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Simulering av fettdroppar i mjolk

I arbetet mot en mer héllbar livsmedelsproduktion &r energiforbrukning en viktig fraga, inte
minst inom mejeriindustrin. Mejeriindustrin kréver flera steg fran ramjolk till fardig produkt
och for att kunna minska energiférbrukningen i mejerier behdver vi undersoka hur dessa
processer kan optimeras. Idealt bor detta undersokas experimentellt, men fysiska experiment &r
tidskrdvande och kan behdva dyr utrustning. Genom att matematiskt simulera processerna kan
man med hjélp av bara datorn undersdka hur mjélkproduktionen kan géras mer effektiv. I detta
fall genom att studera deformationsbeteende av fettdroppar i vitskefloden.

Mjolk, komjolk savil som vixtbaserade alternativ, dr emulsioner bestdende av sma fettdroppar
i vattenlosning. Alla emulsioner kommer, for eller senare, att skikta sig d4 den feta fasen
sammansluter och skiljer sig frin vattenfasen. Hur ldng tid denna process tar varierar, men ju
mindre fettdropparna &dr desto ldngre tid tar det. Homogenisering dr en mejeriteknisk process
for att minska fettdropparnas storlek. Detta gors i en homogenisator dir rdmjolken pumpas in
genom en ventil med en vildigt smal spalt, ungefar lika brett som ett harstra, under hogt tryck.
Detta gors att fettdropparna slas sonder och finfordelas vilket ger en homogeniserad mjolk som
inte skér sig, eller snarare skér sig langt efter att den surnat och blivit oduglig av andra skal.
I princip all mjolk du koper 1 affdren &r homogeniserad.

Tidigare forskning har visat att fettdropparna gar sonder strax efter spaltens utlopp. Daremot
deformeras dropparna redan innan de kommet fram till spalten, i vad som kallas inlopps-
kammaren. Den hér processen har dock mycket lag effektivitet, bara 0.01% av energin som
anvands gér at att sld sonder dropparna. Eftersom effektiviteten dr sé 1ag kan en liten 6kning av
effektiviteten ge stor paverkan i minskad energiférbrukning. Genom att forsta hur fettdropparna
deformeras 1 inloppskammaren och vilka metoder som kan anvédndas for att forutse deformat-
ionsbeteendet, kan ventilen i homogenisatorn lattare konstrueras pa ett sitt som minskar dess
energibehov.

I det hdr examensarbetet undersoker vi hur fettdroppar beter sig 1 inloppskammaren och hur
man kan modellera dem pé ett enkelt sétt. Forst undersoks hur droppar beter sig i en platt modell
1 labbskala med hjilp av en hoghastighetskamera. Dropparna detekteras i varje bild och deform-
ationen mats. Direfter utfOrs tva sorters simuleringar som méter deformationen med numerisk
stromningsmekanik vilket dr sitt att matematiskt berdkna hur véatskor ror sig.

Resultaten visar att badda dessa simuleringar kan forutsdga hur dropparna i den experimentella
uppsittningen deformeras pa ett sétt som inte kraver mycket berdkningskraft. Det innebar att
det 1 framtiden kanske inte krdvs experimentell utrustning for att utforma effektivare
homogenisatorventiler. Vilket kan underlitta framtida utveckling av homogenisatorer med
minskad energiforbrukning.
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Abstract

High-pressure homogenisers (HPHs) are used for a variety of food products to create emulsions.
It is interesting both from a sustainable and economical perspective to make HPHs more energy
efficient due to their high energy demand and low efficiency. Previous research has shown that
drop deformation is affected by the whole HPH valve geometry, including the inlet chamber,
and it is hypothesised that droplets can be primed for breakup.

This project aims to evaluate how well two computational fluid dynamics (CFD) methods
predict viscous drop deformation in the inlet chamber of a lab-scale HPH valve model. The first
method involves using mathematical models based on velocity gradient data from 1D discrete
phase method (DPM) CFD simulations. The second method includes a 2D Volume of Fluid
(VoF) CFD simulation where the spatial resolution of the droplets is considered. Both methods
were compared to experimental observations with respect to degree of deformation, location of
deformation and to the dimensionless Capillary number.

Drop release events were recorded with a high-speed camera on an experimental HPH valve
model with a gap height of 0.75 mm for three different volumetric flow rates. The recordings
show that the droplets start deforming at two gap lengths before the gap inlet and reach their
maximum deformation within one gap length after the gap inlet. Lower volumetric flow rates
give larger droplets and more deformation. A trend of increasing deformation with increasing
Capillary number is shown for all three data series. However, each data set is separated from
each other in the degree of formation at similar Capillary numbers. This suggests that the
Capillary number does not capture the drop deformation on its own in this HPH valve setup.

For the 1D DPM method, two out of the three mathematical models predict the deformation
well with regards to the degree of deformation. However, the position of the deformation
maxima differed slightly from the experimental maxima for both models. This can be explained
by the 1D method considering the droplets as point objects, in contrast to the 2D VoF method
which account for spatial resolution and predicts the location of the deformation maxima well.
However, the 2D VoF simulations require an effective interfacial tension 16 times higher than
the real interfacial tension to yield similar degrees of deformation as the empirical data. Similar
to the empirical data, the 2D VoF simulations show increasing degree of deformation with
increasing Capillary number. However, the 2D VoF method does not reproduce a clear separa-
tion in deformation magnitude between volumetric flow rates as experimentally observed.

These results show that both CFD methods predict drop deformation well. The 1D DPM method
is advantageous since it requires significantly less computational power.
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Sammanfattning

Hogtryckshomogenisatorer (HPH) anvédnds for en méingd olika livsmedelsprodukter for att
skapa emulsioner. Det ar intressant bade ur hallbarhets och ekonomiska perspektiv att gora
HPH mer energieffektiva pad grund av deras hoga energiforbrukning och laga effektivitet.
Tidigare forskning har visat att droppdeformation paverkas av hela HPH-ventilens geometri,
inklusive inloppskammaren, och det antas att droppar kan forberedas for att slas sonder.

Detta projekt d&mnar att utvirdera hur vél olika prediktionsmodeller baserade pa numerisk
stromningsmekanik (CFD) forutsdger viskds droppdeformation i inloppskammaren for en
experimentell modell av en HPH-ventil i laboratorieskala. Den forsta metoden gar ut pa att
kombinera matematiska deformationsmodeller med hastighetsgradientdata fran steady-state 1D
CFD-simuleringar med diskretfasmetod (DPM). Den andra metoden bygger pa transient 2D
Volume of Fluid (VoF) CFD-simulering dér dropparnas upplosning i tid och rymd beaktas.
Bédda metoderna jimfordes med empiriska observationer med avseende pé deformationsgrad,
deformationens placering i flodeskammaren och det dimensionsldsa kapillértalet.

Vattenfloden med fettdroppar undersoktes med en hoghastighetskamera, monterad pd en
experimentell HPH-ventilmodell med spalthdjden 0,75 mm, for tre olika volymetriska flodes-
hastigheter. Bildserierna visar att dropparna borjar deformeras vid tva spaltlingder fore spalt-
inloppet och nér sin maximala deformation inom en spaltlingd efter spaltinloppet. Lagre
volymetriska flodeshastigheter ger storre droppar med mer deformation. Alla volymetriska
flodeshastigheter visade en trend av 6kande deformation med dkande kapilldrtal. Daremot skil-
jer sig alla dataserier fran varandra i deformationsgrad vid liknande kapilldrtal. Detta tyder pa
att kapillartalet inte fangar hela droppdeformationsbeteendet pa egen hand i denna experimen-
tella uppséttning.

Tvé av de tre matematiska modellerna for droppdeformation med 1D DPM-metoden modellera
deformationen vil, med avseende pa deformationsgraden. Positionen for deformationsmaxima
skilde sig ddremot ldtt frdn det empiriska maximat for bada modellerna. Detta kan forklaras
genom att 1D-metoden betraktar dropparna som punktobjekt, 1 motsats till 2D VoF-metoden
som tar hinsyn till rymdupplosningen och forutsdger deformationsmaximans plats vél. 2D
VoF-simuleringarna kraver dock en effektiv ytspanning som ér 16 gdnger hogre dn den verkliga
ytspanningen for att ge liknande grader av deformation som den empiriska datan. I likhet med
den empiriska datan visar 2D VoF-simuleringarna 6kande grad av deformation med 6kande
kapillartal. 2D VoF-metoden reproducerar dock inte en tydlig skillnad i deformationsstorlek
mellan volymetriska flodeshastigheter som experimentellt observerats.

Resultaten visar att bdda CFD-metoderna forutséger droppdeformation vil. 1D DPM-metoden
ar fordelaktig eftersom den kraver betydligt mindre berékningskraft.
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Abbreviations and nomenclature

Abbreviations

Abbreviation Full Name

CFD Computational Fluid Dynamics.

DPM Discrete Phase Method.

HPH High-Pressure Homogeniser.

LOWESS Locally Weighted Scatterplot Smoothing.

MM Mafettone-Minale.
RANS Reynolds Averaged Navier Stokes.

RNG Renormalisation Group.

std Standard deviation.

VoF Volume of Fluid.

Greek Symbols

Letter Description Unit

a Flow type. none

Bn Eigenmode dampening rate. S

B.° Inviscid eigenmode dampening rate. S

Y Interfacial tension coefficient. N-m™!

Yerf Effective interfacial tension coefficient. N-m™?!

y Shear rate. S

Al Control space length. m

APa; piace  LaPlace pressure. Pa
At Time step length. s

€ Elongation rate. S

xi



=

Uc

Up

o)

Pc
Pp
Ocff
Odef

Ostab

Angle between major elliptical axis and fluid
flow direction.

Inlet chamber angle of slope.

Viscosity ratio up /.

Inverse viscosity ratio ¢/ uUp.

Dynamic viscosity of the continuous phase.
Dynamic viscosity of the dispersed phase.

Density fraction of continuous and dispersed
phases p¢/pp.

Density of the continuous phase.
Density of the dispersed phase.
Effective deformative stress.
Deformative stress.

Stabilizing stress.

Time scale.

Eigenmode angular frequency.

Inviscid frequency.

Xii

none

none

Pa-s

Pa-s

none

Pa

rad - s71

rad - s71



Latin Symbols

Letter Description Unit
A Oscillation amplitude. m
Acttipse Area of ellipse. m?
B Droplet minor axis length. m

Ca Capillary number. none

Ca Average capillary number of population. none

Cacrit Critical capillary number. none

Co Courant number. none
D, Initial droplet diameter. m
D, Average initial droplet diameter of population. m
E Deformation rate tensor. st

E Deformation rate tensor, dimensionless. none

fi. f> Viscosity dependent coefficients. none
G Velocity gradient. s71
h Height of flow cell gap inlet. m
11T Determinant of §. m*
I Second invariant of §. m®

I Second rank unit tensor. none

K Dimensionless constant in the Lamb equation. none
L Major elliptical axis. m
L, Gap length. m

(L/—B)max ?;;;;i?aiigﬂgational deformation maxima none

Q Volumetric flowrate. m3-s71
Re,, Oscillatory Reynolds number. none
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r, T

“©)

Principal radii of curvature.

Droplet shape tensor.

Droplet shape tensor, dimensionless.
Miller-Scriven time factor

Trouton number.

Taylor’s viscosity factor

Dimensionless Maffetone-Minale/Lamb time.

Average gap inlet fluid velocity.
Velocity gradient tensor.

Fluid flow speed.

Fluid flow speed, at flow cell inlet.
Fluid flow speed, at flow cell outlet.
Vorticity tensor.

Vorticity tensor, dimensionless.
Weber number.

Weber model empirical constant.
Weber model empirical constant, optimised.
Dimensionless dampening rate.

Flow cell geometry horizontal length.

Horizontal position of gap inlet, in the flow cell

geometry.

Xiv

none

None

none

none

none

none

none

none









1 Introduction

Liquid-liquid emulsions make up a wide variety of food products, for instance dairy emulsions,
sauces and salad dressings where High-Pressure Homogenisers (HPHs) are widely used (Ka-
dian et al., 2021; Roobab et al., 2023; Schultz et al., 2004). The homogenisation process is
energy demanding with a low energy efficiency, resulting in high operational costs (Hékansson,
2022). However, HPHs are still one of the most efficient technologies to create emulsions in
continuous industrial production (Stang et al., 2001). Decreasing the energy demand is therefore
interesting from both a sustainable and economical perspective.

A HPH valve inlet chamber and gap is illustrated in Figure 1 where fluid enters axially (here,
in the y-direction outside of the illustration) through a feed pipe by a high-pressure piston pump
and is forced radially towards a narrow gap between the forcer and the seat (Hakansson, 2015;
Innings, 2015). Before the gap, the seat is often inclined which creates the narrowing inlet
chamber. The fluid exits the gap to the outlet chamber which has a larger volume. Previous
research has shown that drop breakup occur in the outlet chamber and many agree that this is
because of interactions with turbulent jets (Innings & Triagérdh, 2005; Kelemen et al., 2015;
Mutsch et al., 2021). However, recent studies has revealed that droplets also can break within
the gap, although at a significantly lower rate (Hakansson, 2025).

Y
F 3
v

— out

Figure 1. illustration of the inlet chamber and gap of a lab-scale HPH valve with velocity in,
Vin and out, Voy:, gap inlet radius r; measured from the axial centre, gap length Lg, gap
height, h, and gap inlet angle, A,.



These findings suggest that the focus on HPH optimisation should be to control the turbulence
in the outlet chamber. This can be affected by the whole valve geometry, including the inlet
chamber where the droplets could be primed for breakup before the gap (Hakansson, 2022,
2025). Understanding drop deformation behaviour in the inlet chamber can be done experimen-
tally by changing the dimensions and inlet chamber angle A,. However, if drop deformation
can accurately be predicted by simulations, it would facilitate easier design optimisation with-
out the need of physical models.

One approach is to use simple 1D steady-state Discrete Phase Model (DPM) Computational
Fluid Dynamics (CFD). Combined with simple mathematical deformation models this can
predict drop deformation behaviour. In this application, 1D DPM CFD involves using a 2D
simulation where DPM data is extracted as 1D trajectories. An alternative approach is to simu-
late drop deformation directly with a multi-phase 2D Volume of Fluid (VoF) CFD simulation,
which accounts for the spatial resolution of the droplets in two dimensions.

1.1 Aim

The aim of this thesis is to understand how emulsion droplet properties and device characteris-
tics influence the deformation behaviour in a lab-scale HPH inlet valve and how it can be
modelled. This is done by observing previously recorded empirical data from a lab-scale HPH
inlet valve setup. Prediction methods include mathematical deformation models based 1D DPM
CFD data, and simple 2D VoF CFD simulations. By improving fundamental understanding of
droplet deformation in HPH valves this thesis aims to allow further HPH design optimisation.

1.2 Objectives

e Investigate how drop deformation behaviour depends on drop diameter and volumetric
flow rate based on previously recorded empirical data of a lab-scale HPH valve setup.

e Investigate how well simple mathematical models can predict drop deformation based
on data from 1D steady-state Discrete Phase Model (DPM) CFD simulations.

e Investigate if the observed drop deformation can be accurately reproduced with simple
2D Volume of Fluid (VoF) CFD simulations.



2 Theoretical background

This section first describes fundamental concepts for drop deformation theory and then an
explanation of the governing equations for the deformation models used in this thesis. For the
following equations, the subscript C, for example p., denotes the continuous phase (the bulk)
and the subscript D, for example pp, denotes the droplet.

2.1 Previous research on droplet deformation

Extensive research has been made on droplet behaviour in fluids. In the 1930s, Taylor extended
Einstein’s work on solid spheres suspended in fluids and wrote the small deformation theory of
droplets in steady-state (Taylor, 1932, 1934). Note that the small deformation theory was
derived from observations on stationary droplets in a four-roll mill setup (see Taylor (1934)),
whereas this research is focused on continuous flow. Taylor (1934) showed that for a spherical
droplet in equilibrium, the Laplace pressure equals the deformation stress from outer forces:

1 1
V- (_ + _) = pp — pc + constant, (1)
o

where y is the interfacial tension constant (N-m™), r; and 7, are the principal radii of the
curvature of a droplet (m), pp and p. are the inner droplet and outer fluid pressure, respectively
(N-m?) (Siqveland & Skjeveland, 2021; Taylor, 1934). This was elaborated to a relationship
between the length L and width B of an ellipse to the viscosity ratio A = up/uc of the droplet
viscosity, iy (Pa-s) and continuous phase viscosity, y. (Pa-s):

L—B puc-G-Dy 192+16 puc-G- Dy
L+B  y 161+ 16

T, (D). (2)

Here, Dy is the initial drop diameter (m), T), is Taylor’s viscosity factor which depends on 4,

and G describes the velocity gradient (s™') defined as the sum of the axial velocity gradient
(dv,/dx) and radial velocity gradient (dv),/dy) of the droplet (Kelemen et al., 2015):

vy

G= dx

(3)

dvy|
dy |’

The drop deformation has been shown to correlate to several dimensionless numbers where the
Weber number (IWe) has been one of the main ones studied to predict breakup probability and
can be defined differently depending on the type of flow (Hékansson, 2025; N1, 2024; Qi et al.,
2022). For this application with laminar flow in the inlet chamber, the We number is defined
as (Hakansson, 2022; Risso & Fabre, 1998):

-G+D
Wwe=Pc "% - 0 (4)



where p is the continuous phase density (kg-m™). The We number relates the inertial forces
on a drop to the surface tension forces. Over a certain value, droplets typically break and
different viscosities give different breakup morphologies (Hékansson et al., 2022). However,
in the inlet chamber of this application low inertial forces are assumed. Another dimensionless
number called the Capillary number (Ca) relates the viscous forces to the surface tension forces
(Hill, 1998; Ni, 2024; Omidvar & Khaleghi, 2012). Since the Ca number instead takes viscous
forces into account, it is more suitable for this study. The Ca number is defined as (Stone, 1994):

:HC'G'DO

C
a 2y

(5)

Similar to the We number, the Ca number also has a critical limit (Ca,,;;) over which drops
break (Bentley & Leal, 1986; Hill, 1998; Kelemen et al., 2015) and the dependence of the Ca
number and viscosity ratio shown in Figure 2 has been studied by Hill (1998). However,
breakup also requires a critical deformation time (Kelemen et al., 2015; Qi et al., 2022). If a
droplet passes through a zone too fast even though the zone provides high enough stress to
reach Ca.,;, the droplet does not necessarily break and instead returns to its spherical state. In
steady-state conditions, droplets would have enough time to reach break while it is not neces-
sarily the case in dynamic flow.
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Figure 2: Critical capillary numbers (Ca.,it) by viscosity ratio, A, at different flow types, a,
with data from Hill (1998).



The Ca,,; depends both on A and the flow type, a, which relates the elongation rate, & (s™!) and
shear rate, y (s), of a droplet:

£
=" (6)
1€l + 1yl
where —1 < a < 1. A flow type of @ = —1 means equal elongation in all directions, leading

to no deformation, @ = 0 means simple shear flow where the fluid flows as parallel planes and
may cause rotation and @ = 1 means pure shear flow, also called elongation flow, where the
flow causes deformation in one direction and elongation in the perpendicular direction and
causes no rotation (Bentley & Leal, 1986; Windhab et al., 2005). If the direction of the flow is
in the x-axis, it follows that ¢ = dv,/dx and y = dv, /dy. An illustration of the flow types is
shown in Figure 3. Previous research on a modified homogenisation orifice has shown that pure
shear flow dominates in most of the inlet chamber while simple shear flow dominates along the
inlet chamber walls and within the gap (Kelemen et al., 2015).

This research has provided a foundation for constructing empirical models to describe the
deformation behaviour of droplets explained in the following section.

Simple shear Pure shear
0=0 =]

)
&

Figure 3: illustration of simple shear and pure shear flow types. Simple shear has a linear
velocity gradient from parallel layers of fluid which can cause a rotation of the droplet with
the angle 8. Pure shear flow, also called elongational flow, has no rotation where the droplet
elongates in one direction, here the flow direction x, and compresses in the perpendicular
direction, y.




2.2 Deformation models

In this study, three drop deformation models are used to evaluate the drop deformation based
on velocity gradients. The dynamic Weber number (Weber) model, the Maffettone-Minale
(MM) model and the Lamb model are described below. For low deformation, the deformation
of stationary droplets in steady-state is typically calculated as (L — B)/(L + B), as proposed
by Taylor (1934), while L/B is typically used for large deformation (Stone, 1994). For this
study, L/B will be used.

2.2.1 The dynamic Weber number model

Innings et al. (2005) suggested a drop simulation method called the dynamic Weber number
model for elliptical droplets as an extension to Taylor’s small deformation theory. The exten-
sion introduces an empirical fitting parameter called the dynamic Weber number (We,;) which
considers other dynamic effects, for instance the circulation within the droplet which depends
mainly on the A. This has previously been neglected due to the high viscosity of the droplet
(Walstra & Smulders, 1998).

From the Taylor model, the effective stress (g,fy) is defined as the difference between the de-
formation stress (04, 5) and the deformation resistance (045 ), also called the Laplace pressure:
Ocff = Odef — Ostab- (7

The deformation stress on the drop is defined as:
Oger =TT pc -G, (8)

where Tr is the dimensionless Trouton number which relates elongation and shear viscosity
and is assumed to be 2 for two-dimensional (planar) elongational flow of Newtonian fluids
(Walstra & Smulders, 1998, p. 61f). The deformation resistance is defined as:

L—-B
Ostab = 2V " g 9
Eq. 8 and 9 are inserted into Eq. 7 and to consider the other dynamic effects, the We, is intro-
duced, which yields:

L—B
Oerf = 2Uc G — 2Wey VTR (10)

The elongation rate from the effective stress is:

du Ocff

i (11)

and is used to model the elongation rate numerically with:



b _du o —owe, Y LB (12)
dt  dx ¢a’ TR

We, was determined experimentally by Innings et al. (2005) by analysing the drop at equilib-
rium where dL/dt = 0, resulting in a similar expression as the We number in Eq. 4:

L-B-G-p
y-(L—-B)'

We,; depends on the A and is scaled in a similar way as Taylor’s scaling factor in Eq. 2 for
small deformations by rearranging Eq. 13 to:

Wed (13)

L-B G-B-p; 1

) 14
L y Wey s

and comparing Eq. 2 and Eq. 14, gives the scaling relationship to compare two viscosity ratios:

Wey(Ay) _Ty(%)
Weq(2;) T, (A1)

(15)

2.2.2 The Maffettone-Minale model

The MM model assumes that droplets are always ellipsoidal (Maffettone & Minale, 1998; Ta-
glienti et al., 2023). This assumption holds until it approaches the Ca..;; (Guido & Villone,
1998), and since low Ca numbers are expected for the inlet chamber, the droplets are assumed
to be ellipsoidal. The drop shape tensor S of rank two is used to describe the drop shape where
the eigenvalues give L? and B? from the dimensionless form §. The two forces acting on the
droplet in this model are the drag force by both the droplet and the continuous fluid, and the
interfacial surface tension, both are assumed to be additive. The evolution of the dimensionless
S = §/D, is described as (Maffettone & Minale, 1998):

—~

ds
dt

—Ca- (W-S-8-W)~f,-S—g()-D)+Caf, (E-S+3-E),  (16)

where I is the second rank unit tensor, with £ = t/t, and W and E are the dimensionless forms
of the vorticity tensor W and deformation rate tensor E, also the symmetric and asymmetric
parts of the velocity gradient tensor V, respectively:

W =05W+VT), (17)
E=05V-VT). (18)

where they are divided by y for simple shear flow and € for pure shear flow to make them
dimensionless. The time scale 7 (s) is:
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19
="y, (19)
Furthermore, to preserve the volume, g(f) is defined as:
. I5
9(8) =37 (20)
Il
where 1115 is the determinant of § and I[5 is the second invariant:
—~\ 2 —~
II3 = 0.5(tr(8)” — tr(8%)), (21)

with tr(?) denoting the trace of matrix §. The coefficients f; and f, depend on the viscosity
ratio A and Ca number as follows:

_ 40(1+1)

fi= (24 +3)(191 + 16)’ (22)
5 3Ca?

f2 (23)

= 21+3 2+6Cad)’

The model assumes steady-state in the deformation of the droplet which means that in each
time point, the droplet reaches its maximum deformation. Therefore, dS/dt = 0 in Eq. 16 and
is applied for the different flow regimes (for derivation of the following equations, see Appen-
dix A). For simple shear flow (@« = 0), L and B are calculated by:

f12 + Caz +f2 " Ca ’flz + Caz
LZ

- : (24)
(12 +ca?)” - (1% + Ca2 - ;7 - €a?)™”?
f12 + Caz _fz - Ca ’flz + Caz
B? = : (25)
(£%+ca?)” - (1% + Ca2 - £,7 - €a?)™”?
and for pure shear flow (a = 1):
o S198) (26)
fl - an " fz ’
g2 117906) 27)
f]_ + an " f2 ’

where:



1/3

. (fit+4ca®-f?
9@ = ( : I : (28)
1
Finally, the general case with varying « is calculated by:
Si1+S$ $11 4552\
A & A 2
12 = (%) + <%> —38,1-5,,+5,", (29)
$i1+$ $11+ 55\
B? = <—11 > 22) - <—11 > 22) — 811+ S+ ~§122- (30)

where S, denotes the matrix positions of §.

2.2.3 The Lamb model

The Lamb model is based on how the shape of the droplets oscillate when influenced by forces
and how it is damped by viscous effects (Lalanne et al., 2019). Viscous droplets oscillate in
different eigenmodes (n) with specific angular frequencies (w,,) and damping rate (f3,,) which
gives different droplet shapes where the second mode has been shown to be most prominent
and create an elliptical droplet shape (Lalanne et al., 2019; Rayleigh, 1879; Risso & Fabre,
1998). The model is defined as (Lalanne et al., 2019; Risso & Fabre, 1998):

d?A dA 5
W:K'F(t)—Zﬁz'E—a)z A, (31)
with oscillation mode 2 where A is the oscillation amplitude, K is a dimensionless constant
and F (t) is the turbulence forcing term:

We(t) -y
F(t) = ———. (32)
Do” * pc
With X = (f,/w,), together with We, Eq. 31 can be written in dimensionless form:
dZ&_K We(t) — 2X a_, 33
aiz " at " (33)
where £ = (t - w,). By solving A4 in Eq. 31, the length L at a given time ¢ is given by:
L =Dy + 2A(t). (34)



The damping rate f3,, and the frequency w,, can be calculated in different ways and four methods
are compared: the Lamb-, Miller-Scriven-, Lalanne- and Roa-method (Lalanne et al., 2019;
Lamb, 1993; Miller & Scriven, 1968; Roa et al., 2023). For the full equations, see Appendix B.

2.3 The Courant number

When the time dimension is introduced to CFD simulations, the temporal resolution of the sim-
ulation must be considered. The timesteps, At, of a time-resolved CFD simulation should be
small enough that the simulated fluxes do not traverse several control spaces in one step. The
Courant number, Co, is a dimensionless number that describes the relation between temporal
and spatial resolutions in a transient flow simulation. It is, generally, the quotient of the distance
traversed by the flow in one time step over the length of the control space. The Courant number
is defined as follows,

v-At

Co =
°F A

(35)

Where v is the fluid velocity and A4l the length of the control space and At is the time step
length. In a time-dependent transient fluid simulation it is desirable to use sufficiently small-
time steps so that the maximal Co of the system is smaller or equal to one (Talimi et al., 2012).
Eq. 35 is the defined equation for the Co number in one-dimension. There are other methods to
calculate the Co number in two-dimensional or three-dimensional control spaces of varying
geometries. In this study the Co number is computed by ANSYS Fluent 2025 R1 for two-
dimensional control spaces.
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3 Material and Methods

This section describes the investigation of drop deformation in three parts. The first part consists
of extraction and analysis of the drop deformation data from the experimental trials. This
includes a description of the geometry, fluid phase properties and image processing. The
empirical data is then used to evaluate the three deformation models; Weber, MM and Lamb,
based on the 1D DPM data. Lastly, a 2D VoF simulation is conducted.

Forcer
- 5.0 5.0

r
b &
A
"

Gap 0.75

— out

] Inlet  45°\
chamber

Figure 4. illustration of the inlet chamber and gap of a lab-scale HPH valve with velocity in,
Vin and out, Voy, gap inlet measured from the inlet boundary to 5.0 mm, gap length Ly = 5.0

mm, gap height, h = 0.75 mm, and gap inlet radius A, = 45°.

3.1 Experimental valve model

A cuboid and planar flow-cell, modelling the cross-sectional geometry of the forcer-seat inlet
chamber of a HPH valve, was constructed (Hakansson, 2025). In summary the flow cell char-
acteristics were as follows. The incline of the sloped wall approaching the gap was A, = 45°,
h = 0.75 mm as shown in Figure 4, and 7.5 mm as out-of-plane depth. A continuous phase of
water was passed through the flow-cell and a disperse phase of food grade oil (Miglyol® 812,
Caesar & Loretz, Hilden, Germany) with u, = 25 mPa-s and pp = 950 kg:m™ was injected
through a needle into the continuous fluid flow. The disperse phase was coloured with Nile red.
The continuous phase was water with y. = 1.003 mPa-s, yielding A = 25. The flow was
continuously monitored with a highspeed camera. The raw data used in this study was supplied
directly by Andreas Hakansson, who constructed and operated the original device. The raw data
consisted of image series of trials with varying flow rates (Q): 1.03, 1.31 and 1.56 L-min"'.
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Drop release events were automatically identified using a python-based image processing
algorithm. Image refinement and binarisation was carried out with the OpenCV 4.14.0 (cv2)
package while drop identification was based on the regionprops function from sci-kit image
0.26.0 (skimage). Drop events with a minimum of 20 consecutively identified droplet images
were collected from each data set. Subsequently, a Locally Weighted Scatterplot Smoothing
(LOWESS) filter was implemented in python with the nonparametric.smoothers lowess.lowess
function from the statsmodel python package. The LOWESS-filtering was conducted with 10%
data fraction on one iteration. To calculate the Ca number, the axial and radial velocity gradients
are defined as (Hakansson, 2024):

dv,

dvy
dx

dy

~
~

U
= (0.016 + 0.0114,) 7‘" (36)

where Uy is the average gap entrance velocity (m-s™). With A, = 45°, both (dv,/dx) and
(dvy,/dy) equals approximately 0.5- Uy /h so that Eq. 5 yields:

G=-2 (37)

3.2 DPM CFD modelling

For the deformation models, a steady-state Discrete Phase Model (DPM) was set up in ANSYS
Fluent 2025 R1 on the geometry described in section 3.1. The Reynolds Averaged Navier-
Stokes (RANS) method of turbulence modelling and the realisable k-¢ viscosity model were
used as per best practice recommendations of Olad et. al (2022a). Note that while Olad et. al
concluded that the Renormalisation Group RNG k-¢ viscosity model is more accurate than the
realisable k-¢ model, in general, the former underperforms under contracting flows (Altair,
2021). Thus, motivating the choice of the realisable k-¢ viscosity model.

Uniform velocity inlet boundary condition with 2% turbulence and 0.1 turbulent viscosity ratio
was used with v, = 0.398 m's™!, 0.506 m-s! and 0.603 m-s!, respectively, to achieve approx-
imately the same v at the gap inlet as the three experimental cases and yield Q = 1.03, 1.31 and
1.56 L-min"!. The outlet was modelled as a pressure outlet with zero-gauge pressure, and wall
treatment was set to enhanced with no-slip boundary condition. Second order accuracy was
applied to all simulations. The influence of gravity was not simulated.

A group injection was made in ANSYS with 3 inert particles with the same properties as the
disperse phase in the experiments with Dy = 0.10 mm injected 1 mm from the inlet evenly
spread between y-position 2 and 5 mm. Likewise, the continuous phase were given the same
properties as in the continuous phase in the experimental valve method. The velocity gradient
data for each particle track were exported from ANSYS Fluid. For the DPM simulations, D, =
0.10 mm was chosen to generate a trajectory similar to the experimental observed trajectories.
Furthermore, it was assumed that the particles were small enough to have the same velocity
profiles as the continuous fluid.

12



3.3 Governing equations for deformation modelling from 1D DPM data

For the deformation models, the same parameters were used as the experimental setup while
the material properties of 1 = 25, u. = 1.003 mPa's' and y = 13 mN-m! were supplied
directly Andreas Hakansson who conducted the original physical experiments. The velocity
gradient data for the mathematical models were obtained from the particle injection explained
in section 3.2 and used to calculate the Ca number for each model by Eq. 5.

For the Weber model, Eq. 12 was solved for L in python using the scipy method solve ivp with
the Backward Differential Formula (BDF) algorithm. This algorithm was used for all models
since the ODEs contain multiple state variables with varying time constants which may require
smaller time steps (Bui & Bui, 1979). With We; = 0.42 for A = 0.002 retrieved from Innings
et al. (2015), We, was calculated to 0.36 with A = 25 by the relationship in Eq. 15. From the
boundary condition of constant volume for the droplet, B was calculated by:

B= |2 (38)

The optimal dynamic Weber number, Weg o, was evaluated to give the same L/B as the
LOWESS-filtered empirical data by using the scipy.optimize.minimize function in python with
the Nelder-Mead method and a tolerance of 0.0001 and We,; = 0.36 as the guess.

For the MM model, the L and B were solved analytically by the means of Eq. 24 and 25 for
simple shear flow (@ = 0), Eq. 26 and 27 for pure shear flow (a = 1), and numerically by Eq.
29 and 30 for general flow with varying a with the scipy.optimize.root function with the “hybr”
method in python.

For the Lamb model, Eq. 33 was converted to a first order ODE by setting dd/dt = E:

A

a
T =K -We(t) -2X - E-a, (39)

where L was calculated from Eq. 34 and subsequently B from Eq. 38 where 8, and w, were
calculated by four different methods (see Appendix B) to yield X, and K was set to 1/25
as suggested by Hakansson (2022). The deformation ratio L/B for the different deformation
models were then compared.

3.4 Meshing and mesh independence

A flow geometry was constructed in ANSYS 2025 RI1 DesignModeler as illustrated in
Figure 4. A rough mesh was generated using ANSYS 2025 R1 Meshing, mainly quadrilateral
with an average lattice length of 0.2 mm and further mesh refinements were carried out in
ANSYS Fluent. The droplet deformation, L/B, derived by the Weber model was selected to
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study mesh dependence (see Appendix C). At a lattice length of 12.5 um with a near-wall lattice
length of 6.25 pm no significant change in deformation was achieved by finer meshes.

3.5 2D VoF deformation modelling

A transient two-phase system was modelled with the Multiphase (Volume of Fluid) method in
ANSYS Fluent, utilising the same flow geometry, turbulence model and viscosity model as
described in section 3.2. In addition to the aqueous phase, here implemented as the continuous
phase, an immiscible oil phase was also implemented with pp = 950 kg'm™ and pp = 25
mPa-s. The phase interface was set to sharp with anti-diffusion and the interfacial tension was
modelled as a continuous surface force with the interfacial tension coefficient y = 13 mN-m-
1. All simulations were carried out with double precision, enhanced wall treatment and no-slip
wall boundary conditions.

Uniform velocity inlet boundary condition was used to achieve the same volumetric flow rate
at as the experimental scenarios and the outlet was modelled as a pressure outlet. During the
simulation, snapshots were taken of the phase-contours with regular intervals. The images were
then processed with the same image processing algorithm as developed for the experimental
valve model.

A mesh dependence study was also carried out comparing the droplet deformation, L/B
between different mesh densities, further explained in Appendix C. However, complete mesh
independence was not achieved as L/B diverged significantly after the gap inlet between all
studied mesh densities. The finest mesh examined had an average lattice length of 6.25 um and
total cell count of ~300k. Finer meshes were considered but were deemed unfeasible due to
hardware limitations. Timestep lengths were chosen for each mesh density in order to limit the
Co number to below one.

The oil phase was initialized into the model as a homogenous circular region with a
diameter of 0.5 mm and centroid position x = 1.75 mm, y = 4.7 mm. This setup together with
an inlet velocity, v;;, = 0.506 m-s™! corresponding to Q = 1.36 L - min~1, was used to test the
viability of the method and to conduct the mesh dependence study. During the study, it also
became apparent that all mesh densities significantly overestimated the degree of deformation,
and thus conducting the simulations with y = 13 mN-m™' was deemed inviable. An effective
interfacial tension coefficient, y,rs, was introduced as a simple multiple of y. The y.rf was
then empirically determined to 16y for this setup. A possible explanation for this increase are
missing physics errors introduced when a three-dimensional droplet is simulated only in two-
dimensions, for a more in-depth discussion see Appendix C. The introduction of y,sf also de-
creased the mesh dependency of the simulation, although complete mesh independence was not
reached (see Appendix C). Lattice length 25 pm was chosen as the basis for further simulations.

VoF simulation using lattice length 25 pm and y,rs = 16y were conducted for the three flow

rates and nine initial diameters presented in Table 1, based on results from the experimental
valve method. Each flow rate was paired with three initial droplet diameters totalling nine sim-
ulations. The initial centroid position was set to x = 1.75 mm and y = 4.7 mm, as before.
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4 Results and discussion

This section presents and discusses the results regarding how the 1D DPM and VoF simulations
correlate to the empirical data. The areas discussed are, in order; visualisation of the
deformation within the experimental model, the 1D DPM simulations together with the Weber-
, MM- and Lamb model, and the VoF simulations. Finally, implications for industrial scale
HPH valves are discussed.

4.1 Experimental measurements of drop deformation

The initial droplet diameter, D, distributions for the different flow scenarios are presented in
Figure 5. The distributions show that D, decreases with increasing Q. This phenomenon is
expected since the oil droplet formation is dependent on the flow rate of the continuous phase
passing the injection needle. Higher flow rates will decrease the droplet formation time by
dislodging the nascent droplet from the injection needle faster.

0 1.03 [L/min] 0 1.31 [L/min] 0 1.56 [L/min]

40 40 40

w
=]

30 30

~
=]
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Number of Series in span

10 10 10

035 045 055 065 075 035 045 055 065 075 035 045 055 065 075
Do [mm] Do [mm] Do [mm]

Figure 5: Distributions of D for the three different flow rates left to right; Q = 1.56, 1.31
and 1.03 L-min”, respectively. The bars represent the number of observed drop events within
each span of Dy, only drop events with at least 20 consecutive images were considered.

The difference in D, is important since larger droplets are more prone to deformation. Slower
flowrates produce larger droplets as seen in Figure 5, which explains the different degrees of
deformation between flowrates as seen in Figure 6. The degree of deformation decreases with
increasing flowrates, due to decreasing droplet diameters. The scatterplot and corresponding
LOWESS filtered curve are presented in
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for all three flow rate series.

Gap entry
—— 1.56 [L/min]
20 1.31 [Umin]
= 1.03 [L/min]

L/BI[-]

12

-4 -2 0 2 4 6
(X - Xgap) / h [-]

Figure 6: Drop deformation L/B of the 10% LOWESS-filtered empirical data for

Q = 1.03 (green), 1.31 (orange) and 1.56 (blue) L-min”'. The x-axis represents the horizontal
distance of the fluid cell and is measured in gap heights, (X — Xg4qp)/h, with 0 being the posi-
tion of the gap inlet.

The elongational behaviour for the three different Q in Figure 6 are similar in shape, with axial
elongation starting approximately two gap lengths before the gap entry (x4, ) and reaching the
maximum L/B within one gap length after passing x,4,. The oil droplets proceed to contract
after xgq,, yet maintaining a slightly elevated degree of deformation upon exiting the chamber
at approximately 6.7 gap heights (5 mm) after the gap inlet. The second peak in deformation
could be explained by the laminar flow profile in the narrow gap causing greater shear-rates.
The L /B maxima of the LOWESS-filtered data are 1.66, 1.81 and 2.05 for Q = 1.56, 1.31 and
1.03 L-min!, respectively.

The different flow rates were subdivided into three subpopulations each depending on D,. The
average of these subgroups, Dy, will be used in further modelling. The initial diameter span,
Dy span» for three data series and their corresponding D, are shown in Table 1. Note that almost
all scenarios have a D, > h/2, with only 7 out of 907 drop release events having a Dy < h/2.
The relatively large size of the droplets compared to the gap height suggests that the droplets
may experience physical deformation by the walls, as suggested by Innings (2011).
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Table 1: Initial diameter span, Dy span, and average, Dy, for the three data series with differ-

ent flow rates Q, and their respective standard deviation, std, and number of drop series, n.
The droplet diameter as a fraction of the flow cell gap height h (0.75 mm) is also shown.

Q Do span Do 2-std Do/h n
[L-min™'] [mm] [mm] [mm] [“o] [-]
(0.50, 0.58) 0.57 0.0031 76% 56

1.03 (0.58, 0.62) 0.60 0.0031 80% 153
(0.62,0.72) 0.66 0.0056 88% 100

(0.38, 0.45) 0.44 0.0030 59% 49

1.31 (0.45,0.52) 0.48 0.0022 64% 281
(0.52, 0.75) 0.56 0.0200 75% 27

(0.35, 0.40) 0.39 0.0025 52% 25

1.56 (0.40, 0.45) 0.42 0.0020 56% 172
(0.45, 0.50) 0.47 0.0033 63% 44
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Figure 7: Maximum deformation (L/B)_ and average Capillary number Ca for the subse-
ries based on initial droplet diameter, described in Table 1. The vertical and horizontal bars
show the confidence interval, with 95% confidence, for (L/B)  _and Ca respectively. Three

different flow rates are depicted: Q = 1.56 (blue), 1.31 (orange) and 1.03 (green) L-min”.
The black dots represent the maxima of the 10% LOWESS curve for each subseries.
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4.2 Inlet chamber velocity gradients

The velocity gradient is the CFD-derived parameter that affects the deformation in the mathe-
matical models. Figure 8 shows the particle trajectories for the three flow scenarios. For the 1D
DPM simulations, D, was set to 0.10 mm for the particle trajectories to imitate the experimental
LOWESS-filtered trajectories in Figure D1. This Dy is different from the experimental Dy pqn

because the particles hit the wall in the simulations for D, = 0.35 mm (the lowest D) as shown
in Figure E1. The DPM method considers the particles as point objects and the trajectories show
the centroid positions of the droplets. The radius of the particles affects their trajectories and
since the centroid positions of a 0.35 mm droplet collides with the wall, it suggests infinite
deformation which is not probable. This shows a limitation of using 1D DPM simulations for
comparatively large droplets.

(x-x_)/h[-]
R e I T T
- =
— v, =0.398 ms!
(x-x,) /] (c-x,) /B[

B a4 2™ 2 4 9 4 ™0 2 g
s v, =0.506 m-s’! e v, =0.603 m-s’!
) 0.0 1.8 " 36 5.4 6.6

1% [m'S'i]

Figure 8: Particle trajectories for (4) vy, = 0.398 m-s™' (Q = 1.03 L-min™), (B) vi,, = 0.506
m-s" (Q = 1.31 L'min™!) and v, = 0.603 ms” (Q = 1.56 L-min”). The particles where set
with Do = 0.10 mm, pp = 950 kg'm>, 1 mm from the inlet and evenly spread between y=2
and y=35. The colour gradient represents the velocity magnitude for the continuous phase.
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The velocity gradient for the particle tracks are shown in Figure 9. The solid, dashed and dotted
lines represent the particle trajectories for particle ID 0, 1 and 2, respectively. It shows an
increase in maximum G with increasing Q, and that particle ID 2 experiences the highest G.
This means that the G is the highest at the seat edge compared to the forcer wall. It also shows
that the G is the highest right before the gap inlet.

163 Q=1.03L-min! 1e3 Q=1.31L-min! 1e3 Q=1.56L-min!
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Figure 9: Velocity gradients along the x-axis and y-axis (upper row) and the absolute sum of
these (G) (lower row) for particle ID 0, 1 and 2 for three different flow rates; Q = 1.03, 1.31
and 1.56 L-min”. The particles had Dy = 0.10 mm, pp = 950 kg'm™ and were set I mm from
the inlet and evenly spread between y = 2 and y = 5.

4.3 Drop deformation based on the 1D DPM velocity gradients

The drop deformations L /B from the mathematical models presented in Figure 10 are based on
the trajectories in Figure 8. The red solid, dash-dotted and dashed lines represent the MM-model
for pure shear flow, complex flow and simple shear flow, respectively. The solid green lines
and blue dash-dotted lines represent the Weber model and Lamb model, respectively. As
comparison, the dashed black lines represent the LOWESS-filtered empirical data. Note that
the Weber- and Lamb model are dynamic while the MM-model assumes steady-state, and the
CFD simulation assumes steady continuous phase flow, and the L/B is calculated based on the
velocity gradients in the centre of the droplets.
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Both the Weber model and the MM-model with pure shear flow behave in a similar way as the
empirical data for ID 1 and 2. Particle ID 0 shows the highest deformation and can be explained
by its trajectory being closest to the seat edge where G is the highest (Figure 9). The trajectory
for ID 2 shows a second peak close to three h after the gap. One reason could be that this particle
track is close to the upper wall where the velocity is lower compared to the middle (see Figure
E2), which causes an increase in G. Since the lowest Dy, is 0.35 mm, this trajectory would cause
the theoretical radius to overlap with the wall which is physically unrealistic.
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Figure 10: Drop deformation L /B for different particle IDs along the trajectories. The upper
row represents Dy = 0.60 mm and Q = 1.03 L-min’!, the middle row represents Dy = 0.48
mm and Q = 1.31 L-min”’, and the lower represents Dy = 0.42 mm and Q = 1.56 L-min™.
L/B was calculated for the Weber model (green), MM model (red) for pure shear, simple
shear and complex flow, and Lamb model (blue) and compared to the LOWESS-filtered
empirical data (black).
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The Lamb model, however, showed significantly lower deformation than the other two models
and did not correlate to the empirical data. Figure 11 shows how the different methods to
calculate 5, and w, affects the deformation prediction. It shows that the Lalanne- and Lamb-
method behave similarly and converge towards the same amount of deformation while the other
two deviate.

IDO D1 ID 2
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Figure 11: Drop deformation L/B for the Lamb model for the particle track ID 0, 1 and 2
with four different methods to calculate B, and w,: Lalanne method (red), Roa method
(orange), Miller-Scriven method (green) and Lamb method (blue). The L /B was calculated

with Dy = 0.48 mm in the equations with velocity gradients from the trajectories with
Vip = 0.506 m-s™ (Q = 1.31 Lmin™).

Particle ID 1 travelled the closest to the middle of the gap inlet and had the most similar particle
trajectory as the trajectory for the LOWESS-filtered empirical data (for trajectories, see
Appendix E and Figure 8). It was therefore chosen to compare deformation with different D,
and Ca numbers. Figure 12 shows the L/B for particle ID 1 for the mathematical models and
the LOWESS-filtered empirical data for the three flow scenarios. It shows a trend of higher
deformation with higher D,, as expected, and the Weber model shows the most similar
maximum L/B as the empirical data, especially for Q = 1.31 L-min™' (see Table 2). Further-
more, both the Weber- and MM-model follows the experimental deformation trend well up
until ~0.5 h. It is also seen that the MM-model has the most similar maximum L/B for
Q = 1.56 L'min’".

Regarding the MM-model, the flow type a ranges were (0.49, 0.77), (0.51, 0.78) and (0.47,
0.77), for Q = 1.03, 1.31 and 1.56 L-min’!, respectively. Although this suggests that the
complex flow MM-model is more appropriate, the pure shear flow assumption aligns with the
empirical data the most. This shows that the model lacks some physical phenomena. For easier
visualisation, only the pure shear MM-model is shown in Figure 12.
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Figure 12 shows a trend of higher deformation with higher D,, as expected, and the Weber
model shows the most similar maximum L/B as the empirical data, especially for Q = 1.31
L-min’! (see Table 2). Furthermore, both the Weber- and MM-model follows the experimental
deformation trend well up until ~0.5 h. It is also seen that the MM-model has the most similar
maximum L/B for Q = 1.56 L-min’..
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Figure 12: Drop deformation L /B for different Dy along the trajectories for particle track ID
1. The upper, middle and lower rows represent Q = 1.03, 1.31 and 1.56 L-min’!, respectively.
L/B was calculated for the Weber model (green), MM model (red) and Lamb model (blue)
and compared to the LOWESS-filtered empirical data (black).
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The MM-model does not have any empirical parameters so the maximum deformation cannot
be changed. However, the Weber model is based on the empirical constant We, that was
originally set to fit empirical data by Innings et al. (2005), and the We,; = 0.36 used here comes
from the relationship in Eq. 15. Table 2 shows the optimised dynamic Weber number, Weg oy,
for the model to reach the same L/B as the LOWESS-filtered empirical data for different D,
and Q. For comparison, the original difference between the maximum L/B between the LOW-
ESS-filtered empirical data and the Weber model A(L/B) (%) is shown both for We; = 0.36
and each We 4. It shows that there is no We, that fits all. However, the We 4, 1s similar
within each case of Q, except for Q = 1.56 L-min’!, indicating that it might be flow-dependent.

Table 2: Difference of L/B between the empirical LOWESS-filtered data and the Weber
model, A(L/B) with Weg = 0.36, and A(L/B) with the optimal dynamic Weber number,
Weg opt, that minimises A(L/B), for different Q and D.

Wey; =0.36 Wey; = We
[L'HQlin'l] [Irll)ron] A%L/ B) We[lfjopt dA(L/B)d'Opt
[%] [%]

0.57 16 0.27 0.0016

1.03 0.60 14 0.28 0.0015
0.66 17 0.28 -0.014

0.44 4.9 0.33 -0.0042

1.31 0.48 5.9 0.32 0.0092
0.56 12 0.30 -0.016

0.39 -12 0.46 -0.0031

1.56 0.42 4.4 0.39 0.0055
0.47 5.1 0.39 0.0037

Both Figure 10 and Figure 12 shows that the mathematical models have their maximum points
slightly before the gap inlet whereas the empirical data shows the maximum deformation right
after. One explanation is that the droplets are relatively large with the smallest Dy = 0.35 mm
being >0.5h. When the centroid position of the droplet is at the gap inlet (h = 0), half the droplet
is still subject to the high G before the gap (Figure 9), and the 1D DPM simulation does not
take this into account. The D, in industrial HPHs vary between applications, but usually
significantly smaller, with an average Dy = 3.4 um (Walstra, 1999, p. 108), which likely
decreases this discrepancy.
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Figure 13 shows how the Weber model (green), MM-model (red) and Lamb-model (blue)
behave at different Ca numbers under the assumption that the Ca number scales with h.
Furthermore, the LOWESS-filtered data and mean Ca number for each Dy g, 45, for the empirical
data are presented together with previous research from Innings (2005). It is seen from Figure
13 that the Lamb model and MM model for simple shear and complex flow type do not fit any
of the empirical data and are therefore considered irrelevant. The Weber- and MM-model,
however, show a similar trend as the data points from both this study and Innings (2005), and
the MM-model is in the similar area. Note that Innings used A = 70 with h = 0.0700, 0.145 and
0.220 mm with D, between 5 and 50 pm, compared to A = 25 and h = 0.75 mm and D, between
390 and 660 um for this study. Even though these parameters differ, the comparison is still
interesting since these data points have similar Ca numbers to the data of this study.
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Figure 13: Drop deformation L/B for the mathematical models, the LOWESS-filtered data
and empirical data from Innings (2005) for different Ca numbers. The LOWESS-filtered data
is shown with Q = 1.03 (V), 1.31 () and 1.56 (o) L-min”, together with the standard devia-
tion spread of L/B and Ca for the non-filtered empirical data shown as vertical and horizon-
tal lines, respectively. The Ca numbers for the mathematical models are based on the velocity
gradient from particle ID 1 with Dy = 0.48 mm for different Ca numbers.
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Considering only the data points from this study, presented as (V), (A) and (o) for Q = 1.03,
1.31 and 1.56 L-min’!, respectively, the series have approximately the same Ca numbers but
the trends are separated in the amplitude of L/B. This indicates that there is something other
than the Ca number that affects drop deformation. For an empirical model, more data points
with a wider span of Ca numbers are needed, which would require modifying the lab-model
HPH-valve to allow a wider range of bubble diameters at differing flowrates.

The assumption for the MM-model is that it reaches steady-state. An industrial HPH valve can
experience velocities of >100 m-s through the gap (Olad et al., 2022b) which most likely
would not allow the droplets to reach steady-state. Likewise, although the experimental setup
used in this study has significantly lower velocities of 4 m-s™ in the gap and >1 m-s™! in the
inlet chamber, this may not be a valid assumption. This would imply that the MM model over-
estimates deformation. However, this is only seen for particle ID 0 which experiences the
highest G (Figure 9) while the rest tend to underestimate the deformation.

4.4 VoF modelling

The 1D DPM simulations assume steady continuous phase flow and simulates how droplets
flow in their respective centre point. This simplification reduces the computational power but
does not take the physical volume into account. As seen in Figure E1, this causes some of the
point particles to hit the wall which is not probable.

In VoF simulations the droplets have spatial resolution, and the shape of the phase-boundary is
calculated iteratively at every time-step. Because of this, it could be argued that transient VoF
simulations are more accurate. However, the maximum L/B is significantly higher with the
original y = 13 mN-m™' compared to the LOWESS-filtered empirical data (Figure 14). It is
hypothesised that there is an effective interfacial tension coefficient (y.zy) that yields a defor-
mation in the VoF simulation that fits the empirical data. For a more in-depth discussion of y,¢¢
see Appendix C.

It is seen in Figure 15 that increasing the y with a factor of 16 to get y,rr = 208 mN-m! gives

an accurate prediction of L/B for Q = 1.03 and 1.31 L-min™' but not Q = 1.56 L-min™' which
instead overestimates the deformation. This indicates that y, ¢ could be flow-dependent, but

more evaluations with different Q are needed to draw any conclusions. Furthermore, the
positions of the maximum L /B are similar to the empirical data.

For this 2D VoF simulation, the software assumes a cylindrical shape of the droplet instead of
the real-life elliptical shape. This implies a halving of the Laplace pressure, as shown in
Appendix C, and could impact the simulation result. However, this does not explain why 16-y
fits the data well which means that there is some physical phenomenon that the VoF simulation
does account for. A 3D VoF simulation would mitigate the Laplace pressure discrepancy
although it would require significantly more computational power.
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Figure 14: Drop deformation L /B for the droplets in the VoF simulations in ANSYS Fluid
with Q = 1.31 L-min" and different y, rf- The x-axis represents the horizontal distance
travelled and is measured in gap heights, (x — Xgqp)/h, with 0 being the vertical location of
the gap inlet. Blue, orange, green, red, purple, brown and pink dashed lines represent
multiplicatives 1, 2, 8, 10, 12, 14 and 16 of the original y = 13 mN-m™!, respectively. Solid
black line depicts the LOWESS-filtered curve of the experimentally observed oil droplet
deformation for flow rate 1.31 L-min™. The upper figure includes all VoF y-series while the
lower figure excludes 1-y and 2 -y for a clearer comparison with the LOWESS curve.
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(lower row) L-min’. The VoF simulation data had py, = 950 kg-m™ andy = 208 mPa:s.

As seen in Figure 16, the data points for the VoF are within similar ranges as the empirical data.
Furthermore, the data points for Q = 1.31 and 1.56 L-min"! follow a similar trend line while the
data points for Q = 1.03 L-min™' are separated in the magnitude of L/B. One explanation is that
the VoF captures physical deformation for flows <1.31 L-min™! where the droplets are larger.
It is also note-worthy that the VoF-simulated deformation for Q = 1.56 L-min™! consequentially
overestimates deformation, likely due to a sub-optimal y,f fitting, with a y, s based on the
higher flow rate it is probable that the VoF-method could capture the Ca-indpendent defor-
mation also for the highest flow rate.
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Figure 16: Drop deformation L/B for the VoF simulation, the LOWESS-filtered data and
empirical data from Innings (2005) for different Ca numbers. The VoF (filled markers) and
10% LOWESS-filtered (non-filled markers) data are shown with Q = 1.03 (V), 1.31 (A) and
1.56 (0) L-min’’. The filled green line represents the Weber model.

4.5 Comparison of VoF and 1D DPM modelling

The positions of the maximum L/B for the VoF simulation fit well with the empirical data,
while the corresponding positions for the 1D DPM models are slightly before the gap (see
Figure 10, Figure 12 & Figure 15). This suggests that the 1D DPM data lacks physical effects
present in the 2D VoF simulation. One explanation is that it does not account for spatial reso-
lution.

The experimentally observed droplets are large compared to the gap inlet height 0.75 mm, with
a D, range of 0.39-0.66 mm. When the centroid position is at the gap inlet, there is still a part
of the droplet within the region with high G. This is captured by the 2D VoF simulation, but
not by the 1D DPM simulation. However, the VoF simulation also lacks physical effects since
the 16 times higher y, ¢ used to fit to the empirical data is not optimal for each case of Q.

Nonetheless, both methods predict the drop deformation well. The advantage with the 1D DPM
simulation is that it requires significantly less computational power.
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4.6 Implications for industrial-scale HPHs

This study considers a lab-scale HPH valve model and several parameters differ compared to
an industrial scale HPH valve. Even though previous research has discussed that it is impossible
to accurately scale all parameters (Innings et al., 2011), it is nonetheless interesting to evaluate
how much the deformation behaviour theoretically differs.

The geometries and parameters for industrial scale HPHs differ and depend on the application.
Typically, r; = 14 mm and the Q can range from 10 000 to 50 000 L-h™! and h can range from
0.13 to 0.37 mm (Hékansson, 2017; Innings & Tragérdh, 2007). With an average Dy = 3.4 um
(Walstra, 1999, p. 108), this gives a Ca number span of 0.030 < Ca < 0.25 compared to a span
0f 0.088 < Ca < 0.16 in this study (see Figure 13) so that extrapolation is needed for the in-
dustrial scale HPH.

For further analysis, a wider Ca number span would be required to extrapolate towards the
conditions of an industrial HPH-valve. Especially by decreasing droplet sizes which would also
avoid squeezing effects. In the experimental setup described in this thesis, higher flow rates
yield smaller D, and larger G. However, as seen in Eq. 5, the Ca number is proportional to the
product of G and D, which means that they counteract each other, making it difficult to achieve
wider Ca number span. Higher flow rates might also require other camera equipment with faster
frame rates to capture the droplets.

One suggestion is to use a smaller needle and try with different positions of the needle. Another
suggestion is to introduce a mixture of already dispersed droplets into the geometry. This could
be achieved by first breaking the droplets in an initial homogenisation valve and measure de-
formation in a second inlet chamber. This could, however, make the droplet identification more
complex since the droplets can break into several smaller fractions and clusters.

29



30



5 Conclusion

The aim of this thesis was to understand how emulsion droplet properties and device character-
istics influence the deformation behaviour in a lab-scale HPH inlet valve and how it can be
modelled. For this purpose, three objectives were formulated.

The first objective was to investigate drop deformation behaviour in a lab-scale HPH valve.
Each data series with their respective volumetric flow rate Q show an increasing deformation
trend with increasing Ca number. However, the magnitude of deformation differs between Q at
comparable Ca numbers. This difference appears to be systematic with lower deformation at
higher Q. This suggests that the Ca number does not capture the drop deformation on its own
in this HPH valve setup. A possible explanation is squeezing due to the large relative size of
droplets to gap height, with most droplets possessing a gap diameter greater than half the gap
height. The Ca number does not account for the relationship between diameter and gap height.

The second objective was to investigate how well 1D DPM CFD simulations together with
mathematical models can predict drop deformation. Out of the three deformation models, the
Weber model and MM-model give good predictions of the extent of deformation L /B compared
to the empirical data, both in magnitude and location in the x-axis.

The third objective was to investigate how well 2D VoF CFD simulations can predict drop
deformation. This method requires an y.sr 16 times higher than the real y to reflect the
behaviour in the experimental trials. This indicates that there is some physical effect that the
VoF does not account for. With the fitted y,rr, however, the VoF simulation predicts the de-
formation well although y,ff seems to be flow dependent.

It is seen that both the 1D DPM and VoF simulations can be used to predict drop deformation
well in this application. However, the 2D VoF method did not explicitly reproduce the observed
difference in deformation magnitudes between all flowrates, independent of Ca numbers.

5.1 Future work

To build upon the findings of this study, several suggestions for future research are proposed.
Firstly, it would be interesting to investigate how different inlet chamber geometries with
differing inlet chamber angles A, could affect the degree of deformation. Additionally, it is
probable that the droplets in this study are large enough to be affected by physical deformation.
Flow scenarios with smaller D, would decrease any squeezing effect and could give a wider Ca
number span.

Furthermore, it is seen that the VoF simulation requires a significantly higher y, s than the real
y for the degree of deformation to fit the empirical data. y. s did also not fit the L/B for all the
data sets and to validate if the y,ss is flow dependent, a more extensive set of flow rates are
needed. The value of y, ¢ is empirically derived and lacks theoretical explanation. Investigating
if there is a systematic relation of optimal y, ¢ for different flow rates would thus be interesting.
Conducting the VoF simulations in 3D may also indicate if the discrepancy is due to a missing
physics error, when simplifying droplet physics to two-dimensional spaces.
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7 Appendix A

7.1 Simple shear flow
For simple shear flow (a = 0), W and E were defined from Eq. 17 and 18, with V:

0y 0] _ 4[0 1 0] _ [0 1 0
V=000;W=——100;E=§100 (A1)
0 0 O 0 0 0 0 0 0

Inserting W and E in Eq. Al into Eq. 16 gives L and B as:

f12+Ca2+f2'Ca' f12+Ca2
12 = v (42)

(A2 +ca?) (12 + car - £, ca?)

f12+Ca2_f2'Ca' ’f12+ca2
B? = (43)

) (A* + Ca2)1/3(f12 +Ca?—f* - Ca2)2/3.

7.2 Pure shear flow
For pure shear flow (a = 1), V, W and E is defined as:

e 0 0] 1 0 0
V=|0 —¢ 0; W=0E=|0 -1 0}, (A4)
0 0 O 0 0 O
and L and B are given by:
po fir9) (45)
fl—ZCa'fz'
f1+26a'f2’
where:
1/3
. [fi’ +4Ca?- f,?
g<5)=<1 ) (47)
1



7.3 General form

The general V with varying « is defined here as (Maffettone & Minale, 1998):

1+a l1—-a 0
V=|-14a -1-a 0, (48)
0 0 0
which, from Eq. 17 and 18, yields:
1 0 l—a 0]  q[1+a 0 0
W=§—1+a 0 0;E=§ 0 —-1—-a 0], (49)
0 0 0 0 0 0
and, from Eq. 16, gives L and B as:
S +S S11+ 555\
2 <%> N <¥> 68,1862 (410)
Si1+S$ $11+ 555\
57— (¥> _ <¥) 68,46 411)
Here, S, denotes the matrix positions in S:
S11 Sz Sis
S = 521 522 523 ) (A12)
531 532 S33
. SpCa-(l-—-a)+fi-g9(S
Si1 = =z ( ) /i g( ) ) (A13)
fi-Ca fy 1+
A Sz Ca-(a—1)+f,-g(8
5, =z tele-Dih 9(5) , (A14)
fitCa-f,-(1+ )
. Ca-(1—a) (S-S
T ) (522 = $11) (415)
2f1
From the boundary condition of constant drop volume, /Il = 1, Eq. 20 and 21 results in:
A 3
g9(8) =- (A16)

S11 '522 - (5'12)2.



7.4 Numerical and empirical validation

For the Maffettone-Minale model, the analytical solution was validated numerically by solving
a system of equations. The simple shear flow was solved by inserting Eq. A1l into Eq. 16 which
resulted in the same equations for the general form (Eq. 29 and 30):

4 4 5 A (2
Si1+S§ Si1+S A oA A

L? = (—11 > 22) + \/(—11 > 22) — 511" 522 +5122; (A17)

Su+S $11 4552\
57— <%> _ <%> 68,182 (418)

where S, denotes the matrix positions in S

Si1 Siz Sis

S=151 S22 S| (419)

531 S32 533

¢ =§12'Ca'(f2+1)

11 1 +9(8), (A20)

y SpCa-(f—-1 -
Gp=zteem )y 9(3), (A21)

f1
A Sii-Ca-(f=1)  Sp-Ca-(f+1)
= . A22
= % 2k “z2)
From the boundary condition of constant drop volume, /Il = 1, Eq. 20 and 21 results in:
— 3

9(5) = 7 (423)

S11° S22 + 511 g(f) + 82, g(f) - (glz)z ’

S1, and g(?) were solved by rearranging Eq. A22 and A23 to equal zero and using the
scipy.optimize.root function with the “hybr” method. This let $;;, $;, S5, and g(:S'\) to be
known which solved, Eq. Al and A18. (A) and (D) in Figure Al shows similar results as
Maffettone & Minale (1998) with Dy = 0.10 mm.
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Figure Al: validation of the Maffettone-Minale model with Dy = 0.10 mm. (A) and (D) show
simple shear flow for the analytical solution (from Eq. 24 and 25) and numerical (Eq. Al and
AlS) for A = 0.08 and 3.6, respectively. (B) and (E) show the analytical (Eq. 26 and 27) and
numerical (Eq. A24 and A25) solution for the pure shear flow with the same A as (4) and (D).
(C) and (F) shows only the numerical solution for the complex flow (Eq. 29 and 30) with
a=1and 0.2withA = 0.12 and A = 2.8, respectively.

The solution for the pure shear flow is validated in a similar way by inserting Eq. A4 into Eq.
16 which directly gives the eigenvalues to be S;; and S,,:

fi 9(3)

[P =——— A24
fl1—-2Ca-f,’ (424)
B? — _fi-9(8) (A25)

f1 + 2Ca - fz '

With the same boundary condition of I/l = 1, Eq. 20 and 21 gives:
1/3

 [fi’+4Ca®-f,°

g(8) = ( : I ), (426)
1

with the solution for the deformation D shown in Figure A1 (B) and (D). For validation of the
general flow, Eq. 29 and 30 were solved and the D for different Ca are shown Figure Al (C)
and (F) for different A and a.



8 Appendix B

8.1.1.1 The Lamb method

The Lamb method defines 5, and w, as (Lamb, 1993):

_ 4(15up + 40puc)
2 — )
(3pp + 2p¢) - Doz
1920
0)2 == 3
(Bpp + 2p¢) - Dy

(B1)

(B2)

8.1.1.2 The Miller-Scriven method

For the Miller-Scriven method, £5,, and w,, are the real and imaginary part, respectively, of the
time factor T,, (Miller & Scriven, 1968):

Ty =By +i-w, (B3)

A positive and negative [3,, represent decay and amplification, respectively. Here it is as-
sumed to only be decay, thus a damping rate so that £, is negative. 5, and w,, are here
defined as:

Bn = B1(n) + B,(n), (B4)
_o_ (2n+ 1) w,°  pp ke pp * Pe BS
On T @2 Zﬁ'DO'(PC'”+PD'(n+1))'(\/HD'PD+\/#C'Pc)' (55)

2n+ 1% Jw,° pp *Uc * Pp * Pe
B,(n) = , B6
W 2vV2-Dy - (pc-n+pp-(m+ 1)) (Vo - po +Jtic* pc) (56)

. 2 _ .

B,(n) = 2n+1)-2(lc--1)-Z(n) B7)

ZDOZ'(Pc'n+PD'(n+1))'(\/HD'PD+\/Hc'Pc)’
Zm) =pp®-pp+2n-(m+2)-uc® pc+pp-pc-(pp-(n+2)—pc-(n—1)), (B8Y)

where w,° is the inviscid oscillation frequency:

(B9)

0.0 = ocon-(n+1)(n—1)(n+2)
? D03-(pc-n+pD-(n+1))'



8.1.1.3 The Lalanne method

The Lalanne method set Eq. B2 to be the inviscid frequency w,° and defines 3, and w, as

(Lalanne etal., 2019):

0.0
B z . (FL "\ Repsc — 2F,% + GL)'

Regpsc

wy = w,° - (1 e )
: : VReosc '
1920

0_
(3pp + 2pc) - 003 ’

w»

Re _Pp 'wZO'DOZ
osc =~
4up

)

5(6+50—p-fi+16p-[1%)
2 )
(4p—6)-(1+p-h)

- 25\p-
L — ]
2V2(p+3)-(1+/p-p)

where p = (p¢c/pp) and i = (uc/up).

GL:

(B10)

(B11)

(B12)

(B13)

(B14)

(B15)



8.1.1.4 The Roa method

(Roa et al., 2023) studied drop oscillation in a turbulent flow regime and define f,, and w,, as:

B 4u
B = wn® " (Ag — 245") + —— = - AZ-DZ.D , (C16)
2(n-p+n+1)-(1+./p-a) Yo "Pp
2n+1)%-\/p- 4
wn=wn°-<1—( 31 p“>, (€17)
R

AR=2/a)no-Z—z-DO-(n-ﬁ+(n+1))-(1+,/ﬁ-;2), (C18)

Br=Q+n)-CQn*-1D+m+2)-g—(n—-1D-p-g+2n-(n+2)-p-4%, (C19)

with the inviscid frequency and damping rate w,° and B,°, respectively:

b= [BEFD =D @+2)0 c20)
Dy* - (n-pc+(m+1)-pp)

Bl=Cn+1)-(n—1)- 4“D2. (c21)
Pp " Do






9 Appendix C

9.1.1 Mesh independence study: Steady state CFD

Mesh dependence of the droplet deformation L/B, calculated with the Weber model, was
examined for three particle trajectories over different mesh resolutions. The Weber model was

applied to particle trajectory ID 0, 1 and 2 (See Figure C1 for trajectories).

In total, six meshes were compared, numbered from zero to five. Each refinement applied to a
control area splits it into four new cells, thus halving the lattice length of the cell. The first
refinement was conducted by applying one near wall cell-register, corresponding to a 0.2 mm
distance from the walls followed by one refinement of the entire geometry. Subsequentially all
refined meshes possess two average cell sizes, with the cells within 0.2 mm from the walls
being of half the lattice length of the cells in the bulk.

Table C1: Mesh densities examined during steady state CFD mesh independence study. In-
cluding the mesh index, average lattice length in bulk, the total number of cells and the cells
traversed by each trajectory.

Refinement | Average lattice | Number of cells | Number of cells traversed by
index length in bulk in mesh, total. particle trajectory:
[km]
0 1 2
0 200 534 206 197 176
1 100 3448 258 252 246
2 50 11 055 246 367 357
3 25 36514 399 503 550
4 12.5 84 030 690 860 968
5 6.25 298 435 1 066 1307 1582




Figure CI: [llustration of the different cell registers applied during mesh refinement. The
registers are continuous but overlayed so that register I thus span the entire geometry, while
register 2 is slightly contracted from both the inlet and outlet. The cell registers are subse-
quently further incrementally contracted from the inlet and outlet. The white lines illustrate
the three particle trajectories.

The average lattice length, total number of cells of each mesh and the number of cells traversed
by each of the three simulated particle tracts are displayed in Table C1. Note that trajectories
one and two interact more with the extra dense near-wall refinement region, explaining the
larger number of cells traversed by these compared to trajectory zero. Figure C1 displays the
different cell registers applied for each successive refinement, excluding the near-wall register.

The relative difference between the calculated deformation, L/B, for each mesh refinement
compared to the most refined mesh was calculated as follows

i Nfinal

N,
Relative difference of N; = ( : ) - 100%, (CD

N final

where N; is the calculated deformation for one trajectory in one mesh resolution and N is
the corresponding deformation in the most resolved mesh simulation. These differences are
plotted in Figure C2 for all three trajectories. The droplet deformation quickly converged using
the Weber model, with even the maximal divergence from the most refined series being below
1% 1in all cases.
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Figure C2: The percentile relative difference between the drop deformation L/B, calculated
as the difference at the corresponding position in the most refined simulation divided by the

corresponding value at the most refined simulation. L and B were calculated using the
Weber model.

9.1.2 Mesh independence study: Transient CFD

During the mesh independence study for the transient two-phase simulations, the same mesh
geometry was used as in the steady state simulations. However, only the meshes corresponding
to refinements 2, 3, 4 and 5 in Table C1 were used. Timestep lengths were chosen for each
mesh density to limit the maximal Courant number, Co, to below one. The significance of Co
is explained in section 3.3. The maximal Co occur by the pivot point where the sloped wall
meets the gap entrance, the simulated oil droplets do not, however, pass through this area. The
Co of the cells interacted with by the droplet are therefore far lower than one.

The variable examined during the mesh dependence study was the droplet deformation, L/B.
The deformation was calculated by exporting contour plots of the phase system continuously
during simulation which were subsequently processed with the same algorithm used for the
experimental valve setup. The simulation however did not converge in the mesh densities
examined instead diverging, as seen Figure C3 below.
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Figure C3: Simulated droplet deformation of an oil drop, 0.5 mm in diameter, traversing the
flow geometry over different mesh densities. The average lattice lengths shown are
50(VY),25(A), 12.5 (e) and 6.25 (m) um. The x-axis describes the horizontal length trav-
ersed by the drop in gap lengths, where x = 0 is the horizontal position of the gap inlet.

9.1.3 Laplace pressure implications for interfacial tension modelling

The simulated oil droplets show greater and more persistent elongation compared to the exper-
imentally observed droplet behaviour. A possible factor to this discrepancy is the 2D-
modelling. The 2D system does not model a droplet but a cross-section of a cylinder of infinite
out-of-plane length, which has implications on the deformation behaviour. The Laplace pres-
sure APy gpiace (N'm™2), also present in Eq. 1, is dependent on the principal radii of curvature
which is also the pressure difference over the phase boundary. It can be calculated as follows,

1 1
APrapiace =V (_ + _> . (CZ)

non
The principal radii of curvature, r; and 7y, represent the largest and smallest degrees of
curvature at a point on the surface of an object, as curvature decreases the radius of curvature
increases. The difference in Laplace pressure for a perfect sphere and a cylinder of the same
diameter can thus be described. In a sphere the radii of curvature are equal yielding
2
.

APLaPlace, sphere = V" (C3)
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In a cylinder one axis is straight and not curved, the radius of curvature will thus approach
infinity yielding

1 1
APLaPlace, cylinder =7V (T'_ + O) =V T'_ (C4)
1 1

The Laplace pressure differs between a sphere and a cylinder, of equal radius, by factor two.

The difference, in Laplace pressure, between the 2D simulated droplet and the real 3D droplet
can only be described as the difference between a cylinder and a sphere when the droplet is not
deformed. As the droplet elongates points along the broadsides of the ellipse will lose their 2D
curvature as well thus approaching AP, p;ace = 0, whilst the 3D equivalent keeps the large
out-of-plane curvature around the minor elliptical axis. Therefore, the discrepancy between the
2D- and 3D Laplace pressures increases with elongation.

To account for the 2D-model assuming the cross-section of a cylinder another convergence
study was carried out with an effective interfacial tension coefficient yerr = 2 -y, 26 mN-m.
To better approximate sphericity in the Laplace pressure calculation to investigate if a simple
increase in y would yield better simulations.

The graphical determination of the deformation, L/B, was also considered a possible source of
error, as the actual phase boundary is sharp but is expressed as a gradient in the software. The
size of the boundary gradient depends on mesh resolution, decreasing with finer mesh sizes.
The uncertainty in graphically determining the boundary layer for the minor axis is
compounded by the great degree of elongation making the minor axis smaller and the boundary
region proportionally larger. The major axis is however less sensitive to this error since it is
proportionally much longer than the boundary gradient. In order to mitigate this uncertainty,
the deformation was calculated using the numerically calculated phase area, retrieved from the
simulation software, in combination with the graphically determined major axis. Eliminating
the need for graphically determining the minor axis:
L m-L?

Aellipse:n-'L'B{:}E:A .
ellipse

(€5)

A mesh independence study was carried out with an interfacial tension coefficient of
26 mN-m!, the deformation was calculated graphically and with the hybrid method using the
numerically determined oil phase area. The results are shown in Figure C4.

Mesh independence was not achieved and the finest mesh diverged, however, the divergence
mainly occurs after the gap position, the simulated deformation is less mesh-dependent before
the gap. The maximal deformation simulated (~5.0) is lower than the 13 mN- m™!, simulation
(~11) but still significantly larger than the empirical data (~2.5).
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Figure C4: Simulated droplet deformation of a 0.5 mm diameter droplet with an interfacial
tension coefficient of 26 mN-m™, traversing the flow geometry over different mesh densities.
The average bulk lattice length shown are 50 (red), 25 (green), 12.5 (orange) and 6.25 (blue)
(um). The deformation was calculated with graphically determined major and minor axes (®)
graphically determined major axis and numerically calculated phase area (A ). The x-axis
describes the horizontal length traversed by the drop in terms of gap lengths, where x = 0 is
the horizontal position of the gap inlet.

To investigate if the observed droplet behaviour could be more accurately modelled with an
empirically fitted greater y, s the same method was applied with y. ¢ = 8y. The results of
which are presented in Figure CS5.
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Figure C5: Simulated droplet deformation of a 0.5 mm diameter droplet with an interfacial
tension coefficient of 206 mN-m™, in different mesh densities. The average bulk lattice length
shown are 50 (red), 25 (green), 12.5 (orange) and 6.25 (blue) ym. The deformation was
calculated with graphically determined major and minor axes (®) graphically determined
major axis and numerically calculated phase area (A ). The x-axis describes the horizontal
length traversed by the drop in terms of gap lengths, where x = 0 is the horizontal position of
the gap inlet.
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Empirical fitting of y,rr was deemed promising and further studied. The mesh density with

lattice length 25 um, green in Figure C4 and Figure C5, was chosen since it is less computa-
tionally demanding and higher mesh densities failed to yield noticeable increases in mesh in-
dependence.
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10 Appendix D

The flow trajectory and deformation of the experimentally observed oil droplet series for flow
rates 1.03, 1.36 and 1.51 L-min™! are depicted in Figures D1 and D2, respectively.

£
EL1R
2
82
-
=
=
>
< e
2 £
'] J
& =
> m 2
kel -
3
s
[
@
o
e
£1
2
32
=

(x - Xgap) / h [-]

Figure D1: Oil droplet flow trajectory in lengths of gap heights (0.75 mm). The scatterplot
represents the droplet centroid position in different series over the flow geometry. The solid
black curve is the LOWESS (10%) filtered curve for the scatterplot.
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Figure D2: Oil droplet deformation, major elliptical axis divided by minor elliptical axis, by
horizontal position given in gap height (0.75 mm). The horizontal position represents the
droplet centroid position over the horizontal flow axis. The solid black curve represents the
LOWESS (10%) filtered curve of the scatterplot.

17



18



11 Appendix E
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Figure EI: Particle trajectories with Dy = 0.35 mm, v, = 0.603 ms™ (Q = 1.51 L-min™),
pp = 950 kg'm?, 1 mm from the inlet and evenly spread between y=2 and y=>5. The colour
gradient represents the velocity magnitude for the continuous phase.
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Figure E2: lllustration of the velocity magnitude contour plots for the continuous phase at
varying inlet velocities. (4) Vi, = 0.398 m-s™ (Q = 1.03 L-min™), (B) v;, = 0.506 m-s™" (Q =
1.31 L'min™!) and (C) vy, = 0.603 m-s™' (Q = 1.56 L-min™). The length scale is in gap heights,
(x — Xgap)/h, and the colour gradients represent the velocity magnitude v (m s71).
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12 Appendix F
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=== Experimental —— Weber

Figure F1: Drop deformation L/B for the Weber model with optimised We, (green line), and
LOWESS-filtered empirical data (black dashed line). The L /B for the Weber model was cal-
culated along the trajectories for particle ID 1 for Q = 1.03 (upper row), 1.31 (middle row)
and 1.56 (lower row) L-min’. The values for Wey was optimised for the model to have the
same maximum L /B as the empirical data.
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