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Abstract

Micro-particle image velocimetry was used as an optical, non-intrusive measurement method to measure the flow pattern
and visualise droplet deformation in high-pressure homogenisation disruption units of two different inlet designs (sharp-
edged and conical). The flow patterns were compared either at same Reynolds numbers (Re = 980) or pressure differences
(Ap = 52 bar) each, to describe the influence of inlet geometry on the droplet disruption efficiency. Therefore, the shear
and elongation rates were calculated from the velocity profiles and discussed regarding the visualised deformation of the
emulsion droplets. For this, the viscosity ratio between the droplet and continuous phase was varied. Afterwards, the droplet
size distributions (DSD) of emulsions with corresponding viscosity ratio passing the sharp-edged and the conical orifice
were characterised. The inlet geometry influenced the flow pattern, shear and elongation rate profile, droplet deformation
and finally droplet size distributions during the high-pressure homogenisation. On the one hand, sharp-edged inlet design
resulted in higher axial velocity profiles and smaller droplets with slightly bimodal character. On the other hand, conical
inlet design resulted in perfectly monomodal DSD but comparatively bigger droplets.
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1 Introduction

Emulsions are widely used products in the pharmaceuti-
cal (Davis et al. 1985), chemical (Heusch 1987), cosmetic
(Breuer 1985) and food (Walstra 1997) industry. Their
properties, such as colour, rheological behaviour and sta-
bility, are mostly influenced by the droplet sizes and their
distribution (Walstra 1983). High-pressure homogenisa-
tion (HPH) is an established process to produce emulsions
with droplet size distributions in the lower um and nm size
range (Phipps 1982; Merkel et al. 2015; Heike 2016). In
HPH, emulsions premixes or coarse emulsions are pres-
surised to several 100—1000 bar and relaxed after passing
the narrow disruption units, like flat valves or orifices. As
a result, the droplet size is dramatically reduced. The flow
pattern before, in and after the disruption unit leads to
shear, elongation, turbulence and cavitation. These local
stresses results in droplet break-up leading to smaller drop-
lets (Phipps 1982; Stang et al. 2001; Tesch and Schubert
2001). Adjusting or changing the droplet size distributions
in a HPH process is often based on empirical knowledge,
even today (Walstra 1983; Phipps 1982, 1975; Stang et al.
2001; Floury et al. 2000; Kohler and Schuchmann 2015).
On the microscale, droplet break-up is strongly influenced
by the local flow pattern. Therefore, understanding the
local stresses, which lead to droplet break-up, is essential
to enable specific adaptations of the HPH processes and
targeted product design (Floury et al. 2000; Brosel and
Schubert 2001; Kolb et al. 2001; Tesch et al. 2002; Budde
et al. 2002; Blonski et al. 2007; Innings and Tragardh
2007; Hakansson et al. 2011; Ball et al. 2012; Kelemen
et al. 2014; Bisten and Schuchmann 2016).

One parameter, that influences the local stresses and
thus the resulting droplet size distribution (DSD), is the
geometry of the disruption unit. As it was shown in pre-
vious works, even a slight geometric modification of the
disruption unit resulted in different DSD under identical
process conditions (Kolb et al. 2001; Aguilar et al. 2008;
Ramamurthi and Nandakumar 1999; Wibel 2009). Also
it was shown that the elongation rate in front of the ori-
fice depends on the shape of the orifice in a simulation
(Hékansson et al. 2012; Steiner et al. 2006; Kissling et al.
2011). Additionally, it was stated that with higher elonga-
tion rates the droplet deformation, and therefore the drop-
let break-up after the orifice, is enhanced. However, due
to the complex flow conditions and the microscale of the
disruption unit, the results could not be experimentally
verified at that time.

One relatively new and very promising approach to
determine the local stresses and investigate their influence
on droplet deformation and break-up is the optical and
non-intrusive measurement method named micro-particle
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image velocimetry—pPIV (Santiago et al. 1998; Meinhart
et al. 1999; Lindken et al. 2009). This measuring method
was already successfully applied to investigate the HPH
process in modified, optical accessible orifices (Kelemen
et al. 2014, 2015; Gothsch et al. 2011, 2014). During
UPIV measurements, the fluid is seeded with tracer par-
ticles small enough to accurately follow the flow pattern.
The entire fluid volume, as well as the tracer particles, are
illuminated by pulsed laser light. The seeding particles
are fluorescent, absorb the laser light and emit light at
a different wavelength. Filters, which allow the emitted
light to pass through, help in increasing the signal-to-noise
ratio. The analyses of the cross-correlation are calculated
from the displacement of the particles between the double
images—so-called two-dimensional, two-velocity com-
ponent (2D2C) measurements (Bisten and Schuchmann
2016; Santiago et al. 1998; Lindken et al. 2009; Adrian
and Westerweel 2011; Kihler et al. 2012; Cierpka et al.
2012; Raffel et al. 2007; Koutsiaris et al. 1999; Meinhart
et al. 1999; Mielnik and Saetran 2004; Wereley and Mein-
hart 2010).

In previous investigations, specific microstructured ori-
fices were used, all depicting a sharp-edged inlet geometry
(Kelemen et al. 2014, 2015; Gothsch et al. 2014). Modern
flat valves used in technical HPH processes, e.g., in dairy or
fruit juice processing, have a conical inlet geometry. In this
investigation, we designed a modified orifice with conical
inlet geometry and compared its flow pattern to the flow pat-
tern found in an orifice with sharp-edged inlet geometry. The
determination of the flow pattern enabled the calculation of
the elongation and shear rates in front of and in the orifice
itself. We then visualised the deformations of single droplets
added to the fluid. The viscosity ratio between droplet and
continuous fluid was varied as parameter influencing droplet
deformation (Walstra 1983; Kelemen et al. 2015). During
the experimental part, the Reynolds number or the pressure
difference were kept constant to ensure either comparable
hydrodynamic conditions or energy density. In the end, the
influence of the inlet geometry on the disruption efficiency
was discussed on the resulting DSD.

2 Experimental section
2.1 Materials

The continuous phase consisted of demineralised water and
10% w/w polyethylene glycol of molar mass M =20.000 g/
mol (PEG 20.000 ROTIPURAN®, Carl Roth, Karlsruhe,
Germany) for adjustment of the dynamic viscosity 7, to
13.5 mPa s. The dynamic viscosity 7, was measured with a
rotational rheometer (Anton Paar Physica MCR 101, Graz,
Austria) at 100 1/s and 20 °C. Newtonian flow behaviour was
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detected in the investigated shear rate range of 1 — 1000 s~
During the velocity measurements, 1.8 um fluorescent seed-
ing particles (micro-particles GmbH, Berlin, Germany) were
added in a concentration of 0.00125% w/w to ensure the
required particle concentration per interrogation volume
(Keane and Adrian 1990).

The emulsification experiments were performed with
two different medium-chain triglycerides (Miglyol®, Cre-
mer Oleo, Hamburg, Germany) of different viscosities as
disperse phase (see Table 1). The surface tension between
the disperse and continuous phase, including the additives,
was determined in equilibrium state using a Wilhelmy
plate (DCAT11, dataphysics, Filderstadt, Germany) to
y ~ 4 mN/m. The fluorescent dye Nile red (9-(diethyl-
amino) benzo[a]phenoxazin-5(5H)-one, Sigma-Aldrich Che-
mie GmbH, St. Louis, USA) was dissolved in the oil phase.
The continuous phase included 0.5% w/w Polysorbate 20
(Tween 20®, Carl Roth, Karlsruhe, Germany) as surfactant
for stabilisation against coalescence.

The emulsification process of the coarse emulsion was
adjusted to achieve a similar droplet size of x5 ; %68 pm for
different viscosities. Therefore, emulsions were produced
either with a propeller stirrer at 200 rpm or with the gear
ream dispersing machine Ultra-Turrax® at 5000 rpm with
emulsification time of 10 min (see Table 1). The coarse
emulsions were diluted with PEG solution to a disperse
phase fraction of ¢y =0.0125% v/w. At such a low concentra-
tion coalescence can be neglected (Karbstein 1994; Danner
and Schubert 2001) and single droplets can be visualised
without overlapping during the experiments. The relevant
characteristics/parameters of the coarse emulsions are sum-
marised in Table 1.

2.2 Experimental set-up

The experimental set-up for the flow pattern measure-
ments as well as for the droplet visualisation experiments is
shown in Fig. 1. The continuous phase was provided from
the pressure vessel (a), which allows a maximum pressure
of pmax =100 bar. The fluid was pressurised using a nitro-
gen pressure bottle (b), which enables a pulsation-free flow.
Digital pressure indicators (PI) were used to monitor the
pressure in front and behind the optical accessible orifice (e),
which was mounted on the top of the pPIV system. A valve
(g) was used to apply back-pressure py,,. The ratio between
the applied back-pressure p,,, and the inlet pressure p;,, Was
set to a Thoma number of Th = py,, /piie, & 0.3. It was shown
that the optical cavitation was suppressed and the droplet
break-up was optimised at this Thoma number (Schlender
et al. 2016).

During the experiments, either the same Reynolds num-
ber or the same pressure difference were used. The Reynolds
number is defined as ratio between inertia and viscous forces

(48). The Re = % was calculated using the hydraulic

diameter of the orifice d as characteristic length scale, the
average flow velocity of the fluid u= L (with V as volume
flow, and w and & as width and heigﬁt of the orifice), the
density of the fluid p, and the dynamic viscosity of the con-
tinuous phase #,. The pressure difference Ap was defined as
the inlet pressure p;,., against the applied back-pressure py,,.

For the visualisation of the droplets, the set-up was
slightly modified. Two pipe coils (d, f) were added in front
(Iength of / = 0.7 m and diameter of d = 10 mm) and behind
(Iength of / = 2.1 m and diameter of d = 2 cm) the orifice
(e). For each experiment, the pipe coil (d) was filled with

Table 1 Parameters and used

. i Continuous phase Solution 10% w/w PEG 20.000, demineralized water
materials of the coarse emulsion
Surfactant 0.5% wiw Tween® 20°
e 13.5 mPa s
Emulsion I Emulsion IT
Disperse phase 0il Miglyol® 812 Miglyol® 829
Dye 140 ppm Nile red 140 ppm Nile red
N4 31.1 mPas® 251.5 mPa s°
A= Z_d =2 =19
Dispersed phase fraction ) 0.0125% viw 0.0125% viw
Droplet size x5 3 of coarse emulsions ~67 um ~69 um
Emulsification process Stirrer, 200 rpm Ultra-Turrax® (IKA, Staufen im
10 min Breisgau, Germany), 5000 rpm,
10 min
Interfacial tension® ~ 4 mN/m ~ 4 mN/m

4Only added during the emulsification experiments
"Measured at 20 °C and a shear rate of 100 1/s
“Measured at 20 °C and after t=60 min
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Fig. 1 Experimental set-up with (a) pressure vessel, (b) nitrogen bottle, (c) storage tank for coarse emulsion, (d) pipe coil, (e) optically accessi-
ble orifice, (f) pipe coil for sample taking, (g) valve to apply back-pressure

coarse emulsion and then rinsed with continuous phase from
the pressure vessel. After a certain time, the experiment was
stopped and a sample of the fine emulsion was taken from
the pipe coil (f) to prevent further droplet break-up in the
valve (g).

Two optically accessible orifices were used during the
experimental procedure as shown in Fig. 2. The orifices were
constructed of a stainless steel block, where the orifices were

milled in, and sealed with an optical-grade PMMA glass
plate afterwards. For both orifices, the width and height of
the squared orifice was w =200 um and 2#=200 um and a
length of /=1 mm. The width and height of the orifices
were referred as diameter d later on. The focal plane was
in all experiments 100 um below the PMMA glass plate, at
the centreline of the orifices. The orientation of the orifices
was always at the top of the steel block to realise an optical
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Fig.2 a Modified orifices with the PMMA glass plate and cover
plate; the width of w=200 um and height of #=200 um (diameter
d =200 pm) of the orifices and the length of /=1 mm, and a width
of W=2 mm and a height of H=2 mm for the inlet and outlet of the
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orifices. b Sharp-edged transition from the entrance to the orifice. ¢
Conical (pyramidal) transition with an angle of 60°; the flow direc-
tion in both orifices is from left to right
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access. Orifice A had a sharp-edged transition from the inlet
to the orifice, while orifice B had a conical (pyramidal) tran-
sition with an angle of 60°. The width and height of the
inlets and outlets were W=2 mm and H=2 mm.

In a fully symmetrical orifice, the maximum flow velocity
ityax should be found on the centreline, i.e., 100 um below
the upper or above the lower orifice wall, being our meas-
urement plane. However, the geometries used here were not
symmetrical in the inlet region. This was due to the need of
optimal optical accessibility. Consequently, only the orifices
were perfectly symmetrical (see Fig. 2).

Droplet visualisation experiments were repeated five
times, and samples were collected. The resulting droplet size
distributions of the collected samples were measured by a
laser diffraction particle analyser (HORIBA LA-940, Retsch
Technology, Haan, Germany). The samples were measured
in a stirred fraction cell. The refractive index for the continu-
ous phase was 1.449 4+ 0.000i. An overview of conducted
experiments is shown in Table 2.

2.3 pPIV measurements

For the illumination of the images, a double-pulsed
ND:YAG laser (Dual Power 30.15 of Litron Lasers, Rugby,
Great Britain) was operated at a frequency of 8 Hz and atten-
uated to 32 mJ/pulse with a wavelength of 532 nm. The
time between the double images At was set between 0.2 and
1.0 ps depending on the velocity of the fluid. A laser light
guide connected the laser beam to an inverse microscope
(DM IRM, Leica Microsystems Wetzlar GmbH, Wetzlar,
Germany). An objective lens (C PLAN, Leica Microsystems
Wetzlar GmbH, Wetzlar, Germany) with a 10X magnifica-
tion and a numerical aperture of NA =0.22 was used to gen-
erate the focal plane. The double images were recorded by
a 2048 x 2048 pixel CCD camera (FlowSense 4M, Dantec
Dynamics, Skovlunde, Denmark) with a 12 bit resolution.
The imaged region was approximately 3 X 3 mm with a final
magnification of one pixel corresponding to 1.5 um.

A total number of 747 double images were taken during
each experiment, to ensure deviation in stationary velocity
smaller than 0.3%. In order to enhance the signal-to-noise
ratio and reduce the bias by the depth of correlation (DOC),
the images were processed by subtracting a mean image

Table 2 Overview of conducted experiments

Orifices Reynolds number Homog-
Geometry Re enisation
pressure
Ap
Orifice A (sharp-edged) ~980 ~53 bar
Orifice B (conical) ~980 ~20 bar
~1710 ~51 bar

and setting an intensity threshold to minimise errors arising
from background noise as proposed by Rossi et al. (2012). A
multi-pass cross-correlation algorithm from Dynamic Studio
3.4 (Dantec Dynamics, Skovlunde, Denmark) was used to
calculate the velocity vectors, considering the shift of the
particles in one double image. The interrogation window
sizes were decreased from 128 X128 pixels to the final reso-
lution of 16 x16 pixels to ensure a high resolution at a large
velocity range. Thus, a final distance of 11.2 pum between
vectors was used. These vectors represented the velocity
field for each double image. A mean velocity field was then
calculated from the 747 individual double images, not con-
sidering erroneous vectors. The shear and elongation stresses
were calculated from the mean vector field at the inlet and in
the orifice, assuming stationary flow conditions. The shear
and elongation gradients between each vector and its neigh-
bour within a 20 um distance were calculated and averaged
over a 5 X 5 interrogation area. A detailed description of the
used analysis methods as well as the shear and elongation
stresses were developed and verified at our department, and
published in Kelemen et al. (2014, 2015).

The images of the droplet deformation were only analysed
if they contained a single, focused droplet. To improve the
image quality a mean image was subtracted from all images
using the Dynamic Studio 3.4 software. In a second step,
the greyscale was inverted and a median filter was applied in
Irfanview 4.36 (Wiener Neustadt, Austria). In total, between
1498 and 2996 images for each emulsion were analysed and
60-80 representative images were superimposed for the
visualisation.

3 Results and discussion

3.1 Flow velocity fields, shear and elongation rates
in the modified orifices

The flow conditions at the entrance of the modified sharp-
edged and the conical orifices were compared with each
other at a Reynolds number of Re ~ 980. At this Reynolds
number, the pressure difference was Ap ~ 52 bar in the
sharp-edged orifice and Ap =~ 20 bar in the conical orifice.
In both geometries, the flow fields in front of the orifices
were laminar and stationary. As predicted by the Thoma
number, no signs of cavitation were detected in the orifices
themselves or the outlet.

The mean flow velocity fields of the sharp-edged and the
conical orifice inlet regions are presented in Fig. 3. Local
flow velocities in the sharp-edged orifice (Fig. 3a) increased
abruptly at the entrance of the orifice and remained high
and constant at # = 92 m/s between x/d ~ 0 and x/d ~ 5,
with x being the distance from the orifice inlet in flow direc-
tion, andd the orifice height and width, respectively. In the
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Fig. 3 Mean flow velocity fields @ in the orifices with a sharp-edged and b conical inlet at overall Reynolds number of Re ~ 980. a Pressure dif-

ference Ap ~ 52 bar; b pressure difference Ap =~ 20 bar

near-wall regions, the velocities were always fast decreasing
to 0 m/s. The flow profile starting at x/d ~ (0 was not exact
symmetrical in the centreline: in the upper near-wall region
with y/d > 0, the velocity profile was slightly different to
the opposite near-wall region at y/d < 0. We assume, those
differences were caused by inaccuracies in the manufactur-
ing process of the orifice. Due to sharp edge at the entrance
of the orifice, a detachment of the flow caused by increasing
velocity fluctuations was detected. Cavitation bubbles were
not observed in the outlet at the experimental conditions
(see also Kelemen et. al. 2014, 2015). To ensure no cavita-
tion during the experiments, the Thoma number was set to
0.3. At this number, cavitation in aqueous solutions is very
unlikely (Schlender et al. 2016; Gothsch et al. 2016).

Compared to the sharp-edged orifice, local veloci-
ties increased slowly in front of the entrance of the coni-
cal orifice at Re ~ 980 (Fig. 3 b). In general, the measured
velocities at the same measurement plane (100 um below the
optical accessible wall) were significantly reduced to those
found in the sharp-edged geometry. In the orifice itself, the
flow field in the centre of the orifice was uniform and the
differences of the velocities in the near-wall regions and cen-
tre of the orifice were moderate. The maximum flow veloc-
ity, however, was not always at the centreline of the orifice
(umax # ﬁcentre)'

Measured velocity fields enabled the calculation of the
local shear and elongation rates. The shear rates y in the
sharp-edged and conical orifice are presented in Fig. 4. In
the sharp-edged orifice (Fig. 4a), relevant shear rates were
found only in the orifice. They were detected starting at the
entrance to the orifice and in the orifice itself, with the high-
est values in the near-wall region. Different to the sharp-
edged orifice, the shear rates in the conical orifice already
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increased at the inlet (-2 < x/d < 0), close to the orifice. In
both regions, inlet and orifice, the highest shear rate values
were detected in the near-wall region (Fig. 4b), correspond-
ing to highest flow velocity differences (Fig. 3b). Two main
differences caused by different inlet geometries can be sum-
marised so far: (1) sharp-edged inlet geometry caused higher
pressure drop at same hydrodynamic conditions (Re =~ 980)
leading to higher velocities and shear rates in the orifice and
(2) conical inlet geometry provided shear rates outside the
orifice in the inlet region.

Local elongation rates ¢ in the sharp-edged and the coni-
cal orifice are presented in Fig. 5. The main elongation stress
occurred at the entrance to the orifice for both geometries.
Right before the inlet at — 1 < x/d < 0, the elongation rate €
(Fig. 5a) increased in the sharp-edged entrance due to radial
acceleration of the flow. Regarding the maxima of ¢ (edges
of the orifice), this can be attributed to the detachment of the
flow, also known as vena contracta (51). Shortly after the
inlet, the radial acceleration decreased and the elongation
rate ¢ diminished rapidly. However, the area of maximum
elongation rates (é > 9 X 10° s~1) in front of the conical
orifice (Fig. 5b) was larger than in front of the sharp-edged
orifice (— 2 < x/d < 0).The main difference in elongation
rates was found at the transition from the inlet to the ori-
fice (x/d =0 and — 0.5 < y/d < 0.5) in both inlet geom-
etries: (1) sharp-edged inlet geometry caused higher elon-
gation rates in the centre trajectory (¢ ~ 6 x 10° s~!) while
(2) elongation rates in the conical inlet were significantly
smaller (¢ ~ 2 x 10° s71).

Apparently, different inlet geometries caused differences
in Ap at same Reynolds number and therefore same hydro-
dynamic conditions. We therefore increased the pressure
difference to Ap ~ 52 bar in the conical orifice to operate
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Fig.4 Calculated shear rates y in the orifices with a sharp-edged and b conical inlet geometry at constant Reynolds number of Re ~ 980. a Pres-

sure difference Ap =~ 52 bar; b pressure difference Ap =~ 20 bar
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Fig.5 Calculated elongation rates € for the orifices with a sharp-edged and b conical inlet at constant Reynolds number of Re =~ 980. a Pressure

difference Ap =~ 52 bar; b pressure difference Ap = 20 bar

at comparable pressure difference Ap as in the sharp-edged
orifice at Re =~ 980, leading to a Reynolds number of
Re ~ 1710; see Fig. 6. The flow velocity fields were similar
in profile as in the sharp-edged inlet geometry with reduced
Reynolds number (Re ~ 980). The acceleration of the veloc-
ity at the inlet of the conical orifice, however, was smoother
as in the sharp-edged inlet; see Fig. 3a. In the orifice, flow
velocities were similar in value and distribution. Again,
slight asymmetries were detected (compared values meas-
ured at y/d ~ 1 to those measured at y/d ~ —1) according
to manufacturing inaccuracies.

The shear rates 7 in the conical orifice at Re ~ 1710 were
higher compared to the conical orifice at Re ~ 980 and even
to the sharp-edged orifice at Re =~ 980, see Fig. 7, maintain-
ing the characteristic profile found for lower Reynolds num-
ber, see Fig. 4 a. Significantly increased shear rate values y
were also found in the near-wall inlet region of the orifice
(-1.5 <x/d < 0).

The elongation rates ¢, Fig. 8, had also increased com-
pared to the elongation rates calculated at Re = 980. Espe-
cially in the inlet region (—4 < x/d < —2), a more uneven
structure was detected with increased values especially in
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Fig.6 Mean flow velocity fields @ in the orifice with conical inlet
at a Reynolds number of Re ~ 1710 with a pressure difference of
Ap =~ 52 bar
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Fig.7 Calculated shear rates y in the orifice with conical inlet at
a Reynolds number of Re ~ 1710 with a pressure difference of
Ap =~ 52 bar

the near-wall region (y/d ~ 2). In total, higher values were
found for the elongation stresses compared to the sharp-
edged orifice geometry at same pressure difference, but
reduced Reynolds number (Re = 980). However, it should
be mentioned that the spatial resolutions of the uPIV for
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Fig.8 Calculated elongation rate € for the orifice with conical inlet
at a Reynolds number of Re ~ 1710 with a pressure difference of
Ap = 52 bar

the sharp-edged and the conical orifices was limited due
to gradient effects, especially at the near-wall proximities
(Kelemen et al. 2015; Kihler et al. 2006, 2012).

3.2 Droplet deformation and break-up

Droplets with different viscosity ratios (1=2 and 1=19),
but same starting droplet sizes were visualised using similar
process conditions as applied in the flow profile investiga-
tions. The visualisation of 60—80 representative droplets
(from 1498 to 2998 images) in the region —5 =~ x/d ~ 5 is
depicted in Fig. 9 for a Reynolds number of Re =~ 980 and
Re ~ 1710.

For both viscosity ratios, the inlet geometry and resulting
stress distributions clearly influence the deformation of the
droplets in the flow field. At high viscosity ratio of 4 = 19,
these differences resulting from the inlet geometry were
more pronounced, since high viscosity ratios tend to hinder
droplet deformation (Walstra 1983; Plateau 1873; Taylor
1934; Rumscheidt and Mason 1961; Grace 1982; Bentley
and Leal 1986; Stone et al. 1986; Stone 1994). Especially
the start of the deformation was influenced by viscosity
ratio: while deformation started at large distance to ori-
fice at — 5 < x/d at A=2, it only started late at —1 < x/d at
A=19 (Re =~ 980),and at— 2.5 < x/d at A=19 (Re =~ 1710),
respectively.

Passing the orifice with the sharp-edged inlet, droplets
at A=2 were highly deformed and elongated to thin fila-
ments at Re ~ 980, in some cases even before the droplets
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Emulsions with a viscosity ratio of a—c A=2 and d—f A=19. a, ¢, d, f Pressure difference of Ap ~ 52 bar and (b, €) Ap ~ 20 bar

entered the orifice. In comparison, droplets passing the ori-
fice with the conical inlet at Re ~ 980 were less deformed
and elongated to thicker and shorter filaments. Increasing
the pressure difference to a Reynolds number of Re =~ 1710
increased the deformation and elongation of the droplets, but
still led to thicker filaments than passing the orifice with the
sharp-edged inlet at Re =~ 980.

Increasing the viscosity ratio to 4 = 19, droplets pass-
ing the orifice with the sharp-edged inlet started to deform
significantly later, and formed filaments of higher thickness.
This was even more pronounced in the orifice with coni-
cal inlet, even at increased Reynolds numbers: at Re ~ 980,
nearly no deformation occurred in front of the orifice and in
the orifice itself, filaments were thicker than those formed
at A=2. At Re = 1710, the droplet deformation increased in
front of the inlet; however, in the orifice itself the filaments
were similarly deformed as at Re ~ 980.

Filaments formed in the sharp-edged orifice inlet were
not only thinner, but also curlier in the orifice itself, leading
to lower contrasts in the images.

3.3 Droplet size distribution

The resulting droplet size distributions are shown in Fig. 10.
The droplet size distribution (DSD) of the coarse emulsions
was set to Xs5q 3 ~ 68 um (shown in violet) to ensure the same
starting conditions for all experiments independent of the
viscosity ratio.

The inlet geometry clearly had an influence on resulting
droplet size distribution either at constant Reynolds numbers
or pressure difference. The sharp-edged inlet region—show-
ing the strongest droplet deformation to thinnest filaments
(see Fig. 9)—resulted in smallest droplets after break-up.
At constant Reynold numbers (Re = 980), DSD had signifi-
cantly reduced mode values of x5 ; &~ 225 nm for the sharp-
edged inlet, and x5, ; ~ 900 nm for the conical one.

Comparing emulsions of different viscosity ratios
(A =2 and A =19), different effects were detected: the
sharp-edged inlet resulted in DSD with comparable mode
(X503 ~ 225 nm for A=2 andxs;; ~ 265 nm for 1=19).
However, a higher number of bigger droplets (x > 300 nm)
were found for A=19. The appearance of bigger droplets in
the sharp-edged orifice was connected to the droplet break-
up efficiency and/or coalescence processes behind the ori-
fice (can not be resolved with our set-up). This effect was
less significant for the conical inlet at the same Re ~ 980.
In general, the best force transition into droplet break-up
were expected at viscosity ratios near one. Therefore, we
measured more efficient droplet break-up with smaller modal
values in same geometries and at same hydrodynamic condi-
tions at A = 2, than at A = 19.

After the increase of the Reynolds number to Re ~ 1710
in the orifice with the conical inlet, in order to obtain the
same pressure difference of Ap ~ 52 bar as in the orifice
with the sharp-edged inlet, the DSD for emulsions of 4 =2
showed a comparable mode to the mode which was formed
in the orifice with sharp-edged inlet (x5, 3 ~ 225 nm for the
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Fig. 10 Droplet size distributions of the coarse emulsions, as well as
of the fine emulsions after passing the orifices with sharp-edged and
conical inlet geometry. Viscosity ratio of A=2 and 1=19, Reynolds
number & 980, corresponds to a pressure difference of Ap =~ 52 bar

sharp-edged inlet and x5, ; ~# 330 nm for the conical). How-
ever, the bigger droplet fraction (x > 300nm) found for the
sharp-edged inlet disappeared using the orifice with conical
inlet geometry leading to nearly monomodal DSD. Using
the same conical inlet geometry at high viscosity ratio of
A =19, the resulted DSD was significantly larger than at
A =2, but was smaller than at Re ~ 980. On the one hand,
the DSD was not affected by the viscosity ratio in the conical
inlet geometry at low Reynolds number. On the other hand,
the difference between the DSDs at different viscosity ratios
at high Reynolds number was immense. Since the droplet
deformations according to Fig. 9 were similar at low and
high Reynolds numbers for 4 = 19 the cause of different
DSDs must originate at events taking place behind the ori-
fice. Expansion of our set-up for observation of emulsifica-
tion behind the orifice are a subject of our ingoing work and
will be presented in our subsequent publications.

In summary, the DSDs of droplets produced in orifice
with sharp-edged inlet geometry at same Reynolds numbers
or pressure difference were always smaller, than droplets
produced in orifices with conical inlet. Sharp-edged inlet
geometry resulted in larger energy dissipation at same
hydrodynamic conditions, and resulted in stronger droplet
deformation and only little viscosity ratio dependency.

4 Conclusions

High-pressure homogenisation is usually applied when
droplets of small sizes (diameter < 1 um) are required. Usu-
ally, the pressure difference is given as the main droplet size
influencing parameter, but some also prefer the Reynolds
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for the sharp-edged and Ap = 20 bar for the conical orifice, and
Re ~ 1710 with a pressure difference of Ap ~ 53 bar for the conical
orifice

number for the experiments. However, it is also reported that
the orifice geometry has an influence on resulting pressure
difference.

Therefore, we constructed two high-pressure disruption
units with same dimensions of the orifice, but different inlet
geometry: while the inlet was sharp-edged in one of the ori-
fices, the other orifice was build with a pyramidal transition
(angle 60°), here named “conical inlet”.

Local flow velocities, shear rates y and elongation rates &
were calculated. The velocity profiles showed a clear influ-
ence of the orifice inlet geometry on the shear and elongation
rate values and distributions affecting the droplet deforma-
tion at same Reynolds numbers or pressure difference each.

Different inlet geometries resulted in different velocity
profiles: while the orifice with sharp-edged inlet showed a
sudden acceleration of the flow velocity in front of the ori-
fice and maximum velocities up to 100 m/s in the centre of
the orifice, the acceleration in front of the conical orifice
was smoother with lower velocities up to 60 m/s in the cen-
tre of the orifice at same Reynoldsnumber. Increasing the
pressure difference of the conical orifice to Ap ~ 52 bar and
Re =~ 1710 led to similar velocity profiles in the near-wall
region as in the sharp-edged orifice. However, the accelera-
tion in front of the conical orifice remained smoother.

Different velocity profiles resulted in different shear and
elongation rates in the orifices with sharp-edged and conical
inlet geometries. At Re ~ 980, the highest shear rate values
occurred in the orifice with sharp-edged inlet, in the near-
wall regions of the orifice, while the shear rate values in the
orifice with conical inlet at Re ~ 980 and Re =~ 1710 were
higher in front of the orifice. At comparable pressure differ-
ence (Ap = 52 bar), the orifice with conical inlet showed
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also higher shear rates in the near-wall region of the orifice
as the orifice with the sharp-edged inlet. The sharp-edged
orifice, however, had higher velocity gradients between the
centre of the orifice and the wall. The elongation rate values
in the orifice with sharp-edged inlet increased sharply in
front of the orifice and diminished rapidly in the orifice.
The region of effective elongation (area with high elonga-
tion rates) increased in the orifice with conical inlet and was
larger in front of the orifice than in the orifice itself.

Emulsions were produced in both geometries, either at
the same Reynolds number or at the same pressure differ-
ence. Two viscosity ratios were chosen, one in the region
of elongation and shear-dependent deformation (1=2), the
other one in the region with mostly elongation-dependent
deformation (A=19).

Independent of the Reynolds number and the viscosity
ratio, the geometry of the orifice inlet influenced the defor-
mation of the droplets and elongation of the filaments. The
sharp-edged inlet resulted in earlier and stronger deforma-
tion of the droplets in front of and in the orifice. Within
the orifice droplets always formed filaments, being thinner
than in the conical orifice, especially when shear-induced
deformation was more difficult due to higher viscosity ratio
(4 =19). Increasing the pressure difference in the orifice
with conical inlet did not increase the deformation to the
level of the deformation in the sharp-edged orifice inlet,
leading to thicker filaments.

Three general differences in resulting DSD were con-
nected to the different geometries of the disruption unites,
causing different velocity profiles, shear and elongation rates
and thus different droplet deformation: HPH using (1) the
orifice with sharp-edged inlet resulted in smallest droplets
but non-monomodal distribution; (2) while monomodal
DSDs were accomplished in the orifice with conical inlet;
(3) the viscosity dependency of droplet break-up was negli-
gibly small when the orifice with the sharp-edged inlet was
used, while serious differences were found for the orifice
with conical inlet at increasing pressure difference. Here,
droplets of A = 2 were broken to significantly smaller sizes
compared to droplets of A = 19.

This work clearly shows the impact of the orifice inlet
geometry on resulting velocity profiles, shear and elonga-
tion rate values and their distribution on droplet deforma-
tion, which in turn influences the droplet break-up and the
resulting droplet size distribution. With the current set-up,
only the velocity, elongation, shear and elongation profiles
were optically accessible using the uPIV technique. Decay
of the deformed filaments in smaller droplets, however, was
only accessible in an offline droplet size measurement after
the homogenisation processes. Therefore, direct observation
of the droplet break-up after the orifices are the next step
to gain mechanistic understanding of high-pressure homog-
enisation processes. Thus, the expansion of our uPIV set-up

for observations of the droplet break-up after the orifices is
a subject of our ongoing work and will be presented in our
subsequent papers.
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