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9 Abstract: For the research on droplet deformation and breakup in scaled high-pressure
10 homogenizing units a pressure stable inline droplet generator was developed. It consists of an
11 optically accessible flow channel with a combination of stainless steel and glass capillaries and a 3D
12 printed orifice. The droplet size is determined online by live image analysis. The influence of the
13 orifice diameter, the mass flow of the continuous phase and the mass flow of the disperse phase on
14 the droplet diameter was investigated. Furthermore, the droplet detachment mechanisms were
15 identified. Droplet diameters with small diameter fluctuation between 175 um and 500 pm could be
16 realized, which allows a precise adjustment of the Ca and We Number in the subsequent scaled high
17 pressure homogenizer disruption unit. The determined influence of geometry and process
18 parameters on the resulting droplet size and droplet detachment mechanism agreed well with
19 literature on microfluidics. Furthermore, droplet trajectories in an exemplary scaled high-pressure
20 homogenizer disruption unit are presented which show that the droplets can be reinjected on a
21 trajectory close to the center axis or close to the wall, which should result in different stresses on the

22 droplets.

23 Keywords: droplet breakup; microfluidic droplet generation; live image analysis; orifice; high
24 pressurehomogenization

26  1.Introduction

27 The research on high-pressurehomogenizers started in the late 19th century with the first patent
28  of a high-pressurehomogenizer [1]. During the process, an emulsion is pumped through an extreme
29 constriction with a pressureof several hundred bar, which results in an acceleration of the flow and
30  exposes the dropletsin the emulsion to elongational strain and shear stresses [2,3]. These deform the
31  dropletsand subsequently cause their breakup [4] into smaller droplets with a diameter of less than
32 one micrometer [5]. Although the principle of high-pressurehomogenizers did not change since the
33 first patent, droplet breakup mechanisms are stillunder investigation to this day [6-17].

34 Deformation and breakup of droplets in defined stationary flows is well investigated, starting
35  with Taylor’s work [18] in pure shear and elongation flow. Taylor found a dimensionless number
36  that describes the droplet deformation and breakup behavior in laminar flow, which was later
37 described as the Capillary Number Ca [19].

7’IC ‘u
o

Ca= (1)

38  Carepresentstheratioof the viscous drag force versus the interfacial tension, which acts across the
39  interface of the twoimmiscible fluids. Here, 7. is the dynamic viscosity of the continuous phase, u
40 s the characteristic velocity and o is the interfacial tension.

41 Furthermore, Rayleigh [20] and Tomotika [21] investigated thebreakup of long thin threads. An
42 overview of possible breakup mechanisms can be found in [2]. They include end-pinching, binary
43  breakup, Rayleigh-Plateau-instabilities and tip streaming.
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44 These findings from defined stationary flows cannot be directly transferred to droplet breakup
45  during high-pressure homogenization, as the flow field in the disruption unit of the high-pressure
46  homogenizer is complex with fast changing stresses from shear stress and elongational strain to
47  turbulentstresses acting on the droplets during their passage through the disruption unit [6,22-24].
48  This led to several authors focusing on the visualization of droplets in this specific processing unit.
49  Amongst them, Innings and Tragardh [7] built the first optically accessible high-pressure
50  homogenizer disruption unit with a capillary in front of the smallest cross section to introduce the
91  disperse phase. They injected either a pre-emulsion with a wide droplet sizes distribution (DSD)
52 (5-50 um) or the pure oil disperse phase through the capillary. When injecting oil, large droplets with
53  the diameter of the smallest cross section were produced. Increasing the flow velocity lead to an
94 unstabledroplet production which resulted in wide DSD. Kelemen et al. [9] and Bisten et al. [6] used
55  apre-emulsion witha wide DSD which wasfilled in a pipe coil and subsequently pumped through
56  an optically accessible HPH orifice.

o7 Using an originally scaled setup allows for only partial investigation of the process. High
58  pressures (up to 1000 bar) and high velocities (up to 200 m/s) limit the optical accessibility of the
59  processing unit.Scaling of the process is a promisingapproach to increase the resolution and reduce
60  pressureand velocity at the same time [25]. Consequently, the droplets in the raw emulsion have to
61  bescaled, too. No stableraw emulsions can be produced, however, if the droplet diameter is bigger
62  thanabout 100 um as the droplets are creaming rapidly. This would make it impossible to pump
63 them from a pressurevessel the way Innings and Tragardh [7], Kelemen et al. [9], and Bisten et al. [6]
64  did, leading to the necessity of an inline production of pre-emulsion droplets. Inning et al. [8] used a
65 capillary in theinlet of the disruption unit of a scaled high-pressure homogenizer (HPH) valve. Small
66  flow fluctuations allowed for the produced droplets’ size to range from 0.2 to 1.5 mm. Kolb et al. [26]
67  carried out their experiments with a not further specified droplet injection in their low pressure scaled
68  HPH orifice which produced droplets with a size range of 2-3mm. Budde et al. [27] injected single
69  dropletsusing a capillary with an attached syringe in their scaled setup in which the trajectory of the
70  droplet could be altered by moving the capillary in and out.

71 In contrast to the above mentioned droplet production methods with either wide DSD or only
72 single droplet production, a large number of monodisperse droplets can be continuously produced
73 in microfluidic devices with co-flowing, cross-flowing or elongation dominated streams [28]. These
74 devices can be produced of several materials like PDMS, polyurethane-based polymers, silicone or
75  glass, whichall have their advantages and disadvantages [29]. Nevertheless, probably most of them
76  can only be operated at pressures close to ambient pressure.

7 During the droplet production, the local fluid stress, whichis deforming the emerging droplet,
78  is working against the capillary pressure, w hich maintains the spherical shape [28]. The Capillary
79  Number Cu is therefore also used to characterize the droplet breakup from the tip of the capillary in
80 microfluidic devices. Furthermore, the Weber Number We can be used to characterize the droplet
81  production if the capillary pressure and inertia stresses are dominating over the viscous stresses

82  [2830].
-d-u?
We = P )
o

We = Ca-Re 3)
83  The Weber number is linked to the Capillary and Reynolds number:

We = Ca-Re 4)

ith Re = 2<=
with Re " (5)

84
85  Whereu is the velocity in the orifice, d the orifice diameter, pc the density of the continuous phase

86  and 5 thedynamic viscosity of the continuous phase
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87  There are two droplet breakup mechanisms known for droplet generation in microfluidic devices,
88  namely dripping and jetting. During the dripping regime on the one hand, the disperse phase is
89  injected atlow flow rates whereby the produced droplets drip from the tip of the capillary [30].In a
90 first phase, the droplets grow and remain spherical, while in the following separation phase, the
91  forces acting on the droplet are increasing, and a neck is formed. Subsequently, the droplet is
92  detached from the tip. On theother hand, if the disperse phase is injected at higher flow rates, a thin
93  jetisformed at the tip which may break up due to Rayleigh-Plateau instabilities [31,32]. Both regimes
94  are capable to produce droplets with a minimal droplet diameter variance [31,33]. The droplet
95  generation frequency in such microfluidic devices can range from 1 to50 Hz [33], which increases the
96  probability totakea snapshot of droplets in the orifice.
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98 Figure 1. Shearstresses y in anoptically accessible orifice with a conical (a) and sharp-edge (b) inkt
99 geometry. The Figure was taken from Bistenetal. [6].
100 Droplets areexposed to fast changing stresses dependingon their trajector y during their passage

101  through the disruption unit of a high-pressure homogenizer. Figure 1 illustrates that droplets are
102  exposed to higher shear forces on a trajectory close the wall compared to droplets which flow on the
103  center axis. The stresses on the droplets are increasing rapidly when entering the disruption unit.
104  Fast-changing stresses do not allow the droplets to reach the equilibrium state of deformation.
105  Subsequent droplet breakup will thus alsobeinfluenced. Knowledge cannot bederived directly from
106  former investigations under stationary conditions and constant stresses. For the investigation on the
107  influence of the Ca and We Number on droplet deformation, it is also necessary to alter the droplet
108  size by use of monodisperse emulsions. Furthermore, it was aimed at sending the pre-emulsion
109  droplets through the orifice on selected trajectories to be able to investigate the influence of
110  homogenization-typical stress histories on droplet deformation and break up. We followed the
111  principal idea of Innings et al. [8], but placed the droplet generator in a side stream to avoid flow
112 fluctuations in the inlet area. Also, a live droplet diameter measurement was implemented in the
113  droplet generator. The target of the developed experimental setup was to produce monodisperse
114  droplets within thesize range of 200-400 pm.

115 In this paper constructive details and parameters with which droplet size and trajectory can be
116  influenced are reported.

117  2.Materials and Methods

118  2.1. Materials

119 The continuous phase consisted 0f 58.823 wt.-% gly cerol (purity 99.5%, SuboLab GmbH, Pfinztal
120 - Séllingen, Germany) and 40.877 wt.-% demineralized water, to which 0.2 wt.-% potassium sorbate
121 (VWR International GmbH, Darmstadt, Germany) and 0.1 wt.-% citric acid (Carl Roth GmbH + Co.
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122 KG, Karlsruhe, Germany) were added. Newtonian flow behavior was determined in the shear rate
123 range of 0.2-600s! whilea dynamic viscosity of 1, = 0.00942 Pa -s wasmeasured with a rotational
124 rheometer (Anton Paar Physica MCR 301, Graz, Austria)at a temperatureof 20 °C. A density of p, =

125  1148.55 kg/m3 at a temperature of 20 °C was measured with the density determination set DIS 11

126  (DCAT11, dataphysics, Filderstadt, Germany).

127 The disperse phase consisted of a middle-chain triglyceride Miglyol 812® (IOl Oleo GmbH,
128  Witten, Germany). The dynamic viscosity of the disperse phase was measured with a rotational
129 rheometer (Anton Paar Physica MCR 301, Graz, Austria) at a temperature of 20 °C to n, =
130  0.02947 Pa - s. Newtonian flow behavior was determined within the shear rate range applied (0,1 —

131 1000 s~!). The oil had a density of p; = 920 kg/m3 according to the supplier’s data sheet. The
132  interfacial tension was measured with a Wilhelmy plate (DCAT11, dataphysics, Filderstadt,

133 Germany). An equilibrium interfacial tension of y = 15.5 ™N/i, was found after a measuring time
134  of 2h at a temperature of 20°C. 0.012 wt.-% of the fluorescence color Nile red (9-(diethyl-
135  amino)benzo[a]phenoxazin-5(5H)-one, Sigma-Aldrich Chemie GmbH, St. Louis, USA) was added to
136  the MCT oil when performing droplet visualization experiments. The color did not result in
137  significant material property changes. The material properties aresummarized in Table 1.

138 Table 1. Overviewof all material properties.
Pe /kg/m3 1148.55
k:
pa | S 920
v ™o 55
n. /Pa-s 0.00942
ng /Pa-s 0.02947
139

140 2.2 Experimental Setup

141 The experimental setup of the droplet generator is presented in Figure 2. The pressure vessel (b),
142 which contained the continuous phase, was pressurized by a pressurized nitrogen gas cylinder (a) to
143 pump the fluid through the setup. The pressure vessel ensured a pulsation free flow. The volume
144 flow and the temperature of the continuous phase were recorded continuously during the
145  experiments. A volume flow sensor (VSI 0,2/16 EPO 12V-32W15/4, VSE Volumentechnik GmbH,
146  Neuenrade, Germany)was used to determine the volume flow and consequently the mass flow of the
147  continuous water-glycerol phase (M .,.) during the experiments. The disperse oil phase was
148  pumped with a displacement pump (TECHLAB Minipumpe, TECHLAB GmbH, Braunschweig,
149  Germany)through the capillary in the droplet generator. The mass flow of the disperse phase (11 4;5,)
150  was determined based on the revolutions per minute of the pump according to a prior calibration.
151  An industrial camera with a 2/3” CMOS-sensor with a resolution of 2448 x 2048 px (Baumer VCXG
152  51-M, Friedberg, Germany) was used to capture pictures with a framerate of 25 fps. The camera was
153  combined with a 4x zoom objective (Qioptiq Makro CCD, Stemmer Imaging AG, Puchheim,
154  Germany), resultingin a spatial resolution of 0.8 um/pixel. A high-power LED was used as backlight.
155  The exposure time of the pictures wasset to 15 ms to get sharp pictures of the fast-movingdroplets
156  and 100images weretaken duringone experiment, if all process conditions werein steady state. The
157  valve(i) wasclosed and the three-way valve was set to the collecting vessel when characterizing the
158  droplet generation and resulting droplet size. The volume flow was regulated with a needle valve
159  downstream thedroplet generator. The produced emulsion can be reintroduced in front of a scaled
160  high-pressurehomogenizer orifice with a steel capillary (Techlab GmbH, Braunschweig, Germany),
161 whichhad an outer diameter of 3.18 mm and an inner diameter of 2 mm, if the valve (i) is open. The
162  capillary can either be positioned on the center axis of the inlet channel or close to the wall of the
163  channel. The inlet channel had a height and width of 10 mm, respectively. The orifice of the scaled
164  disruptionunit had a diameter of 1 mm with a prior conical inlet (cf. Figure 10 (c)). Scaling strategy
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165  of thescaled high-pressure homogenizer disruption unit with the droplet positioning capillary will
166  alsobe published in this specific journal edition [citation to be added when available]. The droplets
167  have to enter separated from each other in front of the orifice to avoid influencing each other.
168  Furthermore, the disperse phase fraction has to be kept low to avoid an influence of the disperse
169  droplets on the flow. The reinjected droplets have to be accelerated to the speed of the surrounding
170  continuous phase bevor entering the disruption unit to achieve an unaffected stress history in the
171  disruption unit.

172 The colored droplets were visualized in the orifice with a high-speed camera setup of a micro
173  particleimage velocimetry (u-PIV) measurementsystem, as described in detail in [6]. A ND:YAG laser
174 (Dual-Power 30-15 of Dantec Dynamics, Skovlunde, Denmark), with a pulse energy of 30 m]J, was
175  used to illuminate the images of the high-speed double frame camera (FlowSense 4M Camera Kit,
176  Dantec Dynamics, Skovlunde, Denmark). Double frame images were taken with a frequency of
177 7.4 Hz, a12bitresolution, and a sensor area of 2048 x 2048 pixels. The laser pulse duration of a few
178  nanoseconds prevented motion blur of the fast-moving droplets. The high-speed camera was
179  attached toamicroscope (Dantec HiPerformance Microscope, Skovlunde, Denmark) which resulted in
180  magnification of 1.75. A spatial resolution of 6 um/px was achieved with thissetup. The snapshots were
181  superimposed after image processing, as described in [9]. Detected objects with less than 20 pixels were
182  removed for noise reduction during the post processing in MATLAB 2019b (Mathworks, Nantucket,
183 USA).

184 As the double frame high-speed camera allowed only snapshots with a frequency of 7.4 Hz,
185  dropletshad to beproduced continuously.For this,a droplet generator with co-flowing streams was
186  developed and will now be described in detail.

187
188
(e)
(i) —
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190 Figure 2. Experimental setup with pressurized gas cylinder (a), pressure vessel (b), displacement
191 pump (c), droplet generator (d), camera with backlighting (e), collecting vessel (f), optically accessible
192 orifice with positioning capillary (g), three-way valve (h) and shut-off valve (i).
193 The droplet generator consists of a flow channel, depicted in Figure 3.1t is milled in a stainless-

194  steel block. The front and back side were covered with acrylic glass (Poly(methyl methacrylate))
195  plates for optical accessibility. Therectangular channel had a width of 4 mm and height D of 7.4 mm.
196  The oil phase was pumped (Figure 2, (c)) through a fused silica capillary with an outer diameter of
197 150 um (Chromatographie Handel Miiller GmbH, Fridolfing, Germany) that was glued in a steel
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198  capillary with an outer diameter of 1/16” (Chromatographie Handel Miiller GmbH, Fridolfing,
199  Germany). The fused silica capillary was used for special calibration of the camera. The orifices with
200  aconicalinlet and a circular hole with a diameter d ranging from 0.5 to 2 mm were3D printed from
201  resin.The distance! from the capillary tothe outlet of the orifice could be altered by moving the steel
202  capillary.The droplet generator was tested up to a pressure of 4 MPa.

= I
o =
R |
203 I
204 Figure 3. Schematic representation of the droplet generator with steel and fused silica capillary, orifice
205 with diameter d and flow channel with height D. The capillary position is represented by the
206 parameter[.
207 2.3 Image processing
208 The images shot of the droplets in the droplet generator flow channel were continuously

209  transferred to a computer where they were written in a buffer of a self-developed program in
210  Labview 2019 (National Instruments, Austin, USA). The brightness and contrast were adjusted in a
211  next step, followed by the transformation into a binary image. Subsequently, possible holes were
212  filled and circlesin the diameter range of 130 to 800 um wereidentified toavoid the detection of small
213  satellitedroplets or air bubbles. This procedure is shown exemplary in Figure 4. Following that, the
214 detected droplet sizes werestored, and an average droplet diameter was calculated from all evaluable
215  droplets N within the 100 images.

216 The software OriginPro 2019 (OriginLab Corp., Northampton, MA, USA) was used for the
217  statistical analysis, calculation of averages and standard deviations. Between 4 and 27 evaluable
218  droplets were found in the set of 100 images. The focus plane was adjusted before every experiment
219  toeliminateout of focus droplets. Each process parameter combination was addressed once.

220 All data underwent a multifactorial analysis of variance (ANOVA) and a Sheffé test as post-hoc
221  test.Deviations in measurement values were considered statistically relevant at alevel of p < 0.05.

@) (b) (©)

222 Figure 4. Example for the image processing procedure with a rawimage (a), binary image with filled
223 holes (b) and detected circles in the binary image (c).

224  3.Results

225 3.1 Influence of the capillary’s geometry and position

226 According to literature, the diameter of theemerging dropletsis influenced by the forces acting
227  on the droplet. The droplet diameter can be reduced by increasing the shear forces on the droplet
228  which resultsin an earlier development of a neck and an earlier subsequent droplet detachment
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229  [30,33]. It is therefore hypothesized that the droplet diameter decreases if the orifice diameter is
230  reduced, as the flow surrounding the capillary tip is accelerated. The acceleration of the flow
231  surroundingthe capillary tipis characterized by the Reynolds Number, see Eq. (4).

232  The parameters chosenresultedin 38 < Re < 68 depending on the orifice diameter. A laminar jet is
233 expected.

234 Droplet sizes were comparable to values found in literature (see Chapter 1 [7,26,27]). As
235  expected, the resulting droplet diameters are decreasing with decreasing orifice diameter for all
236  capillary positionsintherange 1 mm <d < 2 mm. The orifice with a diameter of 2 mm resulted in
237  adroplet diameter of about 500 um, while the droplet diameter decreased to a value of about 225 pm
238 by halvingthe orifice diameter to 1 mm.

239
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241 Figure 5. Influence of the orifice diameter on the droplet diameter. The Reynolds Number Re in the
242 orifice is given at the measurement points. N represents the number of droplets that were found in
243 the setof 100 images.
244 3.2 Influence of continuous and disperse phase mass flow
245 First, the droplet diameter in microfluidic devices can be altered by increasing or decreasing the

246  volume flow of the inner or outer phase. Increasing the volume flow of the outer phase causes bigger
247  forces actingon theemerging droplets which results in smaller droplets. Decreasing the volume flow
248  of theouter phaseresults in larger droplets, respectively [33,34]. Concluding from this, weexpect the
249  droplet diameter to decrease with increasing mass flow of the continuous phase in the droplet
250  generator.

251 Second, it is described in literature that the droplet diameter in co-flowing microfluidic devices
252  increases if the volume flow of the inner phase is increased, as the necking and breakup process
253  becomes dominant over the accumulation of the disperse phase in the developing droplet for
254  determiningthe formation time [33,35].1t is therefore expected that the droplet diameter increases if
255  the mass flow of the disperse phasein the capillary of the droplet generator is increased.

256 Figure 6 (a) illustrates the influence of the mass flow of the continuous phase on the droplet
257  diameter. The orifice in the droplet generator had a diameter of 1.5 mm and the tip of the capillary
258  was positioned in a distance of I =250 pm to the exit of the orifice. The mass flow of the disperse
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259  oil phase wasset to a constant value of 0.56 mg/s. The produced droplets had a diameter of 450 um
260  atamassflow of 0.3 g/s, decreasing reciprocal when increasing the mass flow. A droplet diameter of
261 250 um was achieved at a mass flow of 0.7 g/s. Furthermore, it can be noticed that the number of
262  detected droplets N within the set of 100 images is increasing with growing mass flow of the
263  continuous phase as the droplet production frequency is increasing. Figure 6 (b) illustrates that
264  produced droplet have very small droplet diameter variation.

265 In conclusion, the hypothesis on the influence of the mass flow of the continuous phase can be
266 confirmed. Duxenneuner [34] and Cramer et al. [33] have shown similar behavior when using a
267  water-in-oil-emulsion. Cramer et al. [33] have also presented that the droplet formation time and
268  consequently the droplet production frequency grows with increasing mass flow of the continuous

269  phase.
270
450 1 L 1 L 1 L 1 L 1
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272 Figure 6. (a) Droplet diameter as a function of the mass flow of the continuous phase. The diameter
273 of the orifice was 1.5 mm and the tip of the capillary was positioned in a distance of 250 um from the
274 orifice exit. The mass flowof the disperse phasewas set constant to m;s, = 0.56 mg/s. N represents
275 the number of droplets that were found in the set of 100 images. (b) Exemplary raw image of two
276 droplets with equaldiameter.
277 The influence of the mass flow of the disperse phase on the droplet diameter is presented in

278  Figure 7. In the example shown here, the orifice in the droplet generator had a diameter of 1.5 mm
279  and thetip of the capillary was positioned in distance of [ = 250 um to the exit of the orifice. The
280  mass flow of the continuous phase was constant at 0.5 g/s. A mass flow of My, = 0.21 mg/s
281  resultedin droplets with a diameter of 338 um. When increasing the mass flow to m;, = 0.56 mg/s,
282  droplets with a diameter of 352 um were produced. Further increasing the mass flow to
283 iy, = 0.84 mg/s lead to an exponential grow th of the droplet diameter to 446 um.

284 Concluding, the hypotheses on the influence of the mass flow rate of the disperse phase flow
285  canbe confirmed. Monodisperse droplets of target sizes could be produced.
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287 Figure 7. Dropletdiameter as a function of the mass flowof the disperse phase. The diameter of the
288 orifice was 1.5 mm and the tip of the capillary was positioned in a distance of 250 ym from the orifice
289 exit. The mass flow of the continuous phase was set constant to m.,,; = 0.5 g/s. N represents the
290 number of droplets that were found in the setof 100 images.
291 Droplets in microfluidic devices can either be produced in the dripping or in thejetting regime.

292 At low flow rates, the interfacial tension forms droplets at the tip. At higher flow rates, the inertia
293  forces exceed the interfacial tension and a jet is formed which subsequently breaks up due to
294  Rayleigh-Plateau-Instabilities. The transition can either be driven by the flow of the continuous or the
295  dispersephase [30]. According to Utada et al. [36], the transition from dripping tojetting should take
296  place when the sum of the Weber Number and the Capillary number is about 1, while dripping is
297  found for We + Ca < 1.

298 Figure 8 presents the influence of the Capillary Number Ca of the outer flow as well as the
299  influence of the Weber Number We of theinner flow on thedroplet detachment behavior. The results
300  indicate thatdrippingis found for Ca < 0.4. What stands out in this figure is that there are process
301  conditions in which sometimes dripping, and sometimes jetting was present. This mixed behavior
302  was detected for 0.3 < Ca < 0.6 and 0.2 < We < 0.4, whereas jetting was observed for Ca > 1. An
303  exemplary pictureof thejettingregime is shownin Figure 8 (c).

304 The findings agree well with [30]. The grey crosshatched area in Figure 8 illustrated the
305 transitionregime proposed by Utada et al. [30]. Process conditions that should lead to dripping are
306  colored in grey. An exemplary picture of droplet generation in the dripping regimeis shown in Figure
307  8(b). Cramer etal.[33] havealsoshown that the transition conditions depend on whether the v elocity
308  of thecontinuous phaseis increased in order to get the transition from drippingtojetting, or whether
309  inversely the velocity of the continuous phase is decreased to get the transition from jetting to
310  dripping. As the velocity of the continuous and the disperse phase were not altered within a
311  standardized procedure, this may have caused the blurred transition point from dripping to jetting
312  inthisinvestigation. Thetransient character of the emerging jet may also have caused a spontaneous
313  change of thedroplet detachment behavior. Process conditions close to the transition point should be
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314  avoided, as more satellite droplets are produced [33], which are unwanted in this application. The
315  satellitedroplets are shown in Figure 8 (c).

316
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318 Figure 8. (a) Dripping and jetting droplet detachment mechanisms depending on the Capillary and
319 the Weber Number. The grey crosshatched area illustrates the process conditions where both
320 mechanisms can be present [30]. The grey colored area represents the process conditions were only
321 dripping is expected according to [30]. (b) Raw picture of dripping regime at Ca = 0.344 and
322 We = 0.166. (c) Raw picture of jetting regime at Ca = 0482 and We = 0.166.
323 3.3 Reinjection of the produced emulsion in front of a scaled disruption unit
324 The produced droplets were reintroduced in front of the high-pressure disruption unit (Figure

325  2,(g)) equipped with an orifice-type constriction. The droplets were analyzed using the pu-PIV double
326  frame camera according to the procedure described in Chapter 2.2. The droplets leave the capillary
327  separated from each other, which prevents the drops from affecting each other, see Figure 10 (). The
328  velocity of theinjected droplets can be estimated from the displacement betw een the double pictures.
329  Figure 9 shows the displacement of droplets at an average velocity of the surrounding fluid of
330 @=o0.1 ? on the droplet trajectory (a) and at velocity % = 0.25 ? When estimating the velocity
331  from the displacement of the droplets between the double frame pictures and comparingit with the
332 velocity field which was measured with a p-PIV, it can be determined that the droplets accelerated
333  tothevelocity of thesurrounding flow of the continuous phase if the surrounding continuous phase
334  flowswithavelocity of 7 = 0.1 ? (Figure 9, (a)). When comparing the droplet velocity at an average
335  velocity of the continuous phase of & = 0.25 ? in Figure 9 (b), it can be noticed that the droplets
336  only reachabout 70% of the velocity of the surrounding continuous phasebefore entering the conical
337  inlet of the disruption unit. Possibly, the capillary which is used to reinject the pre-emulsion in front
338  of thedisruption unit influenced the flow at higher velocities of the continuous phase. That may cause
339  lower stresses on the droplets if they do not completely accelerate to the velocity of the surrounding
340  fluid in the conical inlet of the disruption unit.
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341 Figure 9. (a) Superimposition of a double frame picture which was taken with delay of At =
342 500 ps. The average velocity on the trajectory of the droplets was # =0.1 ? . (b)
343 Superimposition of a double frame picture which was taken with delay of At = 10,000 pus. The
344 average velocity on the trajectory of the droplets was @ = 0.25 % The x-axis shows the distance
345 from the orifice exit (cf. Figure 10 (c)).
346 Figure 10 (b) shows the superimposition of 27 snapshots. It illustrates that the droplets follow

347  thetrajectory with a very smallvariance. Theblurry edges of the droplets were caused by a reflection
348  of the emitted light on the PMMA cover plate. The small variance in droplet diameter is probably
349  causedby droplets being not perfectly in the focus plane, as droplets which are off focus appear larger
350  than they are. The droplets all follow a trajectory close to the centerline. No variance in the droplet
351 trajectory was visible. We can therefore assume that all droplets will be exposed to an equal stress
352  history when passing the orifice. In Figure 10 (b) droplets being significantly smaller surround the
353  larger, injected droplets. These are most probably satellite droplets. As they can easily be
354  distinguished from the bigger droplets by the evaluation algorithm, they do not interfere with our
355  target of being ableto follow deformation and breakup of thebigger droplets downstream. Figure 10
356  (c) shows a superimposition of droplets which were injected on the center line of the flow channel,
357  and droplets which were injected close to the wall. The dashed lines represent the expected droplet
358  trajectories when passing through the non-optically accessible conical inlet of the scaled HPH
359  disruption unit. Droplets which flow close tothe wall on thered dashed trajectory are expected to be
360 moredeformed compared to droplets which flow on the center axis as the shear stress and elongation
361 strainis higher closer to the wallin a conical inlet [6].
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362 Figure 10. (a) Snapshot of droplets with a diameterof about 220 um in front of the orifice, which was
363 positioned on the centerline of the flow with a capillary. The flow is from left to right. (b)
364 Superimposition of 27 snapshots. (c) Superimposition of images where droplets were inje cted on the
365 center line and close to the wall. The dashed lines re present the expected trajectory of the droplets in
366 the scaled high-pressure homogenizer orifice. The x-axis always shows the distance from the orifice
367 exit.
368  4.Discussion
369 In this study an external pressurestable droplet generator was developed that allows to produce

370  a pre-emulsion with a tight droplet size distribution. The produced droplets could be reinjected
371  separately from each other in front of a scaled high-pressure homogenizer disruption unit. It was
372  possible to control the trajectory these droplets followed when approaching the disruption unit.
373  Droplets on the centerline trajectory will then be exposed to stress histories totally different to those
374 onatrajectory closetothe wall.

375 This generator was operated in accordance to microfluidic droplet generating systems. It could
376  bedemonstrated that dropletsin thedrippingand thejetting regime could be produced. The process
377  parameters, with which thedroplet size can be adjusted, were identified and compared with known
378  knowledge from the literature of microfluidic droplet generation.

379 Flow conditions to produce an oil-in-water emulsion with monodisperse droplets in the
380  diameter rangeof 200 pm to 500 um were identified. For size control, a live droplet diameter analysis
381  was established. The determined standard deviation of the droplet diameters was in the range of
382 2 um, which is equal to a deviation of 2.5 pixels in the raw image. The droplet diameter can be
383  decreased by accelerating the continuous phase through an increase of the mass flow or a reduction
384 of the orifice diameter, which agrees well with previous studies.

385 The following limits of the experimental setup proposed weredetected:

386 e Orifice diameter d >1 mm: Due to production inaccuracies, no even jet was formed if the

387 orifice diameter was smaller than 1 mm, resultingin larger droplets.

388 e Limit of the disperse phase fraction: The disperse phase fraction is connected to the flow
389 conditions in the droplet generator, resulting in decreasing disperse phase fractions when
390 increasing the total mass flow over the optically accessible disruption unit. This limitation can
391 be solved by numberingup the capillary tips.

392 o Droplet velocity does not reach the velocity of the surrounding fluid: The droplets do not
393 completely accelerate to the velocity of the continuous phase at higher velocities in the inlet

394 channel of the disruption unit. This may resultin lower stresses on the droplets. It is expected,
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395 however, that this influence is moderate as the fluid is accelerated by a factor of 100 in the
396 disruption unit which should eliminate the velocity deviation of the droplets.
397 Despite its limitations, the study presents a pressure stable droplet generator that allows

398  introducingmonodisperse droplets in a range of 200 pum to 500 pm on defined trajectories of a high-
399  pressurehomogenizingunit. The droplet size can be controlled by altering the flow conditions, which
400  allows a precise adjustment of the We Number of the droplet breakup in the optically accessible
401  orifice. The produced droplets can be reintroduced in front of a scaled orifice with a small trajectory
402  variation. This setup will be used in future research to investigate the influence of the droplet size
403  and stresshistory onits deformation and breakup.

404 Author Contributions: Conceptualization, F.J.P.,, HP.K, and M.F.; software, F.J.P. and T.D.; formal analysis,
405 F.J.P. and T.D.; investigation, T.D.; writing —original draft preparation, F.J.P.; writing —review and editing,
406 HP.K andT.D,; visualization, F.J.P.and T.D.; All authors have read and agreed to the published version of the
407 manuscript.

408 Funding: This research was funded by the German Research Foundation (DFG), grant number 265685259.

409 Acknowledgments: The authors thank Thomas Hufnagel (Hochschule Mannheim - University of Applied
410 Sciences) and Julian Deuerlinger (Hochschule Mannheim - University of Applied Sciences) for 3D printing the
411 orifices. Furthermore, the authors thank the IOI Oleo GmbH for providing the oil. The authors also thankProf.
412 Dr. Peter Walzelfor fruitful discussions on the concept of this study.

413 Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
414 study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
415 publish the results.

416  References

417 1. Gaulin, A. Appareil et Procédé pour la Stabilisation du Lait, 1899.

418 2. Walstra, P. Formation of Emulsions. In P. Becher: Encyclopedia of Emulsion Technology,
419 Volume 1 Basic Theory; Mieth, G., Ed., 1983.

420 3. Schuchmann, H.P. Advances in Hydrodynamic Pressure Processing for Enhancing

421 Emulsification and Dispersion. In Innovative Food Processing Technologies : Extraction,
422 Separation, Component Modification and Process Intensification, 1st ed.; Knoerzer, K.,
423 Juliano, P., Smithers, G., Eds.; Woodhead Publishing, 2016; pp 387412, ISBN 978-0-
424 08-100294-0.

425 4. Walstra, P.; Smulders, P.E.A. Chapter 2. Emulsion Formation. In Modern Aspects of
426 Emulsion Science; Binks, B.P., Ed.; Royal Society of Chemistry: Cambridge, 1998; pp
427 56-99, ISBN 978-0-85404-439-9.

428 5. Schlender, M., Minke, K.; Spiegel, B.; Schuchmann, H.P. High-pressure double stage
429 homogenization processes: Influences of plant setup on oil droplet size. Chemical
430 Engineering Science 2015, 131, 162-171, doi:10.1016/j.ces.2015.03.055.

431 6. Bisten, A,; Rudolf, D.; Karbstein, H.P. Comparison of flow patterns and droplet

432 deformations of modified sharp-edged and conical orifices during high-pressure
433 homogenisation using uPIV. Microfluid Nanofluid 2018, 22, 607, doi:10.1007/s10404-
434 018-2076-y.

435 7. Innings, F.,; Tragardh, C. Visualization of the Drop Deformation and Break -Up Process
436 in a High Pressure Homogenizer. Chem. Eng. Technol. 2005, 28, 882-891,

437 doi:10.1002/ceat.200500080.


https://doi.org/10.20944/preprints202009.0259.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 September 2020 doi:10.20944/preprints202009.0259.v1

14 of16

438 8. Innings, F.; Fuchs, L.; Tragardh, C. Theoretical and experimental analyses of drop

439 deformation and break-up in a scale model of a high-pressure homogenizer. Journal of
440 Food Engineering 2011, 103, 21-28, doi:10.1016/j.jfoodeng.2010.09.016.

441 9. Kelemen, K.; Gepperth, S.; Koch, R.; Bauer, H.-J.; Schuchmann, H.P. On the

442 visualization of droplet deformation and breakup during high-pressure

443 homogenization. Microfluid Nanofluid 2015, 19, 1139-1158, d0i:10.1007/s10404-015-
444 1631-z.

445  10. Wieth, L.; Kelemen, K.; Braun, S.; Koch, R.; Bauer, H.-J.; Schuchmann, H.P. Smoothed
446 Particle Hydrodynamics (SPH) simulation of a high-pressure homogenization

447 process. Microfluid Nanofluid 2016, 20,5011, doi:10.1007/s10404-016-1705-6.

448  11. Hakansson, A. Scale-down failed — Dissimilarities between high-pressure

449 homogenizers of different scales due to failed mechanistic matching. Journal of Food
450 Engineering 2017, 195,31-39, doi:10.1016/j.jfoodeng.2016.09.019.

451  12. Haékansson, A,; Innings, F.; Revstedyt, ]J.; Tragardh, C.; Bergenstahl, B. Estimation of
452 turbulent fragmenting forces in a high-pressure homogenizer from computational
453 fluid dynamics. Chemical Engineering Science 2012, 75,309-317,

454 doi:10.1016/j.ces.2012.03.045.

455 13. Hakansson, A.; Innings, F.; Tragardh, C.; Bergenstahl, B. A high-pressure

456 homogenization emulsification model —Improved emulsifier transport and

457 hydrodynamic coupling. Chemical Engineering Science 2013, 91, 44-53,

458 doi:10.1016/j.ces.2013.01.011.

459  14. Hakansson, A,; Tragardh, C.; Bergenstahl, B. Dynamic simulation of emulsion

460 formation in a high pressure homogenizer. Chemical Engineering Science 2009, 64,
461 2915-2925, doi:10.1016/j.ces.2009.03.034.

462  15. Hakansson, A.; Tragardh, C.; Bergenstahl, B. Studying the effects of adsorption,

463 recoalescence and fragmentation in a high pressure homogenizer using a dynamic
464 simulation model. Food Hydrocolloids 2009, 23,1177-1183,

465 doi:10.1016/j.foodhyd.2008.10.003.

466  16. Hakansson, A. Emulsion Formation by Homogenization: Current Understanding and
467 Future Perspectives. Annu. Rev. Food Sci. Technol. 2019, 10, 239-258,

468 doi:10.1146/annurev-food-032818-121501.

469  17. Hakansson, A. On the validity of different methods to estimate breakup frequency
470 from single drop experiments. Chemical Engineering Science 2020, 115908,

471 doi:10.1016/j.ces.2020.115908.

472  18. Taylor, G.I. The formation of emulsions in definable fields of flow. Proceedings of the
473 royal society A 1934, 146,501-523.

474  19. Grace, H.P. dispersion phenomena in high viscosity immiscible fluid systems and
475 application of static mixers as dispersion devices in such systems. Chemical

476 Engineering Communications 1982, 14, 225-277, doi:10.1080/00986448208911047.

477 20. Rayleigh, L. On The Instability Of Jets. Proceedings of the London Mathematical Society
478 1878, 51-10, 4-13, d0i:10.1112/plms/s1-10.1 4.


https://doi.org/10.20944/preprints202009.0259.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 September 2020 doi:10.20944/preprints202009.0259.v1

150f16

479  21. Tomotika, S. On the instability of a cylindrical thread of a viscous liquid surrounded

480 by another viscous fluid. Proc. R. Soc. Lond. A 1935, 150, 322-337,

481 doi:10.1098/rspa.1935.0104.

482  22. Kelemen, K.; Crowther, F.E.; Cierpka, C.; Hecht, L.L.; Kahler, C.J.; Schuchmann, H.P.
483 Investigations on the characterization of laminar and transitional flow conditions after
484 high pressure homogenization orifices. Microfluid Nanofluid 2015, 18, 599612,

485 doi:10.1007/s10404-014-1457-0.

486  23. Hakansson, A.; Fuchs, L.; Innings, F.; Revstedt, J.; Tragardh, C.; Bergenstahl, B. High
487 resolution experimental measurement of turbulent flow field in a high pressure

488 homogenizer model and its implications on turbulent drop fragmentation. Chemical
489 Engineering Science 2011, 66, 1790-1801, doi:10.1016/j.ces.2011.01.026.

490  24. Innings, F.; Tragardh, C. Analysis of the flow field in a high-pressure homogenizer.
491 Experimental Thermal and Fluid Science 2007, 32, 345-354,

492 doi:10.1016/j.expthermflusci.2007.04.007.

493  25. Walzel, P. Advanteges and Limits in large Scale Modeling of Atomizers. In

494 Proceedings of the 2nd International Conference on Liquid Atomization and Spray Systems:
495 ICLASS-'82 ; Madison - Wisc., (June 20-24), 1982; Crosby, E.J., Ed.; Department of

496 chemical engineering - University of Wisconsin, 1982; pp 187-194.

497  26. Kolb, G.; Wagner, G.; Ulrich, J. Untersuchungen zum Aufbruch von Einzeltropfen in
498 Dispergiereinheiten zur Emulsionsherstellung. Chemie Ingenieur Technik 2001, 73, 80—
499 83, doi:10.1002/1522-2640(200101)73:1/2<80: AID-CITE80>3.0.CO;2-G.

500  27. Budde, C.; Schaffner, D.; Walzel, P. Drop Breakup in Liquid-Liquid Dispersions at an
501 Orifice Plate Observed in a Large-Scale Model. Chem. Eng. Technol. 2002, 25, 1164—
502 1167, doi:10.1002/1521-4125(20021210)25:12<1164:AID-CEAT1164>3.0.CO;2-E.

503  28. Christopher, G.F.; Anna, S.L. Microfluidic methods for generating continuous droplet
504 streams. |. Phys. D: Appl. Phys. 2007, 40, R319-R336, d0i:10.1088/0022-3727/40/19/R01.
505  29. Vladisavljevi¢, G.T.; Kobayashi, I.; Nakajima, M. Production of uniform droplets

506 using membrane, microchannel and microfluidic emulsification devices. Microfluid
507 Nanofluid 2012, 13, 151-178, doi:10.1007/s10404-012-0948-0.

508 30. Utada, A.S.; Fernandez-Nieves, A.; Stone, H.A.; Weitz, D.A. Dripping to jetting

509 transitions in coflowing liquid streams. Phys. Rev. Lett. 2007, 99, 94502,

510 doi:10.1103/PhysRevLett.99.094502.

511 31. Umbanhowar, P.B.;Prasad, V.; Weitz, D.A. Monodisperse Emulsion Generation via
512 Drop Break Off in a Coflowing Stream. Langmuir 2000, 16, 347-351,

513 doi:10.1021/1a990101e.

514  32. Rayleigh, L. VI. On the capillary phenomena of jets. Proc. R. Soc. Lond. 1879,29,71-97,
515 doi:10.1098/rspl.1879.0015.

516  33. Cramer, C,; Fischer, P.; Windhab, E.J. Drop formation in a co-flowing ambient fluid.
517 Chemical Engineering Science 2004, 59, 3045-3058, d0i:10.1016/j.ces.2004.04.006.

518  34. Duxenneuner, M.R. Visualization, design, and scaling of drop generation in coflow
519 processes; ETH Zurich, 2009.


https://doi.org/10.20944/preprints202009.0259.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 September 2020 doi:10.20944/preprints202009.0259.v1

16 of16

520  35. Zhang, D.F.; Stone, H.A. Drop formation in viscous flows at a vertical capillary tube.

521 Phys. Fluids1997, 9, 2234-2242, doi:10.1063/1.869346.

522  36. Utada, A.S.; Chu, L.-Y.; Fernandez-Nieves, A.; Link, D.R.; Holtze, C.; Weitz, D.A.
523 Dripping, Jetting, Drops, and Wetting: The Magic of Microfluidics. MRS BULLETIN
524 2007, 32, 702-708.

525

© 2020 by the authors. Submitted for possible open access publication under the terms
‘@ ® \ and conditions of the Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/).
526


https://doi.org/10.20944/preprints202009.0259.v1

