold-up is higher than 0.5 vol.%.[26] Kraume et al. have
shown that a model in that form cannot accurately
reflect the hold-up influence at values greater than
5 vol.%.[15] A more accurate model that can be applied
for higher hold-ups was proposed by Razzaghi and
Shahraki.[27] (Equation (2)).

d32
L

¼C3 1þC4ϕð ÞWef ϕð Þ ð2Þ

In Equation (2), C3 and C4 are empirical constants
similar to C1 and C2 (Equation (1)), and f ϕð Þ is either an
empirical constant C5 or a linear function
f ϕð Þ¼C6ϕþC7 with C6 and C7 as empirical con-
stants.[27] The studies by Kraume et al. show an almost
linear correlation between f ϕð Þ and the hold-up in the
hold-up range of approximately 5–20 vol.% and an almost
constant correlation in a range of approximately 20–
50 vol.% for the most investigated material systems.[15]

Conversely, the investigation of Razzaghi and

Shahraki[27] on experimental data of Desnoyer et al.[14]

shows that in dependence on the material system, the
correlation between f ϕð Þ and the hold-up can switch
between almost constant and linear in a hold-up range of
5–20 vol.% and is almost linear in a hold-up range of 20–
60 vol.%. However, the model proposed by Razzaghi et al.
does not consider the ratio of the dispersed phase viscous
forces to surface forces resisting droplet deformation.

Neither the model of Calabrese et al. nor the model of
Razzaghi and Shahraki considers the influence of contin-
uous phase viscosity on the SMD. This disregard is due to
the model’s derivation from the force equilibrium acting
on the droplet and the assumption that the disruptive
forces are purely due to the stress exerted by the con-
tinuous phase turbulence and not viscous stress.[24]

However, experimental investigations show that
continuous phase viscosity significantly influences
the SMD.[13] To consider the influence of continuous
phase viscosity on the SMD either the viscous sub-
range of the energy spectrum must be assumed[24] or
the models must be modified by adding the viscosity
ratio ηd=ηcð ÞC8 , where ηc is the continuous phase viscosity
and C8 another empirical constant.[28,29]

Describing the DSD in dependence on the SMD pri-
marily requires knowledge about the DSD type. Typical
types of DSD in stirred vessels are Gaussian, log-
normal, and Weibull DSD.[16] A method to identify the
distribution type is to determine the distribution’s
skewness.[30] Determining skewness based on
L-moments according to Hosking[31] is particularly
suitable because this method has several advan-
tages[32,33] compared to other methods,[30,34] for exam-
ple, low sensitivity to outliers and low computational
effort. After the skewness is determined, it can be
assigned to a skewness range according to Bulmer.[35]

Based on this range, the distribution can be called
approximately symmetric, and thus Gaussian, or posi-
tive skewed, and thus log-normal, or Weibull. To make
a statement about the confidence of the determined
skewness, confidence intervals are typically exam-
ined.[36,37] Determining the confidence intervals using
the bias-corrected percentile bootstrap approach accord-
ing to Efron[37,38] is suited for DSDs as it is most accu-
rate with positive skewness and extensive data sets.[36,37]

Moreover, the bootstrap method can be used to deter-
mine the confidence interval of all distribution-based
parameters.[30] The consideration of distribution’s skew-
ness and the determination of its confidence intervals
using the bootstrap method are standard statistical
methods in medicine and finance[39–41] and have yet to be
used in the context of DSD.

If the DSD type is known, the DSD can be described
using the corresponding cumulative distribution function
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(CDF), as shown in Equation (3), for example, for a
log-normal DSD.[24]

Fv dið Þ¼ 1
2

1þerf
ln dið Þ�μ ln

σ ln
ffiffiffi
2

p
� �� �

ð3Þ

In Equation (3), di is the droplet diameter, μ ln the
mean, and σ ln the standard deviation of logarithmic
values. The parameters μ ln and σ ln are fitted to the
experimental data of the DSD. Moreover, by normaliz-
ing the parameters μ ln and σ ln with the SMD, the self-
similarity of different DSDs can be examined.[15,18] Since
μ ln and σ ln describe logarithmic values of the
mean and the standard deviation, these values cannot
be used for a direct interpretation of the mean and the
standard deviation. To enable a direct interpretation
μ ln and σ ln are converted to μ and σ according to Equa-
tions (4) and (5).

μ¼ exp μ ln þ
σ2ln
2

� �
ð4Þ

σ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
exp 2μ ln þσ2ln

� �
exp σ2ln

� ��1
� �q

ð5Þ

The confidence intervals of the parameters μ and σ
can be determined using the bootstrap method according
to Efron.[37,38] If the parameters μ and σ of the CDF are
known, they can be linked to the SMD (Equations (6)
and (7)) as proposed by Schmitt et al.[25]

μ¼C9 d32ð ÞC10 ð6Þ

σ¼C11 d32ð ÞC12 ð7Þ

For the fitting of the parameters Ci, μ, and σ in Equa-
tions (1)–(3), the mean absolute percentage error (MAPE)
(Equation (8)) can be used as a minimization function,
where N f is the number of fitted points, and Ai and Pi

are the actual and predicted values, respectively.

MAPE¼ 100
1
N f

XN f

i¼1

Ai�Pi

Ai

				
				 ð8Þ

3 | MATERIALS AND METHODS

First, the experimental set-up, the material systems inves-
tigated in this work, and the test plan and procedure are
introduced. Second, the procedure for data analysis
and the model-based description of the SMD and DSD
are described.

3.1 | Experimental set-up

The mixing experiments were conducted in the automated,
standardized batch-settling cell, as introduced by Sibirtsev
et al.[5] The DSD was measured using an endoscope type
Sc-VR420-C22402 with a mirror and PTFE reflectors (Sopat
GmbH, Berlin, DE). Further details regarding the stirrer
and vessel geometry, the arrangement of the stirrers, and
the position of the endoscope probe inside the settling cell
can be found in the Data S1, Section S6.1.

3.2 | Material system

Two saturated biphasic systems are used in the investi-
gation of DSD in the mixing experiments: the
2-methyltetrahydrofuran (2-MTHF)/water system with
a low interfacial tension and the decane/water system
with a high interfacial tension. Moreover, to investi-
gate the influence of the viscosity on the DSD, glycerol
is added in different proportions to the decane/water
system. The glycerol dissolves entirely in the aqueous
phase and modifies its physical properties. The
addition of glycerol did not result in any discernible
change in the physical properties of the organic phase.
Furthermore, the ionic strength was adjusted to
50 mmol/L using sodium chloride, as detailed by Soika
and Pfennig.[42] Table 1 shows the physical properties of the
saturated biphasic system. Further information on the
material system and the measurement of physical proper-
ties and chemicals can be found in the Section S6.2.

3.3 | Test plan and procedure

A test plan was designed to investigate the relevant
influencing parameters on the DSD, known from the
literature (Section 2). The main influencing parameters
are interfacial tension, phase viscosities, hold-up, and
stirrer speed. The interfacial tension is varied by the
choice of the material system (Section 3.2). Since glycerol
is soluble only in aqueous solutions, the impact of the
viscosity of the continuous phase (oil-in-water dispersion
[o/w]) and the viscosity of the dispersed phase (water-in-
oil dispersion [w/o]) is examined by varying the composi-
tion of the dispersed phase in the decane/water system.
However, adding glycerol also influences the interfacial
tension and the continuous phase density and, thus, the
density ratio. The change in the density ratio plays a
comparably minor role, while the change in interfacial
tension is significant.[18,19] The experiments are con-
ducted at hold-ups of 25–50 vol.%. A lower and upper
boundary limit the range of the investigated stirrer speed.

4 SIBIRTSEV ET AL.
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The lower boundary is determined by the dispersion’s
homogeneity and the maximum detectable droplet size
by the endoscope probe. On the one hand, both phases
must be visually mixed, and on the other hand, the drop-
lets detected with the endoscope probe must not be larger
than the probe’s visible range. In order to prevent the
introduction of air bubbles into the dispersion, it is neces-
sary to define the upper boundary as the point at which
air is introduced as a result of the mixing process. Conse-
quently, the minimum and maximum stirrer speeds were
established based on the aformentioned criteria for each
test individually. The initial stirrer speed was set at
350 and 50 min�1 increments were applied until the two
boundaries were identified. Only experimental data
between the two boundaries is considered for investiga-
tion of influences on SMD and DSD. A minimum of
450 endoscope images, corresponding to 2000–5000 drop-
lets, were recorded at each stirrer speed to ensure a repre-
sentative droplet amount.[25,43] The test plan presented in
Table 2 covers a broad range of material system’s physical
properties relevant to separation tasks in settler and oper-
ating conditions in settling experiments (Section 2). The
notation of the test numbers and the intended study
objectives of the individual tests concerning the parame-
ter influence can be found in the Section S6.3.

3.4 | Data analysis

An automated image processing method presented by
Sibirtsev et al.[22,44,45] is used to evaluate the recorded endo-
scope images and to determine the experimental DSDs.
Moreover, the measured DSD data is filtered before deter-
mining the SMD and the DSD type. Detailed information on
data analysis can be found in Sections S6.4–S6.6.

3.4.1 | Data filtering

The DSD data is filtered to a representative DSD volume
of 90 vol.%, which lies between d05 and d95 (Section S6.4).

Droplet diameters exceeding d95 were excluded from the
analysis, as they are deemed to be comparatively inaccu-
rate. This is due to the low number of droplets in this
range, which renders them unrepresentative of the
DSD.[22,45] Moreover, droplet diameters smaller than d05
are removed from the analysis in order to compensate for
the removal of droplet diameters larger than d95. This
ensures that the determination of the DSD skewness is
not distorted. As a result, droplet diameters between d05
and d95 are used to determine the parameters SMD and
DSD skewness and for the fitting of the CDF. The filter-
ing of the DSD data has a negligible effect on determin-
ing DSD-based parameters, for example, the average
deviation in the SMD is less than 2%. However, the filter-
ing process effectively removes outliers, significantly
enhancing the reliability of determining these
parameters.

3.4.2 | Sauter mean diameter

The influence of the investigated parameters (Section 3.3)
on the SMD is analyzed, and the resulting findings are
compared with those from the literature (Section 2). The
relative error of the determined SMD corresponds to 3%
and results from the image processing method.[22,45]

3.4.3 | Droplet size distribution type

The DSD type is identified based on the DSD skewness
t3 determined according to Hosking[31] and assigned to a
skewness range according to Bulmer.[35] The result of the
assignment identifies whether the DSD is approximately
symmetric, and thus Gaussian, or positive skewed, and
thus log-normal, or Weibull. The CDF fitting error intro-
duced in Section 3.5.2 is employed to determine whether
a positive skewed DSD is log-normal or Weibull based.
Furthermore, the bias-corrected percentile bootstrap
approach, as described by Efron, is used to ascertain the
confidence intervals of the DSD skewness.[38]

TABLE 1 Physical properties of the

saturated biphasic systems at ambient

temperature of 22�C.
T = 22�C

Glycerol
fraction wt.%

Density
kg=m3

Viscosity
mPas

Interfacial
tension mN/m

System 1 2-MTHF - 862 0.61 -

Water 0 989 1.52 2.7

System 2 Decane - 730 0.90 -

Water 0 998 0.97 51.5

30 1073 2.30 44.9

70 1180 19.10 36.0

80 1208 48.50 33.8

SIBIRTSEV ET AL. 5
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3.5 | Model-based description

This study uses correlations from the literature (Section 2)
to model the SMD and the DSD. Furthermore, a model-
based connection between the SMD and DSD is investi-
gated. Section S6.7 summarizes all investigated models in
this work. All parameter fittings are performed with the
fmincon solver of MATLAB® using the MAPE (Equation (8))
as minimization function and fitting error. Parameter set-
tings of the fmincon solver can be found in the Section S6.8.

3.5.1 | Sauter mean diameter

A comparison is made between different correlations in
order to model the SMD, including Equations (1) and (2)
(Table S4). Moreover, Equation (9) is tested, which is a

combination of Equations (1) and (2). Equation (9) allows
the consideration of the dispersed phase viscous forces to
surface forces resisting droplet deformation according to
Equation (1) and the higher hold-ups according to
Equation (2). Moreover, Equation (9) considers the vis-
cosity ratio ηd=ηcð ÞC14 .

d32
L

¼C13
ηd
ηc

� �C14

1þ3ϕð Þ We

1þC15 1�2:5ϕð ÞVi d32
L

� �1=3
2
4

3
5
f ϕð Þ

ð9Þ

Analogous to Equation (2), a test is conducted to
ascertain whether f ϕð Þ is an empirical constant C16

(Equation (9a), Table S4) or a linear function
f ϕð Þ¼C17ϕþC18 (Equation (9b), Table S4). Moreover, a
simplified version of Equation (9) is also tested, which

TABLE 2 Test plan.Glycerol
fraction wt.%

Dispersion
type

Hold-up
vol.%

Test
number

System 1 0 o/w 33 1A0F

50 1A0H

w/o 33 1A3F

System 2 0 o/w 25 2A0E

33 2A0F

40 2A0G

w/o 25 2A3E

33 2A3F

40 2A3G

30 o/w 25 2B0E

33 2B0F

40 2B0G

w/o 25 2B3E

33 2B3F

40 2B3G

70 o/w 25 2C0E

33 2C0F

40 2C0G

w/o 25 2C3E

33 2C3F

40 2C3G

80 o/w 25 2D0E

33 2D0F

40 2D0G

w/o 25 2D3E

33 2D3F

40 2D3G

6 SIBIRTSEV ET AL.
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excludes the viscosity ratio term (Equation (9c), Table S4)
to test whether the consideration of the continuous phase
viscosity has a significant influence on the model
accuracy.

For all investigated correlations, the length L is set to
L¼N sD, where N s ¼ 7 is the number of stirrers, and
D¼ 39 mm is the stirrer diameter (Section S6.1).

3.5.2 | Cumulative distribution function

Depending on the DSD skewness (Section 3.4), Gaussian,
log-normal, or Weibull CDFs are fitted to the experimental
DSD data. The log-normal and Weibull CDFs were fitted
to positive skewed DSDs, and the most suitable CDF
was selected based on the MAPEs of these fits. Moreover,
μ ln and σ ln was converted to μ and σ according to Equa-
tions (4) and (5) to enable a direct interpretation of the
log-normal CDF parameters mean and standard devia-
tion. In addition, the droplet diameters of the DSDs with
the SMD were normalized to determine the CDF’s nor-
malized means and standard deviations. Based on the
normalized values, the self-similarity of the measured
DSDs was examined. Finally, the CDF parameters μ and
σ were correlated with the SMD according to Equa-
tions (6) and (7).

4 | RESULTS AND DISCUSSION

This chapter shows the results of experimental and model-
based investigations on the SMD and DSD. The experimen-
tal results are discussed phenomenologically and compared
with the findings from the literature. Moreover, different
correlations are compared to model the SMD and DSD.

The individual test results on the SMD, the DSD
skewness, and CDF parameters mean μ, and standard
deviation σ are shown in this chapter as examples. All
test results of this study can be found in the Section S6.9.

In advance, the DSD measurement of the decane/
water system did not lead to valid results due to the poor
droplet detection performance for the following constella-
tions: complete test series of the w/o dispersion and partial
tests with o/w dispersion at glycerol fractions of 30 and
70 wt.%. Therefore, the results of these measurements are
not considered in the following.

4.1 | Sauter mean diameter

4.1.1 | Experimental investigation

Figure 1 shows the SMD of the 2-MTHF/water system
and decane/water system at a glycerol fraction of 0 wt.%

in dependence on the stirrer speed and the hold-up. For
all conducted tests (Figures 1 and S12–S14), the SMD
decreases with increased stirrer speed. Increasing stirrer
speed increases the energy dissipation rate and, thus, the
droplet breakage rates.[14,16] Moreover, for all conducted
tests, the SMD increases with the increase in hold-up.
Increasing hold-up increases the droplet collision rates,
which benefits the coalescence phenomenon.[13–15] The
phase inversion from w/o to o/w for the 2-MTHF/water
system decreases the SMD. Due to this phase inversion,
the dispersed phase viscosity is decreased, which benefits
the breakage phenomenon.[15,18] Comparing both material
systems at a hold-up of 33 vol.%, the SMD of the decane/
water system is higher than the SMD of the 2-MTHF/water
system at the same stirrer speeds. The significant effect that
leads to this result is the lower interfacial tension of the
2-MTHF/water system. A lower interfacial tension results
in higher breakage rates and thus lower SMD.[18]

Figure 2 shows the SMD of the decane/water system at
a hold-up of 25 vol.% in dependence on the stirrer speed
and glycerol fraction. In most performed tests (Figures 2
and S15, S16), the increase in glycerol fraction decreases the
SMD. Due to the increase in glycerol fraction, the interfacial
tension decreases, whereby the continuous phase viscosity
and the density ratio of the continuous phase to the dis-
persed phase increase. The change in the density ratio plays
a comparably minor role, while the change in interfacial
tension and continuous phase viscosity plays a significant
role.[13,18,19] The decrease in interfacial tension benefits the
breakage phenomenon.[18] In addition, the increase in con-
tinuous phase viscosity inhibits the film drainage during
the coalescence process and thus the coalescence phenome-
non.[13] Since both effects decrease the SMD, a posterior dif-
ferentiation between them is not possible within the scope
of this investigation. One method for identifying the domi-
nant effect is to examine the performance of the SMD
model, as discussed in Section 4.1.2. If a model that con-
siders the interfacial tension but not the continuous phase
viscosity provides similarly accurate results as a model that
considers both influencing parameters, it can be assumed
that the continuous phase viscosity is insignificant.

A notable exception to the typical SMD behaviour in
dependence on the glycerol fraction is observed at a hold-up
of 25 vol.% (Figure 2). At this hold-up, the SMD initially
increases with the glycerol fraction from 0 to 30 wt.%, and
then decreases from 30 to 80 wt.%. This behaviour, as
explained by Stamatoudis and Tavlarides in their investi-
gations of specific material systems, hold-ups, and stirrer
speeds, is attributed to the increase in continuous phase
viscosity. The increase in continuous phase viscosity
inhibits both the breakage and coalescence phenomena,
with the dominant inhibition depending on the material
system, hold-up, and stirrer speed. Importantly, in the
investigations of Stamatoudis and Tavlarides, the change
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in glycerol fraction significantly influenced the continuous
phase viscosity while the interfacial tension remained rela-
tively constant.[13]

4.1.2 | Model-based description

The SMD correlations considered in this work (Table S4)
are fitted to the measured SMD data. The MAPEs of the
fits are compared to identify the most accurate correlation.
The most accurate performance shows Equation (9b) with

a MAPE of 3.6% (Table S4). Compared to other models,
Equation (9b) considers the most influencing parameters
on the SMD. However, Equation (9b) also has the most
number of fitting parameters, which is five.

d32
L

¼ 0:0026
ηd
ηc

� �0:032

1þ3ϕð Þ We

1þ0:03 1�2:5ϕð ÞVi d32
L

� �1=3
2
4

3
5
0:11ϕþ0:22

ð9bÞ

The most inaccurate performance shows Equation (1)
with a MAPE of 18.7% (Table S4). In Equation (1), the
correlation’s exponent f ϕð Þ is not fitted to experimental
data but set to a constant value of �3=5. Thus, we expect
that using a constant exponent of �3=5 is insufficient to
consider the hold-up influence on the SMD for hold-ups
between 25 and 50 vol.%. Other researchers have shown
similar findings.[15,27]

In the next step, the MAPEs of Equations (9a) and
(9b), which are 5.4% and 3.6%, respectively, are com-
pared. Moreover, the MAPEs of Equation (2), which are
5.5% and 5.3%, respectively, are compared. The compari-
sons show that regarding hold-up influence on the SMD
in the range of 25–50 vol.%, it makes only a small differ-
ence whether the exponent f ϕð Þ is a linear function or an
empirical constant fitted to experimental data. Although
Razzaghi and Shahraki[27] have shown that the exponent
f ϕð Þ is a linear function of the hold-up in a hold-up range
of 25–50 vol.%, the investigation of Kraume et al.[15]

shows that in this hold-up range, f ϕð Þ is almost constant,
which is more consistent with the results of our work.

(A) (B)

FIGURE 1 Sauter mean diameter in dependence of the stirrer speed and the hold-up for the systems: (A) 2-methyltetrahydrofuran

(2-MTHF)/water and (B) decane/water at glycerol fraction of 0 wt.%.

FIGURE 2 Sauter mean diameter of the decane/water systems

in dependence on the glycerol fraction at hold-up of 25 vol.%.

8 SIBIRTSEV ET AL.
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However, since our results partly contradict the findings
from the literature, further investigations of the hold-up
influence on the SMD for other material systems should
be carried out in future work.

Even since Equation (2) do not consider the ratio of
the dispersed phase viscous forces to surface forces resist-
ing droplet deformation, their performance is comparable
with the accurate performance of Equations (9a) and
(9b). As the complete test series investigating the w/o
dispersion of the decane/water system was excluded in
this work, only a limited amount of data was available in
which the dispersed phase viscosity varied. Moreover,
based on an extensive database of experiments, Wang
and Calabrese showed that the dispersed phase viscosity
significantly influences the SMD.[18] Therefore, it is
assumed that the influence of dispersed phase viscosity
is not noticeable in our investigations and the accurate
performance of Equation (2) results from this lack of
data. This assumption should be validated in future work
through targeted investigations of the influence of the
dispersed phase viscosity.

Furthermore, the MAPEs of Equations (9a) and (9c),
which are 5.4% and 6.6%, respectively, hardly differ. The
difference between Equations (9a) and (9c) is the consid-
eration of the viscosity ratio in Equation (9a) and, thus,
especially the consideration of the continuous phase
viscosity. As discussed in Section 4.2.1, comparing the
MAPEs of Equations (9a) and (9c), therefore, enables us
to identify whether the decrease in interfacial tension or
the increase in continuous phase viscosity is primarily
responsible for the decrease in the SMD due to a change
in glycerol fraction. Since the MAPEs of Equations (9a)
and (9c) hardly differ, we assume that the continuous
phase viscosity plays a minor role in our investigations.
Since the increase in continuous phase viscosity inhibits
both the breakage and coalescence phenomena,[13] we
assume that the opposing influences of these phenomena
on the SMD neutralize each other, resulting in a constant
SMD. However, since Stamatoudis and Tavlarides[13]

have shown that continuous phase viscosity can signifi-
cantly influence the SMD, this effect should be investi-
gated using suitable material systems in future work.

Based on our findings and the literature findings, we
assume that choosing the appropriate SMD model
depends on the range of hold-up and physical properties
to be represented. In a range of 25–40 vol.%, it is neces-
sary to consider the hold-up influence on the SMD by
fitting the correlation’s exponent f ϕð Þ to experimental
data. If the influence of dispersed phase viscosity on the
SMD becomes significant, considering the ratio of the
dispersed phase viscous forces to surface forces resisting
droplet deformation (Vi) is necessary. Moreover, if the
continuous phase viscosity significantly influences

the SMD, the correlation should consider the viscosity
ratio (ηd=ηc).

Figure 3 presents the parity plot of the SMD modelled
according to Equation (9b) against the experimentally
determined SMD, showcasing the accurate fit of
Equation (9b). Notably, over 93% of the data falls within
an interval of ±10% (Table S4), indicating a high level of
accuracy. Furthermore, the SMD prediction is consis-
tently accurate across the entire considered SMD range,
with no specific areas showing a tendency to be under- or
overestimated. All parity plots of the correlations consid-
ered in this work can be found in Section S6.10.

4.2 | Droplet size distribution

4.2.1 | Experimental investigation

Figure 4 shows exemplary CDF curves for the 2-MTHF/
water and decane/water material systems at the same
hold-up and stirrer speed. Comparing the CDFs of
both systems, it is qualitatively recognizable that the
CDF of the 2-MTHF/water system results from a DSD
with smaller droplet diameters and a more symmetrical
and narrow shape. However, the DSD skewness and the
CDF’s mean and standard deviation must be considered
in detail to quantify the DSD’s shape.

Figure 5 shows the DSD skewness of the 2-MTHF/
water system and decane/water system at glycerol frac-
tion of 80 wt.% in dependence on the stirrer speed and the

FIGURE 3 Parity plot of the Sauter mean diameter (SMD)

modelled according to Equation (9b) against the experimentally

determined SMD, mean absolute percentage error corresponds

to 5.2%, over 93% of the data falls within an interval of ±10%.

Test numbers according to Table 2.
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hold-up, highlighting the skewness ranges according to
Bulmer.[35] The only DSDs, which are approximately sym-
metric, are those of the 2-MTHF/water system at a hold-
up of 33 vol.%, independent of the dispersion type (o/w or
w/o) (Figure 5A). DSDs of the 2-MTHF/water system at a
hold-up of 50 vol.% (Figure 5A) and the decane/water sys-
tem at a glycerol fraction of 80 wt.% and higher rotation
speeds (Figure 5B) are moderately skewed. DSDs of the
decane/water system at glycerol fractions between 0 and

70 wt.% (Figures S17–S19) and at a glycerol fraction of
80 wt.% and low rotation speeds (Figure 5B) are highly
skewed.

The skewness of the approximately symmetric DSD
data is very close to the limit of moderately skewed DSD.
For simplicity, this data is considered skewed, and thus, the
Gaussian distribution is disregarded in further analysis.
The low difference in the MAPE for the approximately
symmetric DSD data, which is 2% for the Gaussian CDF
and 4% for the log-normal CDF, justifies this simplifica-
tion. Regarding the whole DSD data, the Weibull distribu-
tion is also excluded from further analysis since the MAPE
of the Weibull CDF is 10% in contrast to the log-normal
CDF, which is 5%. Therefore, a log-normal CDF represents
all of this work’s DSDs.

The DSD skewness and the CDF parameters mean μ
and standard deviation σ are analyzed to investigate fur-
ther the DSD behaviour in dependence on the influenc-
ing parameters. The mean μ behaves similarly to the
SMD (Section 4.1.1). Thus, the behaviour of μ is not illus-
trated explicitly at this point and can be found in the
Section S6.9.3.

Increasing the stirrer speed, the glycerol fraction, or
decreasing the hold-up decreases the mean for all conducted
tests (Figures S22–S29). The DSD skewness remains almost
constant for the 2-MTHF/water system (Figure 5A) and
decreases for the decane/water system (Figure 5B) in depen-
dence on the stirrer speed.

Figure 6 presents the standard deviation σ of the 2-
MTHF/water system and decane/water system at glycerol
fraction of 80wt.% in dependence on the stirrer speed and

FIGURE 4 Exemplary cumulative distribution function

curves for the 2-methyltetrahydrofuran (2-MTHF) and decane/

water systems.

(A) (B)

FIGURE 5 Droplet size distribution skewness in dependence of the stirrer speed and the hold-up for the systems:

(A) 2-methyltetrahydrofuran (2-MTHF)/water and (B) decane/water at glycerol fraction of 0 wt.%.

10 SIBIRTSEV ET AL.
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the hold-up. Increasing the stirrer speed decreases the stan-
dard deviation for all conducted tests (Figures 6 and
S30–S32) except the tests with the 2-MTHF/water system at
a hold-up of 33 vol.% (Figure 6A). Here, σ remains compar-
atively constant independent of the dispersion type (o/w
or w/o). Both the DSD skewness (Figures 5 and S17–S19)
and the standard deviation (Figures 6 and S30–S32) tend
to increase with an increase in hold-up. A single excep-
tion is observed for the decane/water system at a glycerol
fraction of 0wt.%, where the skewness decreases with an
increase in hold-up.

Figure 7 shows the DSD skewness and the standard devi-
ation of the decane/water system at a hold-up of 33 wt.% in
dependence on the stirrer speed and the glycerol fraction.
Both the DSD skewness (Figures 7A and S20, S21) and the
standard deviation (Figures 7B and S33, S34) tend to
decrease with an increase in glycerol fraction. As discussed
in Section 4.1, the change in interfacial tension due to a
change in glycerol fraction primarily affects the DSD.
Therefore, increasing the decane/water system’s interfacial
tension increases the DSD skewness and CDF standard
deviation.

In summary, the tests show that the DSD shape
remains almost constant, increasing the stirrer speed for
material systems with lower interfacial tensions and
hold-ups (Figures 5A and 6A). The DSD only shifts to
smaller diameters, observed by a decrease in the CDF
mean (Figure S22). For material systems with lower
interfacial tensions but higher hold-ups, the DSD not
only shifts to smaller diameters (Figure S22) but the DSD
shape becomes narrower due to an increase in the stirrer

speed, which is observed due to a decrease in the CDF
standard deviation (Figure 6A). However, the systems’
symmetry does not change (Figure 5A). For material
systems with higher interfacial tension, the DSD shape
becomes narrower (Figures 6B and S30–S32) and more
symmetrical (Figures 5B and S17–S19) when increasing
the stirrer speed, while the DSD shifts to smaller diame-
ters (Figures S23–S26). Moreover, increasing the hold-up
makes the DSD shape broader and more asymmetrical,
independent of the material system.

Comparing these results with the investigation of
Wang and Calabrese[18] and Zerfa and Brooks[17] con-
firms the observations of this work. The balance between
droplet breakage and coalescence determines the shape
of the DSD.[15] Material systems with low interfacial ten-
sion and hold-up have comparably high breakage rates
and low coalescence rates,[15] which can result in a nar-
row and symmetrical DSD shape.[17,18] Increasing the
stirrer speed and, thus, the breakage rate does not signifi-
cantly affect these systems’ DSD shape. Material systems
with high interfacial tension or hold-up have comparably
low breakage rates and high coalescence rates,[15] which
can result in a broad and asymmetrical DSD shape. An
increase in the breakage rate significantly influences
these systems’ DSD shape.

The investigation of self-similarity showed that only
the o/w and w/o dispersion of the 2-MTHF/water sys-
tem at a hold-up of 33 vol.% is self-similar with an accu-
racy comparable to that in the literature.[15,18] At a
hold-up of 50 vol.%, the 2-MTHF/water system deviates
from this self-similarity. No self-similarity can be

(A) (B)

FIGURE 6 Cumulative distribution function Standard deviation in dependence of the stirrer speed and the hold-up for the systems:

(A) 2-methyltetrahydrofuran (2-MTHF)/water and (B) decane/water at glycerol fraction of 80 wt.%.
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identified for the decane/water system or between both
material systems.

4.2.2 | Model-based description

Figure 8 shows the CDF’s mean and standard deviation
in dependence on the experimentally determined SMD.
Both parameters increase with an increase in SMD and
correlate with the SMD according to Equations (10)

and (11). For all performed tests, correlating the mean by
Equation (10) results in an accurate prediction. Correlat-
ing the standard deviation by Equation (11) is accurate
for the decane/water system but less accurate for the
2-MTHF/water system, especially at a hold-up of 33 vol.
%. One possible explanation for this result is that our
simplification considering this data to be skewed is an
inaccurate assumption. Future investigations with mate-
rial systems and operating conditions in this area should
be performed to check our simplification. However, testing

(A) (B)

FIGURE 7 Droplet size distribution (DSD) parameters of the decane/water system in dependence on the stirrer speed and glycerol

fraction: (A) DSD skewness and (B) standard deviation of the cumulative distribution function.

(A) (B)

FIGURE 8 Correlation between the Sauter mean diameter and the (A) mean and (B) standard deviation of the cumulative distribution

function. Test numbers according to Table 2.
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the MAPE between the fitted CDFs and CDFs calculated
with the mean and standard deviation according to Equa-
tions (10) and (11) results in a MAPE of 11.4%. Thus, the
DSD can, on average, be determined accurately based on
Equations (10) and (11).

μ¼ 0:374 d32ð Þ1:19 ð10Þ

σ¼ 5:73 �10�5 d32ð Þ2:51 ð11Þ

The interpolation capability of the determined models
is valid approximately between hold-ups of 25–50 vol.%,
interfacial tensions of 3–52 mN/m, continuous phase
densities and viscosities of 862–1208 kg/m3 and 1–49
mPas, respectively, and dispersed phase densities and vis-
cosities of 730–989 kg/m3 and 0.6–1.5 mPas, respectively.

5 | CONCLUSION

The experimental investigation shows that the DSD data
corresponds to a log-normal distribution. Increasing the
stirrer speed decreases the SMD for all investigations.
The DSD shape becomes narrower and more symmetrical
with increased stirrer speed for material systems with
high interfacial tension or hold-up and remains almost
constant for systems with low interfacial tension and
hold-up. Moreover, with an increase in hold-up, the SMD
increases, and the DSD shape becomes broader and more
asymmetrical. Furthermore, material systems with lower
interfacial tensions result in lower SMDs and narrower
and more symmetrical DSD shapes. The continuous
phase viscosity plays a minor role.

The model-based investigation shows that a Weber
number correlation (Equation (9c)) describes the SMD with
a MAPE of 3.6%. Fitting the log-normal CDF (Equation (3))
to the experimental DSD data results in a MAPE of 5%.
Moreover, correlations between the CDF’s mean (Equa-
tion (10)) and standard deviation (Equation (11) and the
SMD are identified. Comparing the fitted CDFs with CDFs
determined by these correlations results in a MAPE
of 11.4%.

The results of this work provide helpful insights into
the mixing process in a standardized batch-settling cell
and offer valuable information about the initial DSD of
the batch-settling experiment. The resulting SMD and
DSD models form a solid foundation for modelling phase
separation behaviour in the batch-settling cell considering
polydispersity.

The SMD and DSD models presented in this work will
be further used to describe the sedimentation and coales-
cence processes considering polydispersity. Furthermore,

there is potential for the SMD and DSD models to be
expanded through experimental investigation of the DSD
of dispersions with higher dispersed phase viscosity. In
addition, investigating dispersions that are significantly
influenced by the continuous phase viscosity could increase
the reliability of the presented models.
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