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Influence of Shear Flow on the
Crystallization of Organic Melt Emulsions -
A Rheo-Nuclear Magnetic Resonance
Investigation

There is a need to better understand the influence of shear flow on the crystalliza-
tion of a molten oil phase in an oil/water emulsion due to its high relevance for
industrial processes. The present study focuses on the influence of laminar shear
flow on the crystallization kinetics of polydisperse n-hexadecane-in-water emul-
sions. The investigation was carried out by rheo-nuclear magnetic resonance
(NMR) spectroscopy in a Taylor-Couette geometry. An accelerating impact of the
shear rate on the overall crystallization kinetics was verified. This effect stems
from an increase of the collision frequency of already crystallized droplets with
not yet crystallized droplets. Nevertheless, the collision efficiency decreased with
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1 Introduction
1.1 Emulsion Crystallization

Melt emulsions are produced and often also stored under the
influence of a flow field during industrial processes, e.g., in the
chemical, pharmaceutical, and life science industry [1-3]. Such
a flow field and particularly its shear rates lead to interactions
and collisions of liquid droplets with already crystallized par-
ticles. In-depth understanding of interactions and of the impact
of collisions on crystallization provides opportunities for a bet-
ter control of industrial processes and the product quality pro-
duced. It is well-known that crystallization of such droplets is
highly statistical and exhibits peculiar behavior which ought to
be controlled better. The effect described by these interactions
can easily happen because not all the emulsions’ droplets crys-
tallize at the same time [4]. The crystallization process of drop-
lets differs from the crystallization of the bulk phase and high
subcoolings are needed to achieve high crystal fractions. It is of
great interest to investigate the possibility of collision-induced
nucleation to increase the fraction of crystallized droplets of
emulsions without extending the process time or decreasing
the temperature, due to the less energy amount needed.

The influencing parameters should be well defined and con-
sidered individually as the number of crystallized droplets after
the crystallization process depends on the nucleation rate and
colloidal processes [3, 5-8]. Furthermore, the number of solid
particles depends on parameters such as the cooling rate and
the subcooling 3, 9].

Chem. Eng. Technol. 2020, 43, No. 00, 1-8

DOI: 10.1002/ceat.202000193

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA.

Keywords: Couette flow, Crystallization, Organic melt emulsion, Rheo-nuclear magnetic

Received: April 20, 2020; accepted: May 05, 2020

1.2 Collision-Induced Nucleation

A distinction is made in the literature between primary and
secondary nucleation mechanisms. The former mechanism is
subdivided into homogeneous and heterogeneous nucleation.
Homogeneous nucleation takes place when crystal nuclei are
formed by virtue of supersaturation alone [10]. Heterogeneous
nucleation describes nucleation catalyzed by an active nuclea-
tion center. The latter has a different chemical structure than
the medium to be crystallized. Plenty of work exists dealing
with the influence of primary nucleation on the crystallization
of emulsions [3,9,11].

Secondary nucleation occurs when crystals are already pres-
ent in a subcooled melt and catalyze nucleation. This happens
due to effects such as attrition caused by mechanical stress, col-
lision, or impact. The chemical structure of the nucleating
agent is the same as that of the crystallizing material. Collision-
induced nucleation of emulsion droplets is understood as a sec-
ondary nucleation mechanism. It is thermodynamically more
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favorable that nuclei form by such secondary 3)

mechanisms than by primary mechanisms. A lower
barrier in free energy must be surmounted for the
formation of stable crystal nuclei for the homoge-

neous mechanism than for heterogeneous or sec- 0

ondary nucleation to take place. Therefore, hetero-

geneous or secondary nucleation, in comparison to

homogeneous nucleation, needs less subcooling.
Three different collision mechanisms are dis-

O 1
®
y b1,

cussed in the case of emulsions (Fig. 1) which could

lead to collisions and consequently to collision-in-

duced crystallization of droplets [12]:

a) perikinetic collisions: caused by a random
movement of droplets due to Brownian motion (especially
relevant for droplets smaller than 1 um),

b) orthokinetic collisions generated by an external velocity
gradient, and

c) differential collisions: due to different creaming velocities
of the colliding droplets (important for droplets bigger
than 10 pm).

1.3 Influence of Shear Rate

Several mathematical models for predicting the collision rate of
liquid droplets can be found in literature. Most of them consid-
er the influence of Brownian motion (Fig. 1a) [13-15]. Only a
few authors evaluate the impact of external forces on the crys-
tallization kinetics (Fig. 1b) [4,9,16].

McClements et al. [14] hypothesized that crystallization in
subcooled liquid droplets for a non-sheared n-hexadecane-in-
water emulsion is triggered by collisions involving solid par-
ticles. They performed experiments by means of nuclear mag-
netic resonance (NMR) spectroscopy to validate their hypothe-
sis. Subcooled liquid droplets did not crystallize at a subcooling
of 13K even after 175h. A mixture of 50 % liquid subcooled
drops and 50 % solid particles showed a higher solid content
after the same period. The droplet size distributions (Sauter
diameter x;," = 0.34 pm) were identical before and after the
measurements. No external forces were induced
during the experiments.

McClements, Dickinson, and Povey [17] found
that an n-hexadecane-in-water emulsion inoculated
with a solid n-hexadecane-crystal crystallized faster
than the same emulsion inoculated with an n-octa-
decane crystal. Dickinson et al. [15] demonstrated
by ultrasonic measurements that n-hexadecane-in-
water emulsions (x5, = 0.36 um) consisting of a 1:1
mixture of liquid droplets and solid particles were
completely crystallized after 500h at 4°C. Under
the same conditions, even 100 % subcooled liquid
droplets remained liquid after 500 h.

Especially for stirred emulsions, the flow type
and, consequently, the interaction between liquid
subcooled droplets and crystallized particles are of
great importance (Fig.1a). Although orthokinetic  occur.

1)  List of symbols at the end of the paper.
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Figure 1. Three different causes for collisions of droplets and/or particles: (a)
Brownian diffusion, (b) velocity gradient of the continuous phase, (c) difference
in creaming velocities. Redrawn after [12].

movement is ubiquitous in technical approaches, the literature
about this aspect is very limited [4,9, 16]. The existing works
show controversial results:

Povey et al. [9] detected an influence of stirring for
n-hexadecane-in-water emulsions (emulsifier: Tween®20,
X3, = 130-2440 nm). The solid content increased more quickly
in the stirred emulsion compared to the unstirred system. Flow
velocities were not determined. Abramov et al. [4] published
contradictory results about n-hexadecane-in-water dispersions.
No crystallization could be observed at an average shear rate of
Vmean = 1250s7" in a rotational rheometer, and the droplets
remained liquid in the subcooled state.

Vanapalli and Coupland [16] postulated that the heteroge-
neous nucleation rate of an n-hexadecane-in-water emulsion
(20 wt % n-hexadecane, 2wt % Tween®20, x5, = 0.3 pm) in the
presence of solid n-hexadecane particles is independent of the
shear rate at 6 °C. They utilized a self-constructed, concentric,
and cylindrical rheometer for their measurements.

In accordance with literature [4,9, 16], three outcomes are
possible from a collision of a liquid droplet with a solid particle,
ie., a crystallized droplet of the same chemical composition as
the liquid droplet (Fig. 2). Collisions leading to a nucleation of
liquid droplets are called reactive in the following.

Consequently, not all the collisions are reactive and do not
necessarily result in an increase of the solid fraction. Dickin-
son et al. reported as a result of their experiments that only

separation without nucleation

«— [~

O—b 4—. < 4—“—> separation with nucleation

O liquid droplet
@ solid particle

aggregation

Figure 2. Possible results from the collision of a crystallized particle with a
subcooled liquid droplet. Nucleation can take place or not during the contact of
the two reaction partners. Additionally, partial coalescence and aggregation can
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one out of 10" collisions led to a nucleation of the liquid
droplet [15].

There is great potential in more precise knowledge about the
influence of flow fields on the solid content of the dispersion
phase since the production and storage of industrial emulsions
is of tremendous significance. In this work, a Taylor-Couette
geometry was constructed and integrated into an NMR
spectrometer to determine the influence of the flow field on
the crystallization behavior and crystallization kinetics of an
n-hexadecane-in-water emulsion in-line and in a non-invasive
way. The aim of this work was to verify that (i) collision-
induced crystallization occurs during crystallization of organic
emulsions exposed to different shear rates, and that (i) an
increased shear rate leads to a rise in the collision rate, resulting
in a larger number of reactive collisions within the emulsion.

Within this work, the influence of shear flow on the crystalli-
zation of molten n-hexadecane droplets in oil-in-water emul-
sions was investigated. Therefore, a Rheo-NMR setup had to be
constructed and evaluated. The following parts will deal, firstly,
with the necessary theory, followed by the construction and
validation of the measurement setup. Finally, the experimental
results and a corresponding discussion are presented.

2 Theory
2.1 Calculation of the Collision Frequency

The volume-specific collision rate of droplets and particles with
the diameters x; and xs is described by the collision rate A

heon (x5, x1.) = nsniBgy 1)

Where np and ng are the number densities of liquid droplet
and crystalline particle classes with sizes x; and xs; 51 corre-
sponds to the collision kernel, which can be determined for
laminar flow, turbulent flow, and the transition region. Only
the influence of laminar flow on the collision frequency is of
interest for this work, since laminar flow is the only flow
regime. According to Smoluchowski [18], the collision kernel
for laminar flow may be calculated as a function of the shear
rate:

_4 Xs Xy, 3
ﬁSL,lam—3V<2 + 2) (2)

Droplets and particles can also move by Brownian motion,
also called Brownian diffusion. Brownian diffusion for droplets
and particles with a diameter larger than 1 pm can be neglected
compared to collisions due to the velocity gradient of the con-
tinuous phase. This is the case in the present work since the
emulsions used have an average droplet diameter of X503 =
2.8-4.0 um. Moreover, Brownian diffusion does not have to be
considered for Péclet numbers greater than 1 [19]. The Péclet
number is defined as:

x 3
)

P =Mt
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It describes the ratio of the forces acting on the particles as a
result of the displacement caused by external fluid movement
and diffusion. The Péclet number for the measurement setup
and parameters used was calculated at above 40.

2.2 Further Descriptions of the Crystallization
Process

The fraction of crystallized droplets & at time # can be expressed
by a second order kinetics (e.g. [15]):

d(1-§)

dt = _kcoll‘;:(1 - gO) (4)

Where k. represents a second-order kinetic constant. As
soon as crystallization occurred due to a reactive collision, it
was assumed that, in addition to the inoculated particles, the
newly formed particles can cause nucleation with the same
reactivity.

The fraction of crystallized droplets &(f) is defined as the
ratio of the number of crystallized droplets at time ¢ to the
number of liquid droplets at time f:

&(t) = ()

Dickinson et al. [15] used Eq. (4) to describe the crystalliza-
tion in an emulsion which consisted initially of 50 % solid
particles and 50 % liquid droplets. They postulated that nuclea-
tion is triggered by processes associated with the free emulsifier
concentration in the continuous phase since no flow field was
applied to the emulsion. They determined values k., between
1.7x107° and 9.2 x107°s™ for different free emulsifier concen-
trations of Tween®20 (6-63molm™). A second-order ap-
proach was also employed by McClements et al. [14, 17].

Using a population balance for the dispersion, the change of
the number density of solid particles can be calculated by:

Ins

ot = Joec = lsechcoll = lsecﬂSLnLnS

0
= iseCﬂSLntzotal‘S(l - 5) = ntotal£ (6)

Where Ji.. describes the nucleation rate of liquid droplets.
As not all collisions lead to nucleation, a nucleation efficiency
Asec 1s introduced. If all collisions would lead to crystallization,
the nucleation efficiency is 1. # represents the number
density of all liquid and solid droplets/particles and as the
disperse phase is constant during the experiments, 7, is the
same as 1y (f).

Comparing Eq. (4) and Eq. (6) leads to:

kcoll = isecﬂSLntotal (7)
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3  Materials and Methods
3.1 Materials

The emulsions consisted of 78 wt % ultrapure water (resistance:
182MQcm, Sigma-Aldrich), 20wt % n-hexadecane (purity
>99.0%, Carl Roth, bulk crystallization temperature
Ts = 296.15K) and 2wt% polysorbate 20 (trading name:
Tween®20, Carl Roth). N-Hexadecane was dispersed in water
using a gear rim dispersing machine (IKA® T25 digital, 5 min,
20000 rpm). An emulsion with reproducible droplet size distri-
bution (DSD) between 1 and 10 pm was produced (Fig. 4, black
curve). Thus, the oil-in-water emulsion has a continuous phase
with ultrapure water and n-hexadecane as the disperse phase,
which was stabilized by Tween®20 as emulsifier.

3.2 Methods

All spectroscopic and diffusion NMR measurements were per-
formed on a 400-MHz NMR spectrometer (Avl; Bruker Bio-
Spin GmbH; probe: Diff30, 10 mm max. sample diameter).
NMR was chosen as measurement method due to the ability to
acquire experimental data online during crystallization and due
to its non-invasiveness. Furthermore, NMR offers the opportu-
nity to determine the emulsifiers’ behavior and the droplet size
distribution by means of diffusion measurements during crys-
tallization as well.

"H NMR spectra were recorded every minute. The fraction
of crystallized particles was quantified by integration of the
n-hexadecane peaks (CH;3 and CH,). The Rheo-NMR measure-
ment setup [20], temperature profile, and determination of sol-
id fraction according to the NMR spectra can be found in the
Supporting Information.

4  Results and Discussion

Mean shear rates of 0, 148, 222, and 296! were realized to
quantify the influence of shear rates on crystallization. The
amount of solid n-hexadecane which was produced during the
time of rotation increases with rising shear rates (Fig. 3).

A slight increase of the fraction of crystallized n-hexadecane
droplets was detectable at 0s™ and 6 K subcooling during the
measurement (Fig.3, grey symbols). It is assumed that this
observation results from droplets moving past each other due
to creaming.

According to Stokes’ law [21], n-hexadecane droplets with a
diameter of 2.8 um move with a velocity of 8.8x10°ms™
through the continuous water phase. The droplets were able to
move a maximum of 2.8 mm within the total experimental time
of 2700s = 0.75h (Fig.3). The measurement height, i.e., the
sensitive region of the NMR probe, is about 2 cm. Thus, any
phase separation due to creaming can be neglected on that time
scale. Moreover, the integral of the water peak in the NMR
spectra during the experiments’ duration did not show any rel-
evant creaming effects of the emulsion. If creaming occurred,
the integral of the water peak would increase additionally to a
decrease of the n-hexadecane integral, indicating that the drop-

Chem. Eng. Technol. 2020, 43, No. 00, 1-8

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA.

4
0.60 ; ;
: - Kl

0554 Ymean = Os

’ " Ymean = 148's .
0504 4 Ymean=2225"

: - R

oas] 7 Tmem=296s -

45 4 vvvaI;AA

T 040 v Laaad
x VV'vIAAA‘A
£0.35 YV aka
wy 0. vVVAIAAAA
A Ly
0.30 1At L L
11 LJ
txx T "

0.25 AAA‘K‘X L

. AATY Ean

‘AAva .......III

02047 guenn=™®

. Tauen
0.15 | l l ‘ ‘ ‘

0 400 800 1200 1600 2000 2400 2800

t [s]

Figure 3. Solid fraction of n-hexadecane as a function of time
for different shear rates at AT=6K.

lets would have left the measurement range due to creaming.
Only the n-hexadecane area integral decreased in the experi-
ments, but no changes of the water integral were noticeable.
Thus, only crystallization of n-hexadecane happened and no
creaming of the emulsion was observed on the mentioned time
scale.

According to Walstra [22], the droplets are too inert to
deform or even break up in a simple laminar shear flow for vis-
cosity ratios of the dispersed to the continuous phase (7p7. ")
larger than 4. Thus, the Weber number does not exceed the
critical Weber number.

One could argue that the observations in Fig.3 are due to
changes in droplet size distribution which might change during
rotation owing to shear forces. Therefore, diffusion NMR mea-
surements were performed to justify the negligibility of a possi-
ble influence of shear stress and storage on the DSD (Fig. 4).
The differences found in the DSD are within measurement tol-
erances.

To model the data in Fig. 3, a second-order kinetics was used
to calculate the collision-induced secondary nucleation
(Eq. (4)). The model considers the interaction of a reactive pair
consisting of a liquid droplet and a solid particle.

The fraction of crystallized n-hexadecane droplets increases
with shear rate in the time interval shown (Fig.3) as does the
kinetic constant k... Tab. 1 summarizes the values determined
for the initial solid content of n-hexadecane &g, the kinetic
constants k.o according to the fit of Eq. (4) to the data, and the
solid content of n-hexadecane &, measured, determined by
evaluating the NMR spectra.

An agreement between the calculated and fitted values was
found for the solids fraction at the time ¢t = 0 h when the rota-
tion was started. This indicates that the selected model repro-
duces the crystallization kinetics in the shear field well without
primary nucleation influences such as temperature.

The kinetic constant k. increases linearly with the mean
shear rate for the values measured with a slope of 1.3x10°°
(Fig.5).

www.cet-journal.com
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Figure 4. gs-droplet size distributions of an n-hexadecane-in-
water emulsion measured by means of pulsed field gradient
NMR diffusion measurements (A = 0.1s, 0 = 2x107s). Different
droplet size distributions are visible for a fresh, a stored, and a
sheared emulsion. The difference between the fresh and the
sheared emulsion is within the tolerances expected. Fresh emul-
sion: Xso3 = 4.0um, sheared emulsion: xso3 = 3.3um, stored
emulsion: X503 = 3.8 um.

Table 1. Kinetic constant (ko) calculated fraction of crystal-
lized n-hexadecane droplets at the beginning of shear (&q g,
and the solid fractions of n-hexadecane determined from the
NMR spectra (&o) for the different shear rates.

Shear rates e [s7']

0 148 222 296
keon [s71] 52x107° 2.7x107* 3.6x107* 43x107™*
Eosit [] 0.17 0.19 0.23 0.23
& [-] 0.17 0.18 0.22 0.20
4.5x10* -
“m
4.0x10*
3.5x10% 7
3.0x10*
— u -
", 2.5x10* .
3 4
xS 2.0x10
1.5x10*
1.0x10™
5.0x10°8
0.0
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Figure 5. Relation between kinetic constant k., and shear rate
Vmean- A linear relation between k.o and .5, Was observed.
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Dickinson et al. [15] used a second-order kinetic to describe
the crystallization process of an emulsion which consisted ini-
tially of 50 % solid particles and 50 % liquid droplets. They
postulated that nucleation arises due to processes associated
with the free emulsifier concentration in the continuous phase
since no external shear forces acted on the emulsion. They de-
termined values for k., between 1.7x10°s™" and 9.2x107°s™
for different free emulsifier concentrations of Tween®20
(6-63molm™). A second-order approach was also applied by
McClements et al. [14,17]. With no external shear stress and
an initial solid content of 17%, ke = 5.2x107s™ in the
experiments.

A statement can be found in the literature that one of 107
collisions in an n-hexadecane-in-water dispersion leads to crys-
tallization [15]. Based on the number density of n-hexadecane
droplets in the NMR sensitive emulsions” volume (total num-
ber of droplets Nyo = 2.9 % 10°) and the average shear rate, the
nucleation efficiency .. was calculated by Eq. (7). An average
droplet and particle size of 2.8 pum was assumed for the calcula-
tion.

3.6x10°°

/A

3.5x10°° <

3.4x10°°

3.3x10°® <

3.2x10°®

ksec [']

3.1x10°®
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~
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Figure 6. Nucleation efficiency Asec as a function of the mean
shear rate, calculated according to Eq.(7) with an average drop-
let/particle size of 2.8 um. The line describes a linear fit with
Asec = 43%107°S Y11 0an—4.9% 107>

About one out of 3x10° collisions was reactive during the
experiments. The nucleation efficiency of the collisions
decreased slightly from 3.6x10™ at ... = 1485 to 2.9x107
at ¥,nean = 296 57", Therefore, it can be stated that the increase
of the shear rate and, thus, a higher flow velocity but a shorter
contact time resulted in a reduction of the nucleation efficiency.
This leads to the assumption that the flow field and shear rate
applied cannot improve the efficiency, but the contact time is
probably the parameter of interest. Using Levich’s approach
[23] for stirred dispersions, the contact time is proportional to
the square root of the energy dissipation. As the square root of
the energy dissipation is proportional to the shear rate, the con-
tact time decreases as the shear rate increases. Nevertheless, a
higher shear rate resulted in a sharper increment of the solid
content.
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Dickinson et al. [15] used an n-hexadecane-in-water emul-
sion with a different DSD for their measurements (in this work:
X503 = 2.8-4.0 pm, in their work: 0.32-0.37 pm). The discrep-
ancy between the literature value and the number of reactive
collisions calculated in this study can be explained by the dif-
ference in DSD of the two emulsions and the shear rates
applied in this work. Furthermore, the concentrations of the
emulsifier Tween®20 differ, as do the disperse phase fraction of
n-hexadecane and the process temperature. These differences
have an influence on the reactivity of the collisions since crys-
tallization by collision of droplets and particles depends on the
following factors: process temperature (and, thus, the subcool-
ing of the substance to be crystallized), DSD, type and concen-
tration of the disperse phase, continuous phase, and emulsifier
[17,24].

5 Conclusion

The influence of laminar shear flow on the crystallization of an
n-hexadecane-in-water emulsion was investigated. A Rheo-
NMR apparatus was realized and a method for the measure-
ment of the impact of applied flow rates was developed. In the
first step, a Taylor-Couette geometry, which allowed the liquid
fraction of n-hexadecane to be measured using a 400-MHz
NMR spectrometer, was built and put into operation [20].
Pulsed-field gradient NMR also enabled the in-line and non-
destructive determination of the droplet size distribution of the
emulsion.

The crystallization kinetics of the n-hexadecane-in-water
emulsion was analyzed for shear rates up to 7,.,, = 296s™". A
second-order kinetics was employed for the modeling of the
solid content of n-hexadecane, and the corresponding kinetic
constants were determined. An increase in shear rate and, thus,
in flow velocity resulted in a faster crystallization, which was
reflected in a higher kinetic constant and a higher number of
reactive collisions per second.

The study indicated that one of about 3x10° collisions of a
crystalline particle with a liquid droplet led to crystallization of
the droplet. The collision efficiency was the highest (3.6 x107)
for a shear rate of J,,,.,, = 148 s™". The solid fraction of n-hexa-
decane at the beginning of the rotation corresponded to the ini-
tial solid fractions, which were determined by means of inte-
gration of the NMR spectra, with a maximum deviation of
10 %, showing a good agreement of the second-order kinetics
chosen with the experimental data.

Following the coalescence theory [25], three external factors
can influence the collision efficiency: the collision frequency,
the contact force, and the contact time. As the collision fre-
quency increases and the contact time decreases with the shear
rate, these are opposing effects. In further work, the relation
between these influencing factors on the crystallization kinetics
will be evaluated.
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Symbols used

heon [m>s™] volume-specific collision rate

Jsec [m>s™] nucleation rate

Kp [m’kgs?K™']  Boltzmann’s constant

keon [s7'] second order kinetic constant

n, [m™] number density of liquid droplets

ng [m™] number density of solid particles

Miotal [m™] total number density of solid
particles and liquid droplets

Niotal [-] total amount of droplets

t [s] time

to [s] time when rotation started

T [K] temperature

Ts [K] bulk crystallization temperature

x [pum] droplet/particle diameter

X35 [pm] Sauter diameter

X503 [pm] volumetric mean droplet diameter

X, [pm] diameter of liquid droplets

Xg [pm] diameter of solid particles

Greek letters

BsL [m®s™] collision kernel of solid particle and

liquid droplet
collision kernel of solid particle and
liquid droplet for laminar flow

3.-1
ﬂSL,lam [m S ]

AT K] subcooling

A [s] diffusion time

0 [s] duration of the magnetic field
gradient pulse

n [kgm™'s™'] dynamic viscosity

nc [kgm™'s™] dynamic viscosity of continuous
phase

D [kgm™'s™'] dynamic viscosity of dispersed
phase

y [s7'] shear rate

¥ mean [s7'] mean shear rate

Asec [- nucleation efficiency

3 [- fraction of solid particles

& [-] fraction of solid particles when
rotation started

Eofie [-] fraction of solid particles when

rotation started according to the fit
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