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Abstract

High-pressure homogenization is a commonly used process to produce emul-

sions with a droplet size of less than 1 μm. During the process, a pre-emulsion

is pumped with a pressure of several mega Pascal through a disruption unit,

where the droplets are deformed and subsequently broken up in the turbulent

area of the disruption unit. The scope of this investigation is to determine the

influence of the droplet trajectory on the droplet size distribution of emulsions

of different viscosity ratios or interfacial tension. Measurements of the droplet

deformation prior to the droplet breakup using image-processing tools comple-

mented the observations. In addition, computational fluid dynamics simula-

tions were performed to determine the stress history on the droplet

trajectories. It was found that droplets on a trajectory close to the wall are

more deformed when leaving the disruption unit compared to droplets on the

centreline. The deformation of droplets at the edge of the jet increases down-

stream the disruption unit until it is finally disrupted. The simulation results

support the experimental data, as it can be shown that shear and strain stresses

on the trajectories close to the wall significantly exceed the stresses on the tra-

jectories on the centreline. For an emulsion with a viscosity ratio greater than

3, droplets on a trajectory close to the wall resulted in smaller droplets and

narrower droplet size distribution, while no significant influence was found

for smaller viscosity ratios. Lowering the interfacial tension results in a stron-

ger deformation, which was more pronounced for lower viscosity

ratios (λ ≈ 3).
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1 | INTRODUCTION

Emulsions can be found in food, cosmetic, and pharmaceu-
tical products. Emulsions with droplet sizes smaller than
1 μm and a low to medium viscosity of less than
200 mPa � s are most commonly produced using a high-
pressure homogenization process.[1] During the process, a
pre-emulsion with large droplets is pumped through a dis-
ruption unit where the flow is accelerated by the reduced
cross-section. A flat valve most frequently realizes the
reduction of the cross-section in production scale high-
pressure homogenizers. In this investigation, an orifice is
used as a model disruption unit geometry due to its better
optical accessibility. The droplets in the pre-emulsion are
exposed to shear stresses and elongational strain when pass-
ing the disruption unit due to the accelerating flow. These
stresses result in droplet deformation and finally, when the
deformed droplets enter the turbulent shear layer of the
emerging jet, in their breakup into many small droplets due
to viscous and/or inertia stresses.[2] The flow in the orifice
can be characterized using the Reynolds number:

Reorifice ¼uorifice �D �ρ=ηc ð1Þ

where uorifice is the average velocity in the orifice, D is the
orifice diameter, ρ is the density of the continuous phase,
and ηc is the dynamic viscosity of the continuous phase.

First investigations on the droplet deformation in
laminar shear or extensional flow were conducted by
Taylor,[3,4] who found that the deformation depends on
the capillary number Ca and viscosity ratio λ. These two
dimensionless numbers are defined as follows:

λ¼ ηd=ηc ð2Þ

Ca¼ τ �d= 4 � γð Þ ð3Þ

τ¼ ηc � _εj jþ _γj jð Þ ð4Þ

where ηd is the dynamic viscosity of the dispersed phase,
ηc is the dynamic viscosity of the continuous phase, τ is
the stress acting on the droplet, d is the droplet diameter,
γ is the interfacial tension, _ε is the elongation rate, and _γ
is the shear rate. Taylor showed that the droplet deforma-
tion increases proportionally when Ca is increased, while
the slope of the increase depends on the viscosity ratio.
When a critical capillary number Cacrit is exceeded, the
droplet does not reach a stationary shape anymore and is
continuously deformed until it breaks up, wherein the
critical capillary number depends on the viscosity ratio
and the flow type.[5] Furthermore, it was found that in
the case of high interfacial tensions and low viscosity

ratios in pure shear flow and low stresses (Ca<0.5), the
deformation depends on the capillary number only. In
the case of high viscosity ratios and low interfacial ten-
sions, the deformation depends on λ�1. Cox[6] and
Elmendorp[7] extended this correlation to laminar exten-
sional flow and higher deformations (b0≥ 2) where the
deformation ratio b0 is defined as follows:

b0 ¼ d1=d0 ð5Þ

where d1 is the length of the major axis of the emerging
ellipsoid and d0 is the diameter of the undeformed droplet.

Brösel and Schubert[8] used emulsification experiments
to determine the influence of an emulsifier on the droplet
deformation process. They assumed, based on their find-
ings, that hardly any emulsifier was adsorbed during the
droplet-breakup process. They found that the droplet sizes
do not decrease proportionally when the interfacial tension
is decreased. Furthermore, Brösel and Schubert[8] used a
scaled, optically accessible disruption unit to visualize the
droplet breakup process. It was found that an emulsifier did
not alter the droplet deformation qualitatively.

Droplet deformation in an optically accessible step-type
orifice was evaluated by Kelemen et al.[9] They found that
the droplets are supercritically Ca>Cacritð Þ deformed in
the inlet and only break up downstream of the orifice
exit. Walzel[10] simulated the droplet deformation inside
a passage through an orifice on the centreline using an
approach stated by Cox[6] and Kalb et al.[11] These find-
ings were later validated using experimental data from a
scaled orifice setup whereby a good agreement was found
between the simulation and the experiment at limited
settings.[12]

Among others, Feigl et al.[13] and Hövekamp[14] used
computational fluid dynamics (CFD) simulations to deter-
mine the stress history on the droplet streamline with
changing stress loads and constant interfacial tension, which
was subsequently correlated with the droplet deformation
from simulations and experimental data. In all investigated
setups, droplets that travel on a trajectory close to the wall
are exposed to higher stresses and are thus more deformed.

Mutsch et al.[15] conducted a first investigation on the
influence of droplet deformation on the resulting droplet
size distribution using a scaled high-pressure homogeni-
zation setup. The analysis showed that droplets on a tra-
jectory close to the wall resulted in slightly smaller
droplets after passing through the disruption unit.

The target of this contribution is to identify the influ-
ence of droplet trajectory and emulsion material parame-
ters (viscosity ratio and interfacial tension) on the droplet
size distribution of homogenized emulsions. Differences
will subsequently be correlated with changes in the drop-
let deformation b prior to droplet breakup and its stress
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history. The stress history is determined using CFD tools
according to Håkansson et al.[16] Simulation of stress his-
tory and optical results on droplet deformation was used
to improve the understanding of droplet deformation and
breakup under fast-changing stresses, as found in typical
high-pressure homogenizer disruption units.

2 | MATERIALS AND METHODS

2.1 | Materials

For droplet visualization, a transparent mixture of demine-
ralized water and glycerol (purity 99.5%, SuboLab GmbH,
Pfinztal-Söllingen, Germany) in a mass ratio of 41:59 was
used as a continuous phase. In addition, 0.5 wt.% polysor-
bate 20 (Tween 20®, Carl Roth, Karlsruhe, Germany) is
added when the droplet deformation with reduced interfa-
cial tension is investigated. Furthermore, 0.2 wt.% potassium
sorbate (VWR International GmbH, Darmstadt, Germany)
and 0.1 wt.% citric acid (Carl Roth GmbH + Co. KG, Karls-
ruhe, Germany) were always added for preservation, as the
fluid is used multiple times. This mixture has a density of
1150.4 kg � m�3 and a viscosity of 9. 42 ± 0.01 mPa � s with
Newtonian flow behaviour.

For measurements of the resulting droplet size distri-
bution, a demineralized water-maltodextrin solution with

0.5 wt.% polysorbate 20 (Tween 20®, Carl Roth, Karls-
ruhe, Germany) is used as a continuous phase. The
water–glycerol system could not be used for measure-
ments of the droplet size distribution as it induced self-
emulsification effects as described by Shah et al.[17] that
disturbed optical analysis. The weight fractions of all
used components for the continuous phases are pres-
ented in Table 1. This resulted in a mixture with a density
of 1103.6 kg � m�3, a viscosity of 8.808 ± 0.032 mPa � s
with Newtonian flow behaviour, and a refractive index of
1.373 whereby all parameters were measured at a temper-
ature of 20�C.

The disperse phase consists of a mixture of a middle-
chain-triglyceride oil and 120 ppm (w) Nile red dye
(9-(diethyl-amino)benzo[a]phenoxazin-5(5H)-one, Sigma-
Aldrich Chemie GmbH, Taufkirchen, Germany) where the
oil was either Miglyol 840® (IOI Oleo GmbH, Witten,
Germany) with a viscosity of 10.1 ± 0.03 mPa � s and a
refractive index of 1.442, or Miglyol 812® (IOI Oleo GmbH,
Witten, Germany) with a viscosity of 29.1 ± 0.06 mPa � s
and a refractive index of 1.449, or Miglyol 829® (IOI Oleo
GmbH, Witten, Germany) with a viscosity of 235.1
± 3.34 mPa � s and a refractive index of 1.456. For all static
light scattering measurements, 0.001 was used as an imagi-
nary part of the refractive index for all oils/emulsions, fol-
lowing the guidelines of Malvern Panalytical Ltd.[18] An
overview of all material properties is presented in Table 2.

TABLE 1 Composition of all used continuous phases

Weight fraction (�)

Glycerol
Demineralized
water Maltodextrin

Polysorbate
20

Potassium
sorbate Citric acid

Droplet size distribution measurement 0 74.1 25.4 0.5 0 0

Droplet visualization 58.53 40.67 0 0.5 0.2 0.1

58.82 40.88 0 0 0.2 0.1

TABLE 2 Resulting viscosity ratios and interfacial tensions for droplet size distribution measurements and droplet visualization analysis

Emulsifier
fraction (wt.%)

Viscosity
ratio λ (�)

Density continuous
phase (kg m�3)

Density disperse
phase (kg m�3)a

Interfacial
tension γ (mN m�1)b

Droplet size distribution measurement 0.5 1.15 1103.59 ± 0.18 918 1.94 ± 0.02

3.30 943 2.36 ± 0.04

26.7 1008 1.70 ± 0.11

Droplet visualization 0.5 3.09 1150.61 ± 0.49 943 3.20 ± 0.04

0 15.52 ± 0.20

0.5 25 1008 2.77 ± 0.15

0 13.80 ± 0.22

aAccording to supplier’s information.
bEquilibrium value.
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Measurements of the rheological properties were per-
formed with a rotational rheometer (Anton Paar, Physica
MCR 101, Graz, Austria) at a temperature of 20�C. The
density was determined using a density determination set
DIS 11 (DCAT11, DataPhysics, Filderstadt, Germany) at a
temperature of 20�C. Interfacial tension measurements are
conducted with a Wilhelmy plate (DCAT11, DataPhysics)
and an OCA 15 LJ (DataPhysics Instruments GmbH, Fil-
derstadt, Germany) at a temperature of 20�C.

2.2 | Experimental setup

Depicted in Figure 1 is the experimental setup of a high-
pressure homogenization process with an optically accessi-
ble orifice, which is used to determine the droplet defor-
mation and the resulting droplet size distribution. The
scaling approach for the experimental setup is presented
by Preiss et al.[19] The continuous phase is stored in a pres-
sure vessel (b) which is pressurized with a nitrogen gas
cylinder (a) to ensure a pulsation-free flow. During an
experiment, the volume flow, the temperature, as well as
the inlet and the outlet pressure of the orifice are recorded
continuously. The stream of the continuous phase is sepa-
rated in the main stream, which goes directly to the opti-
cally accessible orifice (c), and a side stream. In the side

stream, either a monodisperse pre-emulsion with a low
disperse phase fraction is produced using a droplet genera-
tor (setup A) or a pre-emulsion with a high disperse phase
fraction, which was produced with a rotor-stator-machine
(propeller stirrer or disperser T25 Ultra-Turrax® IKA®-
Werke GmbH & Co. KG, Staufen, Germany), is filled in a
pipe coil (setup B). Two different setups were necessary as,
on the one hand, the low dispersed phase fraction of drop-
let generator (setup A) does not allow droplet size mea-
surements using the static light scattering method, and on
the other hand, the setup B has a wide droplet trajectory
range and the initial droplet size of the deformed droplet
downstream the orifice is unknown, which impedes the
correlation of the droplet deformation with the stress his-
tory on the trajectory. Besides, the droplets entered the
flow in the inlet channel across the whole cross-section of
the positioning capillary when a pre-emulsion in setup B
was used. When the droplet generator was used in
setup A, however, the droplets enter the inlet channel on
one specific trajectory with minimal variance, as presented
by Preiss et al.[20] The pre-emulsion was conducted with
the rotor-stator-machine with a viscosity ratio of λ = 1.16
having a Sauter mean diameter of d3,2 = 10.96 ± 1.23 μm,
the pre-emulsion with a viscosity ratio of λ = 3.30 having
a Sauter mean diameter of d3,2 = 15.19 ± 2.46 μm, and the
pre-emulsion with a viscosity ratio of λ = 33.0 having a

FIGURE 1 Experimental setup with setup A for droplet deformation visualization and setup B for droplet size distribution

measurements
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Sauter mean diameter of d3,2 = 12.74 ± 0.65 μm. The
droplet generator is described in detail by Preiss et al.[20]

The side stream with the pre-emulsion is reinjected in
front of the optically accessible orifice using a 1/1600

stainless steel capillary with an inner diameter of 1 mm
(Chromatographie Handel Müller GmbH, Fridolfing,
Germany). The capillary was either placed on the cen-
treline of the inlet channel or close to the wall. When
measuring the resulting droplet size distribution, the
sample-collecting hose (d) can be drained into the sam-
ple collecting beaker (e). During all experiments, a
Thoma number of 0.3 is set using a needle valve (f) to
completely suppress cavitation.[21]

Th¼ pbp=pin ð6Þ

where pin is the pressure in the inlet channel and pbp is
the backpressure in the outlet channel.

The flow channel of the optically accessible orifice
was milled into two stainless steel blocks, which were
subsequently glued together as depicted in Figure 2B.
An acrylic glass plate was pressed on the flow channel
using a steel frame to seal the channel. The inlet and
outlet channels had a dimension of 10 mm � 10 mm,
where the edge length was defined as the parameters
Din and Dexit, respectively. The drilling hole of the ori-
fice had a diameter D of 1 mm and a length L of 2 mm.
The inlet channel and the drilling hole were connected
by a conical inlet with an angle α of 60�. The capillary
was placed either on the centreline or close to the wall.
The position of the capillary and thus the trajectory of
the droplets are defined with the parameter r* as
follows:

r� ¼ r= Din=2ð Þ ð7Þ

where r is the distance from the trajectory to the cen-
treline. A sketch of the orifice with previously mentioned
parameters is depicted in Figure 2A.

2.3 | Determination of the resulting
droplet size distribution

To determine the resulting droplet size distribution, the
experimental setup was initially operated only with the
continuous phase until the steady state with the desired
flow conditions was reached. Afterwards, the flow was
stopped, and the pre-emulsion was filled from the beaker
into the pipe coil in the side stream. Subsequently, the
flow was restarted, and a sample was collected from the
hose (d) when the pre-emulsion passed through the ori-
fice. The droplet size distributions are determined after-
wards by static light scattering using a Malvern
Mastersizer 2000 with a helium-neon laser (633 nm) in
combination with a blue light diode (466 nm) as light
sources and a Hydro 2000 μP sample dispersion unit
(Malvern Panalytical Ltd., Malvern, the United King-
dom). The stirrer was switched off when the sensitive
pre-emulsion was measured, and the stirrer was set to
1500 min�1 when the process samples were measured.
Every parameter combination was addressed three times,
and the droplet size distribution of every sample was
measured 3 � 3 times. The software OriginPro 2019
(OriginLab Corp., Northampton, MA, USA) was used to
calculate the average droplet size distribution of every
parameter combination, including standard deviations.

2.4 | Droplet visualization

When investigating the droplet deformation after leaving
the orifice, a mono-disperse pre-emulsion with a droplet
diameter d0 of about 200 μm was produced in the side
stream using the droplet generator. The fluorescence-
labelled droplets were visualized using the high-speed cam-
era and the laser of a micro-particle image velocimetry mea-
surement (μ-PIV) setup, which consisted of a high-speed
double frame camera (FlowSense 4M Camera Kit, Dantec
Dynamics, Skovlunde, Denmark) with a 12-bit resolution,
2048 � 2048 pixels, and a double-pulsed neodymium-doped
yttrium aluminum garnet (ND:YAG) laser (Dual-Power 30–
15 of Dantec Dynamics, Skovlunde, Denmark). Double
frame images were taken at a frequency of 7.4 s�1, and the
time between the two frames was set to 100 μs. The laser
and camera were attached to a microscope (Dantec
HiPerformance Microscope, Skovlunde, Denmark), which
had a resulting magnification of 1.75� using an objective
lens (HC Plan Fluotar 2.5�/0.07, Leica Microsystems Wet-
zlar GmbH, Wetzlar, Germany) and a 0.5� camera adapter.
This resulted in a field of view of about 12 mm � 12 mm
with a spatial resolution of 6 μm/px.

A first image-processing step was done with the com-
mercial software Dynamic Studio 6.10 (Dantec Dynamics,

FIGURE 2 (A) Sketch of the top view of the orifice with

inserted capillary with all relevant dimensions and (B) image of the

optically accessible orifice with capillary on the centreline
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Skovlunde, Denmark), where an average image is calcu-
lated from all images of one experimental run that was
subsequently subtracted from the images to remove the
background. All the following image-processing steps
were performed with MATLAB 2019b (MathWorks, Nan-
tucket, MA, USA).

The image processing in MATLAB was executed in
three major steps: preparation, identification, and mea-
suring as pictured in Figure 3. At first, the brightness was
adjusted to improve droplet visibility. After that, to
reduce background noise, every object with an area of
less than 200 pixels was removed from the image. In the
following subordinate step, the image was binarized to
obtain a defined border between droplet and background.
In order to be able to work with MATLAB’s image-
processing tools in subsequent stages, the image had to
be inverted.

Two methods were used to distinguish between drop-
lets and objects from the backflow area surrounding the
jet, due to the fact that less deformed droplets were har-
der to identify. Under operation conditions, for example,
small Reynolds numbers and high viscosity ratios, where
the deformation ratio b is smaller than 10, droplets are
recognized by their circularity and location. The deforma-
tion b is defined as

b¼ d1=d2 ð8Þ

where d2 is the length of the minor axis of the emerging
ellipsoid.

The cutoff for circularity had to be manually altered
for every setting between 0.75–0.35 (0 = perfect circle)
based on the smallest circularity out of 10 analyzed drop-
lets. Still misleadingly identifying too many objects as
droplets, another filter was added, which removed ele-
ments that left the centre plain in relation to the orifice
by more than 1000 μm in both negative and positive y
direction. Additionally, the filter for removing objects
with an area of less than 200 pixels was increased to

500 pixels as well. Under operation conditions where
elongation ratios are greater than 10, droplets are spotted
by criteria like porosity and circularity, as described in
detail by Preiss et al.[22] Droplets in the backflow area
around the jet often appeared noisy, therefore objects with
a porosity greater than 0.1 (0 = not porous) were elimi-
nated. Droplets with higher elongation ratios were heavily
lengthened, hence setting the cutoff for circularity to 0.7
was sufficient. For both high and low elongation ratios,
the edges of remaining objects are smoothened in the last
intermediate step to improve measuring accuracy.

To determine droplet size and position, ellipses were
adapted to droplets where the long axis was registered as
droplet length and the short axis as width. The centre of
mass was taken to determine droplet position relative to
the orifice. To further eliminate droplets that were not
depicted correctly, either because they leave the image or
because they were partially concealed by the orifice, a fil-
ter was added, which removes droplets that were less
than 100 μm away from the right image border or closer
than 350 μm to the orifice. The latter distance was deter-
mined to be larger due to a reflection caused by the
metallic channel that "splits" the droplets, therefore
inducing sorting problems. Droplets that were deformed
perpendicular to the flow direction were removed as well,
since they could have left the image plain, resulting in an
incorrect droplet length if measured by the mentioned
method. For this purpose, all pixels in the ellipse were
counted and divided by the number of pixels of the
smallest possible surrounding box. For this ratio, a cutoff
of 0.8 was chosen after analyzing 300 distorted and
undistorted droplets.

2.5 | CFD simulations of stress history
on selected trajectories

To determine the stress history of the droplets along dif-
ferent streamlines distributed on the cross-section of the

FIGURE 3 Visualization of the major image analyzing steps to identify a deformed droplet, which is depicted as a horizontal thin

thread in the middle of each image

6 PREISS ET AL.



geometry, CFD simulations were used. The flow is sim-
plified and assumed to be single-phase, so that only the
continuous phase is simulated. The stress history is
recorded by particle tracking of massless particles along
the flow. Simulations were carried out using ANSYS flu-
ent version 2020R2. The single-phase, incompressible,
isothermal, Newtonian, and continuous flow assump-
tions were used for the simulation. The modelling of the
turbulence is carried out according to the Reynolds Aver-
aged Navier Stokes (RANS) approach. The realizable k-
epsilon model was used based on the investigations con-
ducted by Håkansson et al.[16]

2.5.1 | Geometry and mesh

The geometry of the disruption unit is derived from the
experimental setup of the optically accessible orifice. Since
the simulation only considers the stresses in the inlet part
of the geometry at the point between leaving the capillary
and the exit of the orifice, the flow was only modelled up
to 5 mm after the orifice exit. The computational mesh
consists of 31.4 million cells of type poly-hexcore. In the
region downstream of the capillary, the conical inlet, and
the orifice, the mesh was refined using multiple bodies of
influence with a minimum grid length of 0.005 mm. A
mesh independence study was performed successfully.

2.5.2 | Materials and boundary conditions

Material values and boundary conditions were deter-
mined using experimental data. The density and viscosity
were specified for the fluid, taking temperature into
account. The inlet was defined as a mass flow inlet. A
pressure outlet was specified at the outlet. The used data
can be taken from Table 3. A turbulent intensity of 5%
and a backflow turbulent viscosity ratio of 10 were
assumed at both the inlet and the outlet of the geometry.
At all walls, a shear condition of no slip was specified.

2.5.3 | Numerical methods and
discretization

A pressure-based solver was chosen to model the con-
tinuous phase flow. The simulation was performed in

a steady state. The pressure–velocity coupling was
realized using the SIMPLE algorithm. Gradient dis-
cretization was performed using the Least Square Cell
Based method, and the Second Order scheme was
used for pressure discretization. Momentum, turbu-
lent kinetic energy, and turbulent dissipation rate
were discretized using the Second Order Upwind
scheme.

2.5.4 | Convergence

In addition to the residuals, the area weighted average
of the inlet pressure and the area weighted average of
the turbulent kinetic energy on different planes per-
pendicular to the flow direction were considered to
evaluate the convergence. The planes are shown in
Figure 4. The simulation was assumed convergent once
the residuals for convergence, the three velocity com-
ponents, turbulent kinetic energy, turbulent dissipa-
tion, and all other convergence criteria fell below a
value of 10�4.

2.5.5 | Postprocessing

Following the flow field calculation, three streamlines
were generated. The beginning of the streamlines (blue
dots followed by blue thin horizontal lines in Figure 4)
corresponds to the exit of the capillary in the experiment.
The streamlines are located at the dimensionless dis-
tances r* = 0, 0.47, and 0.94 to the centreline. The loca-
tion of the streamlines can be taken from Figure 4. The
elongation rate _ε, shear rate _γ, and residence time t were
calculated along the streamlines. Elongation rate and
shear rate are defined as follows:

_ε¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∂u
∂x

� �2

þ ∂v
∂y

� �2

þ ∂w
∂z

� �2
s

ð9Þ

_γ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∂v
∂x

þ ∂w
∂x

� �2

þ ∂u
∂y

þ ∂w
∂y

� �2

þ ∂u
∂z

þ ∂v
∂z

� �2
s

ð10Þ

where u, v, and w are the averaged velocity components
based on the RANS equations.

TABLE 3 Boundary conditions for a Reynolds number Reorifice = 1000

Reorifice (�) Initial relative pressure pin (Pa) Mass flow rate ṁin (kg s�1) Relative outlet pressure pbp (Pa)

1000 131 400 0.007 69 67 600

PREISS ET AL. 7



3 | RESULTS

3.1 | Resulting droplet size distribution

During high-pressure homogenization, droplets are
deformed by shear stresses and elongational strain in the
inlet area of the disruption unit. Subsequently, they are bro-
ken by inertia and viscous forces in the turbulent shear
layer. Mutsch et al.[15] have shown in an upscaled model
that droplets on a trajectory close to the wall resulted in
smaller droplets following the breakup, as the more
stretched droplets can probably be broken up more easily.
It is hypothesized that smaller droplets emerge from drop-
lets that flow close to the wall compared to droplets flowing
on the centreline independent of the viscosity ratio.

Figure 5 compares the resulting droplet sizes of emul-
sions travelling either on a trajectory close to the wall
(0.75 ≤ r* ≤ 1) or on the centreline (0 ≤ r* ≤ 0.23) with a
viscosity ratio λ of 1.16, 3.30, and 26.7 at Reorifice = 4000.
At all process conditions, the minimal droplet diameter
was about 0.7 μm. The emulsion with the highest viscos-
ity ratio of λ = 26.7 resulted in the widest droplet size dis-
tribution. When comparing the droplet size distributions
of the two trajectory ranges, significant differences were
found only for bigger droplets (d ≥ 7 … 10 μm). In this
size range, smaller droplets resulted from the emulsion
travelling on the trajectory close to the wall
(0.75 ≤ r* ≤ 1) compared to the emulsion travelling on
the centreline (0 ≤ r* ≤ 0.23). Thus, a narrower droplet
size distribution was achieved on the trajectory close to
the wall. When turning to the medium viscosity ratio
(λ = 3.30), smaller droplet sizes were produced in com-
parison to the high viscosity ratio. The emulsion on the
trajectory close to the wall again resulted in smaller drop-
lets than those on the centreline. Similar as with the high
viscosity ratio, the deviations started at larger droplets
(d ≥ 5 … 7 μm), resulting in a narrower droplet size distri-
bution. The emulsion with the lowest viscosity ratio
(λ = 1.15) produced the smallest droplets. However, no
significant differences in the droplet size distributions
were found for the trajectories close to the wall
(0.75 ≤ r* ≤ 1) and on the centreline (0 ≤ r* ≤ 0.23).

3.2 | Resulting droplet deformation

In the following, the findings on the droplet size distribu-
tion shall be explained with the droplet deformation prior
to breakup. In general, it is expected that smaller droplets
are a result of stronger deformed droplets as the droplet
thread diameter is closer to the vortex size in the turbu-
lent shear layer of the jet. As a parameter influencing
droplet deformation, the interfacial tension is varied in
these experiments.

3.2.1 | Influence of trajectory

Droplets are exposed to shear stresses and elongational
strain when flowing through the orifice, which results in
a deformation. As large areas with high shear and strain
rates are located close to the wall, it is hypothesized that
droplets that flow on a trajectory close to the wall are
more deformed compared to droplets that flow on a cen-
treline trajectory.

Image-processing methods were used to determine
the resulting deformation ratio b of the droplets in the
outlet channel of the orifice prior to droplet breakup. The
resulting deformation ratio b of droplets with a trajectory
close to the wall and a centreline trajectory are presented
in Figure 6A for an interfacial tension of γ = 3.20
mN � m�1 (0.5 wt.% emulsifier, see Table 2). The usage of
the droplet generator allows the placement of the drop-
lets on a specific trajectory with minimal variance in the
location of the trajectory. Every symbol in the cloud rep-
resents one correctly depicted droplet. Deformed droplets

FIGURE 4 Position of the streamlines (blue thin horizontal

lines) and the planes (red thick vertical lines) in the geometry to

evaluate the convergence

FIGURE 5 Resulting droplet size distribution at a Reynolds

number of Reorifice = 4000 of droplets travelling on a trajectory

close to the wall (hollow symbols) or on the centre line (solid

symbols)
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were found in the distance range of 1:2≤ x=D≤ 6:4 for
droplets travelling on a trajectory on the centre axis
r� ≈ 0ð Þ. Deformed droplets that were closer to the orifice
exit or further downstream were not depicted correctly
and were therefore excluded from the analysis. These
droplets were either partially in the optically inaccessible
part of the orifice or already deformed perpendicular to
the travelling direction due to interaction with the vor-
texes in the shear layer of the emerging free jet. The
resulting deformation ratio b was in the range of
10< b<20. Only isolated droplets had a deformation
ratio greater than 25. The deformation did not change
with an increasing distance from the orifice exit until
breakup was detected. The average deformation ratio of
all droplets with a centreline trajectory was 15.3 ± 3.1.

When turning to the droplets that travelled on a tra-
jectory close to the wall r� ¼ 0:94ð Þ, deformed droplets
were found in the distance range 2≤ x=D≤ 5:5. As drop-
lets on a trajectory close to the wall entered the shear
layer of the free jet, where they started to break up earlier
compared to droplets on the centreline, only a few drop-
lets were found at a normalized distance greater than 4.5.
In general, the deformation ratio of droplets close to the
wall was more scattered and significantly increased in
comparison to droplets on the centreline. The average
deformation ratio for all droplets on a trajectory close to
the wall was b¼ 82:5�6:9 with values between 70–100.
In contrast to droplets on the centreline, it was found
that the deformation ratio was rising with increasing dis-
tance from the orifice exit.

3.2.2 | Influence of interfacial tension

During droplet deformation and breakup, external
stresses compete with inner strength forces, which try to
maintain the spherical shape. The inner strength forces
are mostly dominated by the capillary pressure, which is
proportional to the interfacial tension γ. As the

Ca-number is inversely proportional to the interfacial
tension (see Equation (3)), droplet deformation ratio
b should decrease when increasing the interfacial ten-
sion. For this purpose, the droplet deformation was inves-
tigated with and without the addition of a fast emulsifier,
whereby the emulsifier should adsorb at the interface
and result in a lower interfacial tension. However, it has
to be taken into account that the emulsifier probably will
not adsorb fast enough to reach the equilibrium interfa-
cial tension and furthermore that Gibbs–Marangoni
effects may cause interfacial gradients. In the following,
the results will be distinguished by the presence or
absence of an emulsifier.

The resulting deformation ratio b of droplets in the
outlet channel, having travelled either on a trajectory
close to the wall or on the centreline with increased inter-
facial tension (γ = 15.52 mN � m�1/0 wt.% emulsifier
added), is depicted in Figure 6B. Compared to droplets
with an added emulsifier (see Figure 6A), the first
deformed droplets could be detected at distances closer to
the orifice as they were less deformed (see Figure 6B). On
the centreline, deformed droplets were found in the dis-
tance range 0:5≤ x=D≤ 6:5 with the majority of the drop-
lets showing a deformation ratio of ≈ 4:6. As for the
results with added an emulsifier, the deformation did not
change significantly with the normalized distance from
the orifice exit, only a tendency to a slight relaxation can
be noticed. The deformation ratio of droplets is less
scattered compared to droplets when an emulsifier is
added, as depicted in Figure 6A. The average deformation
ratio was b¼ 4:6�1:3, see Table 4. When comparing the
deformation of droplets with and without added emulsi-
fier (see Figure 6A vs. 6B), it can be observed that the
addition of an emulsifier resulted in a stronger droplet
deformation.

On a trajectory close to the wall, deformed droplets
could be found in the range of 1.5 ≤ x/D ≤ 6. Most drop-
lets were located in the range of 1:5≤ x=D≤ 4 with a
deformation ratio of 24< b<42 , while the average

FIGURE 6 Resulting

droplet deformation ratio at

Reorifice = 1000, λ = 3.09, and

d0 ≈ 200 μm with an interfacial

tension of (A) γ = 3.20 ± 0.04

mN � m�1 or (B) γ = 15.52

± 0.20 mN � m�1
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deformation ratio of all droplets on a trajectory close to
the wall was b¼ 34:0�5:4. Only individual droplets were
found further downstream, representing droplets that
were potentially pulled back in the jet by the surrounding
backflow, and deformed during this process. This phe-
nomenon was already described by Mutsch et al.[15] Simi-
lar to the results with added emulsifier, a tendency of an
increasing deformation ratio with an increasing distance
from the orifice exit can be found for droplets on a trajec-
tory close to the wall. In general, the presence of an
emulsifier results in a stronger deformation of the drop-
lets on a trajectory close to the wall.

The influence of an emulsifier on the deformation
ratio b can be described with the parameter br� , which is
defined as follows:

br� ¼ b with emulsifier,r�ð Þ=b without emulsifier,r�ð Þ
ð11Þ

where br� represents the ratio of the deformation ratio
b of the droplets with added emulsifier to droplets with-
out emulsifier on a trajectory r*. A relative deformation
ratio br� of 3.3 ± 1.2 was found for the trajectory on the
centreline. The trajectory close to the wall resulted in rel-
ative deformation ratio br� of 2.4 ± 0.4. Droplet deforma-
tion is increased by the presence of emulsifier with the
effect being slightly more pronounced on the centreline.

3.2.3 | Influence of viscosity ratio

Taylor[4] has shown that in emulsions under small
stresses, the droplet deformation is proportional to the cap-
illary number Ca while the slope depends on the viscosity
ratio λ. Taylor showed that the influence of the interfacial
tension on the deformation increases with a decreasing
viscosity ratio. The correlation was only proven for small
constant stresses under laminar flow conditions. Simula-
tions of Walzel[10] showed that this correlation may also
be applicable to the droplet deformation behaviour during
high-pressure homogenization. The influence of the

interfacial tension on the droplet deformation should
increase with decreasing viscosity ratio.

The deformation ratios of droplets of two viscosity
ratios at two interfacial tension levels are shown in
Table 5. It was found that the deformation ratio of drop-
lets in an emulsion with a viscosity ratio of 3.09 is larger
compared to droplets in an emulsion with a viscosity
ratio of 25. Furthermore, the deformation ratio increased
at both investigated viscosity ratios when an emulsifier
was added. When investigating the influence of the pres-
ence of emulsifier molecules on the droplet deformation
ratio at different viscosity ratios, the relative deformation
ratio bλ can be used:

bλ ¼ b with emulsifierð Þ=b without emulsifierð Þ ð12Þ

where the ratio of the deformation ratio of droplets with
added emulsifier and droplets without added emulsifier
is calculated. The resulting deformation and relative
deformation ratios are presented in Table 5.

Droplets in an emulsion with a viscosity ratio of 3.09
resulted in a relative deformation ratio of bλ = 3.2 ± 0.6.
In comparison, droplets in an emulsion with a viscosity
ratio of 25 showed a lower relative deformation ratio of
bλ = 1.9 ± 0.5.

3.3 | Stress history

Here, the stress history of droplets on several trajectories
is determined using CFD simulations to explain the dif-
ferences in droplet deformation when altering the droplet
trajectory.

Droplets are subjected to elongation strain and shear
stress in the inlet and in the orifice of a high-pressure
homogenizer. Feigl et al.[13] and Hövekamp[14] demon-
strated that the stresses differ along the streamlines in
the process and are highest in the wall region. The mea-
sured differences in droplet deformation suggest that
both, the maximum values and the integral values of
strain rate and shear rate, decrease concurrently with the
dimensionless radius r*. In all diagrams within this

TABLE 4 Average deformation for droplets with a trajectory close to the wall (r* = 0.94) or on the centreline (r* = 0) with and without

emulsifier at Reorifice = 1000, d0 ≈ 200 μm and λ = 3.09

r* (�)
Emulsifier
fraction (wt.%)

Interfacial tension
in equilibrium γ (mN � m�1)

Deformation
ratio b (�)

Deformation
ratio br� (�)

0 0.5 3.20 ± 0.04 15.3 ± 3.1 3.3 ± 1.2

0 0 15.52 ± 0.20 4.6 ± 1.3

0.94 0.5 3.20 ± 0.04 82.5 ± 6.9 2.4 ± 0.4

0.94 0 15.52 ± 0.20 34.0 ± 5.4
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subchapter, the cross-section of the geometry according
to Figure 7 is shown in the background of the diagrams
for better understanding.

Figure 8A shows the elongation rate _ε at a Reynolds
number of 1000, which represents the experimental con-
ditions used in Section 3.2.1, plotted over the normalized
distance to the orifice exit on three different streamlines
distributed over the cross-section of the geometry. In the
background, the cross-section of the geometry is shown
in grey for better understanding. The area of the conical
inlet and the orifice are considered for evaluation.

At the entrance to the conical inlet, the strain rate on
all three streamlines is about _ε = 20 s�1. It increases to a
maximum value, which is reached at the beginning of
the narrowest cross-section. The two inner trajectories
(r* = 0 and r* = 0.47) are in a similar range for x/D≤�2
with maximum values of _ε = 1.02 � 104 s�1 for r* = 0 and
_ε = 1.33 � 104 s�1 for r* = 0.47, while the values of the tra-
jectory close to the wall (r* = 0.94) reach a maximum
value of _ε = 1.28 � 105 s�1. At the entrance to the
narrowest cross-section, the strain rate on the outer tra-
jectory decreases. This is probably due to the streamline
following the vena contracta, which is formed at this
point. Following the peak, the curves take an s-shaped
course, which ends in a local minimum shortly before
the end of the orifice at x=D≈ �0:1. The values increase
again afterward. The elongation rate is in a similar range
in the region of the orifice drilling hole (x/D>�2) for all
three streamlines. The reason for the local minimum

could be the change of the flow direction in y- and z-
directions. This is due to the parabolic flow profile in a
change of the flow variables, which were taken into
account in the calculation of the elongation rate. Wall
effects are only pronounced in close wall vicinity.

To evaluate the total elongation strain over the resi-
dence time on the streamline, the elongation rate is inte-
grated over the residence time and afterward normalized
with respect to the value of the outer trajectory
(r* = 0.94). The results are represented in Figure 8B,
showing that the elongation on the two inner trajectories
(r* = 0 and r* = 0.47) over the residence time hardly dif-
fers, but is significantly lower than the integral elonga-
tion rate on the near-wall trajectory. The values are in
the order of 10% of those calculated for the outer trajec-
tory, which approximately coincides with the difference
of the maximum values.

The evaluation of the shear rate is carried out simi-
larly to that of the strain rate. The shear rate, plotted over
the normalized distance to the orifice outlet in Figure 9A,
increases for all trajectories with a similar slope until
shortly before entering the narrowest cross-section. In
contrast to the elongation rate, the shear rates of the
three streamlines already differ significantly from each
other at the entry into the conical inlet. The values
increased with increasing r*: from _γ = 1.90 � 10�1 s�1

(r* = 0) via _γ = 3.18 � 101 s�1 (r* = 0.47) to 6.66 � 101 s�1

(r* = 0.94). Shortly before entering the orifice, the shear
rate of the inner two trajectories drops, while the shear
rate of the outer trajectory continues to increase up to the
maximum value of _γ¼ 2.82 � 105 s�1. The collapse of the
shear rate on the inner two trajectories can be explained
as a result of the velocity gradients falling to 0 due to the
uniform velocity field at the entrance to the cylindrical
part of the orifice. Due to the wall adhesion, the gradient
of the velocity in the flow direction towards the cen-
treline on the outer trajectory is so high that it outweighs
the influences of the other gradients. After the collapse of
the values on the two inner trajectories, they increase
again and each reaches its maximum values at an x/
D = �2 at a value of _γ = 5.20 � 101 s�1 (r* = 0) and a
value of 4.82 � 103 s�1 (r* = 0.47). After reaching the

TABLE 5 Average deformation for droplets with a trajectory on the centreline (r* = 0) with and without emulsifier for different

viscosity ratio values at Re = 2000 und d0 ≈ 200 μm

Viscosity
ratio λ (�)

Interfacial tension
in equilibrium γ (mN � m�1) Deformation ratio b (�)

Relative deformation
ratio bλ (�)

With emulsifier 3.09 3.20 ± 0.04 24.9 ± 3.2 3.2 ± 0.6

Without emulsifier 3.09 15.52 ± 0.20 7.8 ± 1.0

With emulsifier 25 2.77 ± 0.15 5.9 ± 0.9 1.9 ± 0.5

Without emulsifier 25 13.80 ± 0.22 3.0 ± 0.7

FIGURE 7 Cross-sectional view of the used orifice with the

highlighted area used to evaluate the stress load in the following

figures. The left side of the highlighted area has the same scaling as

in the following figures
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maximum value, all three curves drop. However, there is
a further increase in the shear rate on the two inner tra-
jectories within the narrowest cross-section, which again
can be explained by the change in flow direction in the
two directions perpendicular to the main flow axis. Due
to the laminar parabolic flow profile, near the wall
(r* = 0.94), this effect is so reduced that it can no longer
be seen in the course of the shear rate.

For Figure 9B, the shear rate was integrated over time
and then normalized for the three trajectories. Again, the
integration provided an agreement of the normalized
values with the maximum values of the shear rate. The
integral values of the shear rate increased with increasing
r*. On the centre trajectory, the fraction compared to the
edge trajectory is 2.24 � 10�4. For r* = 0.47, the fraction is
2.09 � 10�2.

Comparing the maximum values of strain rates and
shear rates on the trajectories at r* = 0 and r* = 0.94 in
Figure 10A,B, it becomes obvious that the influences of
the stresses vary depending on the location within the
geometry. While the elongation rate in the centre of the
geometry clearly dominates over the entire distance con-
sidered, in the wall region, the shear rate is predominant.

In this area, the elongation strain plays a minor role,
although the difference in the values up to x/D = �2 is
less pronounced than in the centre of the geometry. For
x/D > �2, the influence of the shear rate in the near-wall
region increases significantly.

The capillary number, calculated according to Equa-
tions (3) and (4), is considered as a parameter for the
deformation of the droplets. Since the influence of elon-
gation and shear varies depending on the trajectory, the
critical capillary number is calculated separately for the
trajectory close to the wall and the centreline trajectory.
Figure 11 shows the critical capillary number as a func-
tion of the parameter α for a viscosity ratio of λ = 3
according to Windhab et al.[5] The parameter α can be
described for mixed flow conditions as a function of the
shear rate and elongation rate:

α¼ j _ε j
_εj jþ j _γ j ð13Þ

The critical capillary number was determined for an
interfacial tension of 3.2 mN � m�1 and a Reynolds num-
ber of 1000. For this purpose, the time-averaged stress

FIGURE 8 Elongation rate

of different streamlines at

Reorifice = 1000 (A) plotted over

the normalized distance to the

orifice exit and (B) integrated

over the residence time in the

conical part and the orifice

drilling hole

FIGURE 9 Shear rate of

different streamlines at

Reorifice = 1000 (A) plotted over

the normalized distance to the

orifice exit and (B) integrated

over the residence time
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values along the streamlines are considered. The values
can be taken from Table 6.

Using the parameter α, the critical capillary number
for the streamlines can be determined from Figure 11.
For r* = 0, a value of Cacrit = 0.11 and for r* = 0.94, a
value of Cacrit = 0.37 are obtained. These values are
assumed to be constant along the streamlines.

Figure 12A shows the dependency of the capillary
number on the normalized distance to the orifice outlet
calculated for a droplet diameter of 200 μm and an interfa-
cial tension of 3.2 mN � m�1. The critical capillary number

on the inner trajectory (r* = 0) is exceeded in a range of
the normalized distance of about �4:2< x=D< �1. In
comparison, the critical capillary number on the trajec-
tory near the wall (r* = 0.94) is exceeded earlier (x/
D = �4.8) and is not undercut again. Looking at the cap-
illary number profile for a droplet diameter of 20 μm in
Figure 12B, the curves are shifted downwards by a factor
of 10 since the droplet diameter is linearly considered in
the calculation of the capillary number. While the
stresses near the wall are sufficient to exceed the critical
capillary number over a considerable distance up to a
maximum factor of 10 (Ca = 10 � Cacrit), the critical capil-
lary number on the centreline is only slightly exceeded in
the area of the entry into the narrowest cross-section. It is
therefore assumed that small droplets in the interior of
the geometry undergo little deformation. Since the capil-
lary number is inversely proportional to the interfacial
tension (cf. Equation 3), the curves increase with decreas-
ing interfacial tension and vice versa. For a decrease in

FIGURE 10 Shear rate

and strain rate plotted over the

normalized distance to the

orifice exit for (A) r* = 0 and

(B) r* = 0.94

FIGURE 11 Critical

capillary number plotted over α

for a viscosity ratio of λ = 3

according to Windhab et al.[5]

The critical capillary number is

marked in red for r* = 0 and

r* = 0.94 at Re = 1000

TABLE 6 Stress values and resulting α for different streamlines

at Re = 1000

r* (�) _ε (s�1) _γ (s�1) α (�)

0 250.97 1.40 0.99

0.94 445.91 1449.53 0.24
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the interfacial tension by a factor of 10, the capillary
number curve would be shifted upward by the same fac-
tor. This significantly increases the area in which the crit-
ical capillary number is exceeded. This effect is more
pronounced for the inner trajectory than for the near-
wall trajectory as a result of the ratio of the capillary
number on the trajectory to the critical capillary number.

4 | DISCUSSION

The results of this study show that droplets that flow
through a high-pressure homogenizer orifice on a trajec-
tory close to the wall result in smaller droplets compared
to droplets that flow close to the centreline. The effect is
significant for emulsions of a viscosity ratio greater than
3, which is in agreement with the findings of Mutsch
et al.[15] Regarding the lowest investigated viscosity ratio
of λ = 1.15, no influence of the droplet trajectory on the
droplet size distribution could be observed.

Possibly, the stresses on both trajectories were high
enough to cause a pronounced droplet deformation in
the orifice for low viscous droplets (λ < 3), which should
facilitate the breakup of the deformed droplets. Droplet
breakup should be most efficient if the thread diameter is
about the size of the smallest vortex size as proposed for
spherical droplets in isotropic turbulence by Hinze.[23]

For higher viscosity ratios, a less pronounced deforma-
tion of droplets flowing on the centreline would be
expected. The visualized droplets confirmed this expecta-
tion, as droplets on a trajectory close to the wall were
more deformed compared to droplets on the centreline.
Moreover, the droplet deformation decreased with an
increasing viscosity ratio. Furthermore, the deformation
of droplets following close to the wall increased down-
stream of the orifice exit, which further increased the dif-
ference in droplet deformation. A possible explanation
for the increase in deformation could be that these drop-
lets are probably exposed to additional forces when they

are on the edge of the core area of the jet and enter the
shear layer. Time effects in the deformation may also not
be excluded. In general, droplets on a trajectory close to
the wall resulted in a larger scattering of the droplet
deformation ratio, as probably even slight deviations in
the trajectory result in greater deviations of the stress his-
tory. The more pronounced deformation can be
supported by the CFD simulations, which have shown
that the shear stress and the elongation strain in the
near-wall region are significantly higher than the stresses
in the centre of the geometry. This is in agreement with
the experimental results of Bisten et al.[24] When compar-
ing the stress history on a trajectory on the centreline
(r* = 0) and a trajectory in the middle (r* = 0.47), it can
be noticed that the integrated and normalized elongation
stress is almost equal. Only higher values of integrated
and normalized shear stress can be found on the middle
trajectory (r* = 0.47) compared to the trajectory on the
centreline (r* = 0). Nevertheless, the stresses are still
much lower compared to those found on the trajectory
close to the wall. A severe increase in the stress load is
expected if the trajectory is getting closer to the wall.
Thus, the stress history of trajectories surrounding the
centreline is more homogeneous, which again is consis-
tent with the experimental findings of Bisten et al.[24]

Furthermore, the results indicate that a smaller num-
ber of large droplets were produced if the droplets flowed
on a trajectory close to the wall, which resulted in a
narrower droplet size distribution. This may be an indica-
tion that larger droplets, which can be deformed more
easily than smaller droplets, are broken up more effi-
ciently on a trajectory close to the wall due to the pro-
nounced deformation. The CFD simulations have shown
that the critical capillary number is exceeded for a longer
time for larger droplets compared to smaller droplets and
thus a stronger deformation can be expected. Although
the droplets are exposed to supercritical stresses
(Ca > Cacrit), the droplet breakup is still dominated by
the turbulent viscous and inertial forces in the turbulent

FIGURE 12 History of the

capillary number calculated for

γ = 3.2 mN � m�1 on different

trajectories. The corresponding

critical capillary number was

calculated for λ = 3 for (A) a

droplet diameter d0 of 200 μm
and (B) a droplet diameter d0
of 20 μm
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shear layer of the jet, as the deformation time of the drop-
let is too short to achieve critical deformation for droplet
breakup. This is underlined by the findings of Mutsch
et al.[15] in a scaled system. As also the time between
leaving the orifice and entering the turbulent shear layer
is short, the deformed droplets relax only slightly. This is
also described by Mutsch et al.[15] Even filaments with a
deformation ratio of b > 100 are still too thick to result in
droplets within the size range of 1 μm with a laminar
breakup mechanism. However, the lower capillary pres-
sure in the cylindrical part of the deformed filament com-
pared to an undeformed droplet may facilitate additional
droplet deformation caused by vortices in the shear layer.
It may be assumed that weaker vortices can thus cause a
pronounced deformation of the droplet into a complex
three-dimensional shape. Furthermore, the deformed fil-
ament can interact with more vortices compared to a
spherical droplet entering the shear layer, as the front
part of the deformed filament might already enter the
shear layer while the back part is still in the drilling hole
of the orifice. The proposed hypothesis that smaller drop-
lets emerge from droplets that flow close to the wall com-
pared to droplets flowing on the centreline independent
of the viscosity ratio cannot be confirmed for emulsions
with a low viscosity ratio.

Droplet deformation can be increased by either
increasing the stresses or by decreasing the shape-
maintaining forces—in this case, the capillary pressure—
by decreasing the interfacial tension with an emulsifier
whereby the viscosity ratio is maintained. The experi-
ment confirmed an increasing droplet deformation ratio
when adding an emulsifier for both trajectories. The CFD
simulations also show that the critical capillary number
is exceeded for a longer time if the interfacial tension is
lowered. However, the measured values of the increase in
droplet deformation were less pronounced than expected.
A possible explanation for this finding is that the emulsi-
fier did not adsorb fast enough at the newly created inter-
face during droplet deformation, as described by Brösel
and Schubert[8] and Riechers et al.,[25] which results in
interfacial tensions above the equilibrium value. We also
expect Gibbs–Marangoni effects to cause an uneven inter-
facial tension distribution at the deformed droplets’ inter-
faces, which will influence the deformation of the
droplets. The latter would also explain the comet-like
shape of deformed droplets as described in Mutsch
et al.[15] The time constants for droplet deformation and
emulsifier adsorption interfere in high-pressure homoge-
nization. In the experimental setup used in this study,
emulsifier diffusion and adsorption effects could not be
scaled, as discussed by Preiss et al.[19] It is assumed that
the addition of an emulsifier during a high-pressure
homogenization process in the original scale has a

smaller influence on the droplet deformation. Derived
from the previously described findings, it can be expected
that an emulsifier has a smaller influence on the droplet
deformation ratio of droplets on a trajectory close to the
wall compared to droplets on the centreline, as more
interface is created. Thus, the emulsifier is more diluted
at the interface during the deformation process, and the
deformation is expected to be closer to a system without
any emulsifier. An initial tendency for the previously
established expectation to occur can be observed when
comparing the parameter br� of the two trajectories. Nev-
ertheless, due to the high standard deviation of the
parameter br� no final statement can be conducted on the
influence of the trajectory on the emulsifier adsorption.

Furthermore, it was hypothesized that the findings of
Taylor[4] on the influence of the interfacial tension and
viscosity ratio on droplet deformation, which were per-
formed under constant stresses, are also valid for droplet
deformation in fast-changing stress and strain fields—as
found in high-pressure homogenizer orifices. Comparing
the relative deformation ratio bλ of droplets in an emul-
sion with a viscosity ratio of 3.09 and 25 shows that this
hypothesis could be approved as the relative deformation
ratio bλ of droplets in the emulsion with a viscosity ratio
of 25 is lower compared to droplets with the lower viscos-
ity ratio. However, the influence of the viscosity ratio on
the droplet deformation when altering the interfacial ten-
sion is not pronounced, as again, large standard devia-
tions were found, and the interfacial tension is expected
to be higher than the equilibrium value and unevenly
distributed due to the too slow emulsifier adsorption in
fast droplet deformation experiments. This may have also
decreased the influence of the viscosity ratio on the drop-
let deformation when adding an emulsifier. As a stronger
deformation was observed for droplets with a viscosity
ratio of 3.09, it can be concluded that the uneven emulsi-
fier distribution at deformed droplets’ interphases is prob-
ably more pronounced for lower viscosities/higher
deformation rates. In the work of Taylor[4] and Walzel[10]

the influence of the viscosity ratio on droplet deformation
when altering the interfacial tension was more pro-
nounced, possibly due to the fact that Tayler increased
the droplet deformation slowly and gradually and that no
emulsifier was present, which leads to the assumption
that, similarly as in the simulation of Walzel, the interfa-
cial tension was constant at the whole interface.

In general, it can be expected that the effects of the
droplet trajectory on the droplet deformation and on
breakup are also found in an original scale high-pressure
homogenizer with flat valves. In the industrial process,
higher pressure losses are usually applied, which results
in higher capillary numbers of the droplets and higher
Reynolds numbers of the flow. Furthermore, in the
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industrial process, the ratio of the droplet diameter d0 to
the characteristic length D of the disruption unit is
smaller by an order of 10 compared to the setup used in
the presented laboratory experiment, which reduces the
capillary number and thus the deformation. However,
the reduced residence time in the original scale also
inhibits droplet relaxation. For example, the residence
time in the used scaled disruption unit is about 10 times
the residence time in the original scale disruption unit. It
is, therefore, to be expected that the effects found here
will also occur in industrial processes with other size
ratios and geometries, although probably to a different
extent. In flat valves (as typically found in industrially
used high-pressure homogenizers), a comparable flow
profile is formed with laminar flow in the inlet and a tur-
bulent jet downstream of the constriction.[26] Neverthe-
less, it has to be taken into account that only a minor
fraction of the droplets are flowing on trajectories close to
the wall—especially if a fully developed flow with a para-
bolic flow profile is present—which can reduce the effect
of the droplet trajectory on the resulting droplet size dis-
tribution in the industrial process.

5 | CONCLUSIONS

The main goal of the current study was to determine the
influence of the droplet trajectory on the resulting droplet
size distribution and explain the effects by determining
the droplets’ deformation prior to their breakup as a
result of the stress history droplets experience when fol-
lowing defined trajectories. Changes in droplet deforma-
tion were subsequently correlated with the stress history
on the trajectory.

The study has shown that, in case of a viscosity ratio
greater than 3, droplets travelling on a trajectory close to
the wall resulted in smaller droplets compared to droplets
on the centreline trajectory. Moreover, a narrower droplet
size distribution was found for droplets that flowed on a
trajectory close to the wall, resulting mainly from less big
droplets in the distribution. This confirms the high impor-
tance of the deformation of the high-viscous droplets when
flowing through the narrowest point of dispersion units.
The effect is significantly reduced for emulsions of smaller
viscosity ratios (λ = 1.16 in this study).

The changes in the droplet size distribution could be
explained by the more pronounced deformation of drop-
lets that travelled on a trajectory close to the wall com-
pared to droplets on the centreline. The CFD simulations
have shown that the stress load on a trajectory close to
the wall is significantly higher compared to a trajectory
on the centreline and the shear forces dominated the
stress history. Thus, a stronger deformation was expected

based on the simulated stress history. This could be con-
firmed with experimentally visualized droplets.

The droplet deformation can also be increased by
reducing the shape-maintaining forces by reducing the
interfacial tension with an emulsifier. It was observed
that the addition of an emulsifier resulted in a stronger
droplet deformation for both trajectories. However, the
effect was smaller than expected, probably because the
emulsifier molecules did not adsorb fast enough at the
newly created interface during deformation and Gibbs–
Marangoni effects. Besides, it was observed that the influ-
ence of the interfacial tension on the droplet deformation
is more prominent at lower viscosity ratios, which was
already experimentally shown for low and slow deforma-
tion[4] as well as in simulations[12] with fast-changing
stresses as applied in this study. However, the effect was
again less prominent than that expected from the work of
Taylor[4] and Mutsch et al.[12] due to the discussed emul-
sifier adsorption kinetics-induced effects.
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NOMENCLATURE

Symbols
d droplet diameter (m)
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D orifice diameter (m)
d0 diameter of the undeformed droplet (m)
d1 length of major axis of the emerging ellipsoid (m)
d2 length of minor axis of the emerging ellipsoid (m)
_m mass flow rate (kg � s�1)
p pressure (Pa)
r distance of the trajectory to the centreline (m)
t residence time (s)
u average velocity in x direction (m � s�1)
v average velocity in y direction (m � s�1)
w average velocity in z direction (m � s�1)
x x-direction (m)
y y-direction (m)
z z-direction (m)

Greek letters
γ interfacial tension (N � m�1)
_γ shear rate (s�1)
_ε strain rate (s�1)
η dynamic viscosity (Pa � s)
ρ density (kg � m�3)
τ stresses acting on the droplet (kg � m�1 � s�2)

Subscripts
bp backpressure
c continuous phase
in inlet

Dimensionless numbers
br� relative deformation ratio based on the trajectory
b0 deformation ratio according to Cox
bλ relative deformation ratio based on the viscosity

ratio
b deformation ratio
Ca capillary number
r� dimensionless location of the trajectory in the inlet

channel
Re Reynolds number
Th Thoma number
λ viscosity ratio
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