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1.1. Flow of simple and complex fluids

Flow of fluids through confinements of various sizes is all around us, and lies at the
basis of many fundamental research experiments and industrial processes. For
instance, in soft matter studies, flow occurs in microfluidic devices during production
of foams and emulsions with bubbles and droplets of well-defined polydispersity® or
during studies of inter-particle interactions in particulate fluids.? In typical bulk
rheology measurements, fluids flow in geometries with gap sizes within a sub-mm
range3 whereas, when mimicking industrial processes, such as plant-based meat
analogue production, geometries with larger flow gap sizes are used.? In industrial
processing and customer use of foods, cosmetics or paints, fluids such as emulsions,
gels, and fat dispersions are pumped through pipes during manufacturing or are
spread into um-scale layers. As another important example, in the oil industry, crude
oils flow through rock pores of varying sizes and, thereafter, are transported via
pipelines under varying conditions of temperature and pressure.>

To correctly interpret and understand the results of bulk rheology, and to ensure
good control over the industrial processes and rational design of commercial
products, the flow behavior of the involved fluids and the related governing
mechanisms must be well understood. This task is relatively easy for simple,
Newtonian fluids such as dilute solutions. However, for non-Newtonian fluids, often
possessing a complex microstructure, flow prediction becomes non-trivial. On the
one hand, droplets in emulsions, bubbles in foams or 3D colloidal networks in gels
and fat dispersions, give the fluids the desirable physical properties and functionality,
such as texture for foods, or good spreadability for paints and cosmetics. On the
other hand, the fluids’ microstructure can cause temporal and spatial flow
instabilities. For instance, emulsions, foams, gels, and fat dispersions are prone to,
e.g., shear banding®8, whereby the fluid flows with distinct apparent viscosities
under a given shear rate, and may even exhibit stagnant regions. Additionally,
complex fluids often exhibit fluctuating velocities within a thin region adjacent to the
confining walls, with magnitudes different from the velocity of the wall itself, a
phenomenon known as wall slip.>'® Notably, the link between flow and
microstructure is a two-way street for some fluids: flow itself can lead to
microstructural changes such as droplet coalescence, recrystallization or network
destruction.!!

Prediction and understanding of flow in sub-mm confinements, commonly present
in rheological measurements, in food or organ 3D printing, or in spreading of paints
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into thin coatings, poses additional challenges. In these processes, the size of the
flow confinement often exceeds the mean size of the microstructure by up to two
orders of magnitude. In such conditions, flow can become cooperative, meaning that
the microstructural components of the flowing fluid, such as bubbles or droplets,
flow in a collective manner.'?2In such flow regime, flow of particles at one site induces
flow in neighboring zones, resulting in local shear rates being dependent not only on
local stress values, but also on the gradient of stresses. Flow cooperativity may
significantly alter the macroscopic flow behavior of the fluid, resulting in material
fluidization, velocity enhancement, and spatially and/or temporally dependent
viscosities.'>'3 However, as the dependence of flow cooperativity on microstructural
properties is still not well understood, cooperativity effects currently cannot be
predicted and often remain unaccounted for in research involving flow, e.g., global
rheological measurements or in industrial applications. One of the underlying
reasons is the challenging experimental conditions necessary for studies of
cooperativity. As the effects manifest themselves only in strong confinements,
experimental setups able to provide access to spatially-resolved flow in sub-mm
geometries are needed. To date, most experimental studies have been conducted in
microchannels coupled with optical techniques, giving insight into cooperative flow
of model, optically-transparent fluids.'*'” However, these experimental approaches
preclude studies of the many soft structured fluids, with intrinsic optically-opaque
properties. A powerful alternative technique that does not suffer from such
limitation, is Magnetic Resonance Imaging (MRI) velocimetry.!® So far, however, MRI
velocimetry measurements have been possible only in mm-sized flow gaps,*¥%%?
which are insufficient for imposing strong confinement on most soft particulate fluids
with particles in the order of a few um.423-26

The aim of this thesis is two-fold. Firstly, the development of sub-mm rotational and
microcapillary rheo-MRI setups is targeted, to enable studies of strongly confined
flow in a wide range of fluids using various flow geometries and incorporating
temperature-control capability. Secondly, the developed experimental setups are
used to study and quantify cooperativity effects in real-life, complex fluids. Finally,
gathering the results obtained throughout the thesis work and those so far reported
in the literature, an attempt is made to link emerging trends in flow cooperativity
with the microstructural properties of the examined complex fluids.

In the subsequent parts of this introduction, the mechanisms governing the flow of
simple and complex fluids are described, as a foundation for a detailed description
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of cooperativity and current quantification methods (section 1.2). In section 1.3,
common velocimetric imaging methods are reviewed, with rheo-MRI emerging as a
powerful and versatile technique for studying strongly confined flow in real-life
fluids. The current technical limitations of rheo-MRI are identified, as a target for
methodological development during this thesis work. Finally, in section 1.4, the
complex fluids examined throughout this thesis work to study the cooperativity-
microstructure interplay are described.

1.2. Flow behavior of simple and complex fluids

1.2.1. Quantification of global flow

Correctly predicting the flow behavior of a fluid is crucial for aiding the rational design
of product formulations and the related processing conditions, including applied
pressures and temperatures. Yet, the fluid’s response to an application of normal or
shear stress can be very diverse, with some fluids (water, honey, milk) flowing
homogeneously as soon as any stress is applied and others (whipped cream, hand
cream, butter) behaving as solids or exhibiting flow heterogeneities unless subjected
to high enough stresses. Rheology, the go-to branch of science for studies of
deformation under stress, helps in classifying the fluids according to their flow
behavior. In conventional, global rheology this is typically done by imposing a shear
rate, ¥, on a fluid, and by measuring the resulting shear stress, g, exerted by the fluid
on the rotating element of the flow geometry. By measuring o under a range of y
values, the relation between the two can be established in the form of a constitutive
equation, and plotted as a global flow curve.? It should be noted that the knowledge
of the constitutive equation for a given fluid does not yield an understanding of the
microstructural origin of the observed flow behavior. In Fig. 1.1a flow curves of
commonly encountered types of fluids are plotted, with Fig. 1.1b showing the
respective viscosities, 17, as a function of y. The simplest flow behavior, with a linear
stress response is exhibited by Newtonian fluids, in which case all flow properties can
be predicted solely on the basis of 7. This contrasts with non-Newtonian fluids,
whose 7 can be a function of multiple parameters including y and/or time. A special
case of non-Newtonian behavior is presented by yield stress fluids (YSFs), which in
fact behave as fluids only if the applied o exceeds a characteristic threshold stress
value, referred to as the yield stress, o0y. For 0 <o, the material has solid-like
properties, as 1 tends to infinity. Whereas the presence of yield stress can be
determined relatively easily, accurate quantification, and identification of its
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Figure 1.1: Plots of stress (a) and viscosity (b) as a function of the applied shear rate,
for fluids with different flow properties. For the thixotropic YSF a ramp-down (solid
line) and a ramp-up (dashed line) is shown, with a characteristic hysteresis loop
between the two curves.

microstructural origin is much more challenging, and is a subject of continuous
research. In general terms, the emergence of yield stress is ascribed to
microstructural organization by which a collection of particles loses its ability to
flow.?” An example of such dynamical arrest can be observed in concentrated
emulsions, where jammed droplets are trapped by their neighbors. As a result, under
conditions of 0 < 0y, an elastic deformation is observed. Most emulsions belong to
a group of simple YSFs, with constant o, and n dependent only on the shear rate. On
the other hand, for thixotropic YSFs, 77 is dependent not only on y, but also on shear
history, as imposed flow conditions lead to reversible modifications of the

microstructure, such as network destruction.?%28

The solid-/liquid-like rheological properties of simple and thixotropic YSFs may be
desirable in formulation and manufacturing of commercial products, as such fluids
can flow, e.g., during transportation in pipes and also hold specific 3D shapes after
extrusion. However, YSFs, especially with thixotropic properties have a notoriously
complex flow behavior, as the solid and liquid phases can coexist within flow
geometries with spatially inhomogeneous stresses, such as in pipes or capillaries.
This can lead to clogging or phase separation, compromising production efficiency in
an industrial setting. It can also result in an incorrect interpretation of experimental
results, if, as commonly done, homogeneous flow is assumed. This can in some cases
be prevented by reliably predicting the flow behavior, allowing for the choice of
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suitable flow geometries or applied pressures. One of the models commonly used for
describing and predicting the flow of YSFs is the Herschel-Bulkley (HB) model:

o=o0,+Ky", (1.2)

/7 and n is a

where K is a proportionality constant with the units of Pa-s
dimensionless power law index.?° The HB model can successfully capture and predict
the macroscopic flow behavior of simple YSFs. However, due to its phenomenological
character, its application to modelling the flow of thixotropic YSFs is limited. The
limitation has triggered the development of dedicated models, with the simplest

example being a modification of the HB equation:

o=o0,(1) +nd)y, (1.2)

where both gy and 7 are a function of a structure parameter, A, defined as a measure
of the degree of bonding or aggregation within the structure.3%3! The evolution of
the microstructure is thus captured by dll/dt' described by a kinetic equation, with
contributions from the rates of structure formation and degradation. The model has
been used to capture the thixotropic flow behavior of, e.g., extensively stirred
Carbopol?® and acid milk microgels.3? Other, more elaborate models are available,
which can account for multiple structural parameters, viscoelasticity or ageing.3?

1.2.2. Local flow and cooperativity

Both HB and thixotropic models describe the flow of YSFs from the macroscopic,
phenomenological perspective, providing no insight into how flow occurs at the
microscopic level. Understanding of the latter becomes an important requirement if
deviations of the experimental results from theoretical predictions are observed.
Significant efforts have thus been made to elucidate the way in which the
microstructure responds locally to applied stresses below and above the yield stress.
One of the approaches which has proven successful in modelling the flow of YSFs is
based on the Soft Glassy Rheology (SGR) model.3* According to this framework,
applied shear leads to a buildup of stress within the microstructure, which can
undergo a reversible elastic deformation or an irreversible plastic rearrangement,
the latter occurring once the local value of stress overcomes the microscopic yield
stress.3*37 It has thus been shown that such irreversible microstructural
displacements are a key mechanism of flow in YSFs, with macroscopic flow occurring
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only if sufficient number of plastic rearrangements happen. Importantly, such flow
mechanism intrinsically introduces spatial flow inhomogeneities as the spatial
rearrangements are not uniformly distributed within the fluid.

Surprisingly, in conditions of strong flow confinement where the size of the flow gap
is not more than 10% times larger than the characteristic size of the fluid’s
microstructure, flow can be observed even under stress values below the yield stress
of the material. It is currently believed that this effect is caused by the non-local,
cooperative character of the plastic rearrangements. In strongly confined flow,
plastic rearrangements in a flowing region can induce long-ranged stress
modulations over a finite distance, creating zones where further rearrangements are
more likely to happen (Fig. 1.2a). In such a way, local plastic events fluidize the
material over a distance on the order of magnitude of the flow gap size resulting,
microscopically, in the suppression of the local yield stress and, macroscopically, in
enhanced velocities and inhomogeneous viscosities (Fig. 1.2b).

Cooperativity as the mechanism governing strongly confined flow of soft particulate
fluids has been first demonstrated in concentrated emulsions by Goyon et al.%%
Since then, flow cooperativity has been studied in a range of materials and
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Figure 1.2: a) Schematic representation of flow cooperativity for a particulate fluid
with a characteristic microstructural length, d, flowing in a microcapillary with
diameter w. The fluid is strongly confined, such that w < 10? - d. Red arrows and
dashed circles represent the stress redistribution and plastic rearrangements,
respectively. b) Calculated velocity profiles as a function of the normalized radial
position, x, for flow in a capillary in the presence (red line) or absence (grey dashed
line) of cooperativity.
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geometries, including confined flow of concentrated emulsions in microchannels
with controlled surface roughness,3®3° polymer microgels,**° acid milk gels,3? citrus
fiber cellulose dispersions'®?* and granular materials such as sand and mustard
seeds.*1"*3 Authors of these studies found that strong confinement itself might be
insufficient to trigger flow cooperativity, and that particle concentration and
anisotropy, as well as wall roughness, constitute equally important factors.
Importantly, the presence of cooperativity effects in such a broad range of materials
with distinct microstructural properties suggests an underlying universal effect.

1.2.3. Modelling and quantification of flow cooperativity

The discovery of cooperative flow triggered the development of theoretical
frameworks, including the microscopic origin of flow in YSFs and its intrinsic spatial
heterogeneity. Examples of such models include SGR developed by Sollich et al., 34*
Shear Transformation Zones proposed by Falk et al.,** the non-local model by
Pouliquen et al.,*® and the fluidity model by Bocquet et al.*’ Detailed description of
each approach is beyond the scope of this thesis. The underlying common
characteristic between all the models is the dependence of local flow not only on
local stresses, but also on the gradient of stresses, i.e. on flow in the neighboring
zones. Aside from these gradient-based approaches, other numerical models have
also proven successful in their ability to predict flow fields in strongly confined
flowing fluids, including the lattice Boltzmann methods.?4%4°

Fluidity model. Out of all the aforementioned modelling approaches, one that lends
itself particularly well to a comparison with experimental data is the fluidity model,
based on the microscopic approach of the kinetic elastoplastic (KEP) model.*” The
model is based on the concept of fluidity, defined as the local rate of plastic
rearrangements. On a macroscopic scale, fluidity is the ratio between shear rate and

shear stress, namely f = y/o', and has the units of inverse viscosity. For non-confined
flow, where the local behavior is dictated solely by the local shear rates and stresses,
fluidity takes up its bulk definition, according to:

— Vbuir (X) (1.3)
bulk o(x)

where Y.k is the shear rate exhibited by the sample, governed by the constitutive
equation. In contrast, for strongly confined flow, the local fluidity, f(x) is predicted
to also depend on the spatial gradients of stresses and shear rates, as the local flow
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is coupled to flow at the neighboring sites via cooperativity. As such, f(x) deviates
from its bulk value according to a diffusion equation of the form:

2

fGO) = fouue + &2 %, (1.4)
where £ is the cooperativity length, defining the distance over which plastic events
influence the neighboring particles.'>!> The introduction of this characteristic length
scale ¢ effectively makes the model sensitive to the finite size of the microstructure,
despite its phenomenological character. The quantity ¢ can be obtained by fitting
spatially-resolved velocimetry data with the solution of Eq. 1.4 for specific flow
conditions accounting for, e.g., geometry shape or stress distribution.

The solution of Eq. 1.4 requires two boundary conditions (BCs), the form of which
depends on the flow geometry.’>1542 For geometries with symmetrical flow fields,
such as rectangular or cylindrical microcapillaries, the first BC can be derived from

the symmetry condition, i.e. af/ax = 0, while the second BC is determined by the
fluidity at the walls, f,,. For geometries with non-symmetrical flow fields, such as a
Couette cell (CC), cone-plate (CP) or more complex geometries with, e.g., patterned
surfaces, BCs are derived from f,, at both confining walls. Notably, the quantification
of cooperativity lengths with the fluidity model requires the knowledge of bulk flow
properties to reliably calculate fp,,;x. This is often a non-trivial task, especially for
real-life YSFs with thixotropic properties.?®°° In this case, the simplest form of Eq. 1.4
where f,k is derived from the HB model should be modified to take into account
the rich dynamics of thixotropic YSFs.%32

An interesting evidence that emerged in experimental and theoretical studies of flow
cooperativity is the dependence of & on stress. Many theoretical frameworks,
including KEP and related models for granular materials,*'*! predict that & depends
on the distance of the applied stress to the yield stress, and is commonly defined as:

m

o) =—d,
¢(o) (1.5)
|‘7 - Uyl
where m is a dimensionless constant defined as the non-local amplitude,
characterizing flow cooperativity. Yet, majority of experimental studies model the
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data with stress-independent &, despite the presence of significant stress variation

in commonly used flow geometries.?>4°

1.3. Experimental setups for studies of strongly confined flow

For quantification of cooperativity effects, experimental methods able to access
spatially-resolved flow information in strong confinements are needed. As a result of
the former requirement, conventional rheology becomes unsuitable, because it
provides only global flow information and assumes uniform flow of the sample.
Despite the availability of a range of methods able to probe local flow behavior,
currently none of them is well suited for studies of cooperativity in both model and
real-life materials. The list below summarizes the requirements for velocimetric
techniques and its coupled flow geometry, for studies of flow cooperativity.

Velocimetric technique:

e Access to local flow information in optically-opaque fluids, necessary to study
cooperativity effects in real-life, soft structured materials, most of which
possess inherently strongly scattering properties.

e Access to local velocities with spatial resolution of at least 10% of the gap size,
necessary for reliable quantification of & with the fluidity model.

Coupled flow geometry:

e Possibility to scale the confinement size within sub-mm range, which is the
strongly-confined flow regime for complex dispersions with particle sizes in the
range sub-um to tens of um.

e Possibility to modify wall surface properties, important to understand the
relationship between &, surface roughness, and wall slip.

The methods most commonly used for velocimetry studies include Particle Imaging
Velocimetry (P1V),>? rotational rheo-MRI,*® rheo-ultrasound velocity profiling (rheo-
UVP),>3>% and Optical Coherence Tomography (OCT).>>°% In Table 1.1, these methods
are compared with respect to the outlined properties, in addition to the overarching
requirement of spatially-resolved velocity information. Regarding the access to
sufficient spatial resolution, approximate values for each technique are listed, with
the theoretical, smallest attainable confinement size included, assuming a minimum
of 10 pixels across the flow gap. Global rheology, despite not being a velocimetric
technique, is also included in the comparison as reference for flow studies.
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So far, PIV has been the most suitable technique for studies of flow cooperativity, as
reflected in the prevalence of this technique in literature studies within the field. The
main advantages offered by PIV are the availability of scalable flow geometries and
high spatial resolution, enabling studies of flow in confinement sizes down to ~10
um. However, the method is inherently limited to optically-transparent fluids and,
thus far, has only been used for studies of cooperativity in transparent gels and
model emulsions.*1>17 Among the other potential techniques, rotational rheo-MRI
stands out as the most versatile technique without inherent limitations in terms of
applicability to studies of cooperativity. MRI enables measurements of flow in up to
three spatial dimensions, without limitations on the direction of the main velocity
component. Additionally, it gives access to the local chemical composition of the fluid
and other fluids’ properties, as discussed in details in the following section. Notably,
both rheo-UVP and OCT have also been successfully used in studies of local flow
behavior in optically-opaque materials. Hence, they could both be considered as
potential complementary techniques for cooperativity studies.?” In particular, OCT,
despite its limitation on the penetration depth in some materials, is able to provide
high-resolution velocimetry data within regions close to the walls, which could be
helpful in understanding wall fluidity and cooperativity effects triggered by wall
roughness.>

1.3.1. Rotational rheo-MRI velocimetry

Thanks to the versatility of MRI velocimetry, a step forward in studies of cooperativity
in optically-opaque, real-life fluids has already been made using rotational rheo-
MRI.*® However, the current technical limitations of the latter technique, outlined in
Table 1.1, restrict its applicability to materials with mm-sized particles. Before diving
into the details of the rotational rheo-MRI setup and the origin of its technical
limitations, the principles behind MRI velocimetry are briefly outlined. In the
following sections vectorial quantities are marked with bold font.

Principles of Nuclear Magnetic Resonance (NMR) and MRI-velocimetry. MRI is
based on the ability of nuclei with non-null magnetic moment vector to interact with
an applied external magnetic field, B,. Out of all the NMR-active nuclei, most MRI
applications, including the work of this thesis, are based on the nuclei of 'H, as they
are highly abundant, present in most materials, and have relatively simple NMR
properties.>®

The NMR phenomenon is based on the tendency of the magnetic dipole moment
vector of the H nuclei to align itself with By. The sum of all the individual,




20 | Chapter1

microscopic magnetic moments is referred to as the net longitudinal equilibrium
magnetization, M, which can be manipulated via short radiofrequency (r.f.) pulses
carefully arranged in a so-called NMR pulse sequence.>® In the simplest experiment,
a 90° r.f. pulse rotates M away from the equilibrium, by convention along a z — axis,
towards the transverse x —y plane. The magnetization vector starts precessing
around the B, field with a Larmor frequency, according to w, = yBg, where y is the
nucleus-specific gyromagnetic ratio. The precession is then detected as a magnetic
field oscillating at the Larmor frequency. In reality, the precession frequency will not
depend simply on B, but on the effective magnetic field, with additional
contributions from magnetic field inhomogeneities and the electron density around
the nucleus. The latter gives rise to the chemical shift information, and is the basis of
NMR spectroscopy. In MRI, the magnetic field is purposefully made to vary with
position, by passing electrical current through so-called gradient coils. The resulting
magnetic field becomes spatially-dependent, and varies typically in a linear fashion
according to B(r) = By + G - 1, where G is a vector describing the applied magnetic

field gradient, defined as aB/ar' and r is the position of the nuclei in the sample.®

Under the action of the applied magnetic field gradients, nuclei begin to precess with
position-dependent frequency and acquire a position-dependent phase up to time t:

o@r,t) =v [, GtHr(tHdt, (1.6)

where t’ is the duration of the gradient. With the intensity of the signal at position r
being proportional to spin density, p(r), the detected complex time-domain signal
can be thus described as:

S = [p@exp (—ip(r, 1) dr. (1.7)

In MRI experiments the signal is acquired as a function of the so-called k-space,
defined as k(t) =/, [ G(t")dt', which gives:

S(k) = jp(r)exp (—i2mkr) dr, (1.8)

where S(k) is a Fourier pair with respect to p(7). Thus, the n-dimensional signal,
S(k), can be Fourier-transformed to yield a n-dimensional spatial dataset.
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From Eqgs. 1.6 — 1.8 it can be seen that field gradients are, besides the r.f. pulses,
another important component of an MRI pulse sequence. To better understand the
role that both these components play in an MRI experiment, the fate of the bulk
magnetization is followed during a spin echo (SE) MRI pulse sequence (Fig. 1.3), as
one of the most commonly used sequences for imaging. A typical MRI experiment
does not detect the signal from the whole volume of the sample but only from a thin
slice, achieved by the concomitant application of a so-called ‘soft’ 90° r.f. excitation
pulse, and a slice-selective gradient, Gg;;c. (Fig. 1.3, box A). ‘Soft’ r.f. pulses are low-
power, long-duration pulses that typically affect spins in a much narrower frequency
bandwidth than the so-called ‘hard’ r.f. pulses, enabling, e.g., excitation of only the
spins precessing with specific frequencies, i.e., within the chosen slice.>® The
subsequent application of a frequency-encoding or read gradient, G,¢qq4 (Fig. 1.3, box
B), results in the precession of spins with spatially-dependent frequencies, thus
allowing for spatial encoding along the chosen read direction. As this causes
dephasing of the signal and a decay of M, before signal acquisition a 180° r.f. pulse
(Fig. 1.3, box C) is used to invert the magnetic moments. The signal is then refocused
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Figure 1.3: Scheme of a 2D Pulsed Field Gradient Spin Echo (PFG-SE) pulse sequence,
used for velocimetry measurements. The applied magnetic field gradients along the
slice and read directions are represented as empty trapezoids. Stepping through the
gradient amplitudes in the phase encoding direction is represented with a stepped
column, with an arrow. The velocity encoding gradients in an arbitrary direction are
shown as red trapezoids. Shaded bell shapes represent the soft r.f. pulses with the
respective angles marked. Durations Tt and Ty represent the time between the 90°
and the 180° r.f. pulses and the echo time, respectively.
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into a spin echo by the second G,.qq (Fig. 1.3, box D), with the signal reaching the
maximum intensity at the echo time, T, equal to twice the duration between the
90° and 180° r.f. pulses, namely 27. For 2- and 3D images the use of additional,
incremented phase-encoding gradients, Gppgse, is necessary (Fig. 1.3, box E).60
Importantly, the phase ¢@(7,t) of the detected signal is sensitive not only to the
position of the spins, but also to their displacement. Hence, spatially-resolved
velocimetry measurements can be carried out by adding a velocity encoding
gradients, G, as a pair of short gradient pulses (Fig. 1.3, box F). The final phase of the
signal is thus the result of the action of all applied gradients for position and velocity
encoding. The resulting pulse sequence is commonly referred to as a Pulsed Field
Gradient SE (PFG-SE). In the simple case of a 1D PFG-SE, where a constant G,..4q4 is
applied along the z-axis, and the G, is applied along the y —axis, the accumulated
phase can be written as:

0z, ) =y Gtz + G, [ y(t") at'], (1.9)

where y(t") describes motion of the spins, according to y, + vt + 1/2 agt? + .
These terms respectively represent the initial position, y,, constant velocity, v,,
constant acceleration, a,, and higher order motion, with only the first two being
typically quantified with MRI.%* For the static spins, the application of the two G,, will
yield no net phase accumulation, resulting in refocusing of the signal. For the spins
flowing with a constant v, the action of the second gradient cannot refocus the
action of the first, as the spins have moved during the observation time A. This results
in spatially-dependent phase accumulation ¢(z). By solving the integral in Eqg. 1.9,
the phase can be then related to local velocities according to:

»(2)

v = s

(1.10)

where A and § are respectively the amplitude and duration of G, as shown in Fig.
1.3.

Rotational rheo-MRI setup. A typical rotational rheo-MRI velocimetry setup®®5? (Fig.
1.4) can be used to study flow in two geometries: a CC or a CP, wherein the sample
of interest is sheared between the outer static and the inner rotating wall. The
rotating parts, namely the bob in the CC or the cone in the CP, are connected with
the motor, located on top of the magnet, via a long drive shaft, with length, [s = 1
m. The motor drives the rotation and controls the shear applied to the sample. The
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Figure 1.4: a) Scheme of the rotational rheo-MRI setup, with drive shaft length
marked as lps, and the flow geometry fixed in the sensitive region of the probe,
marked with a red rectangle. b, c) Commonly used geometries in rotational rheo-MR,
namely CC and CP, with gap size, w.'® Red shaded rectangles represent the typical
location and orientation of a slice where a 1D velocity profile is measured. d, e)
lllustrative velocity profiles of a Newtonian fluid flowing in a CC and CP respectively.
The top profile in d) results from the excitation of the slice marked with the shaded,
red rectangle in b), whereas the bottom profile results from the excitation of the
signal from solely within the gap.

resulting flow of the sample can be measured as a 2D velocity map or a 1D velocity
profile in a chosen location or slice of the geometry. The typical location and
orientation of slices in CC and CP geometries are shown in Fig. 1.4b and 1.4c,
respectively, alongside the resulting, illustrative velocity profiles of a Newtonian
fluid. Notably, in the case of the CC, the slice length can be reduced from 25 mm to
~10 mm to capture the flow information only from one side of the gap with respect
to the bob, which allows for improvement of the available spatial resolution by up to
40%. The rotational rheo-MRI setup offers access to shear rates in the range ~0.1 -
50 s with the possibility to measure velocities ranging from ~0.1 mm/s up to tens
of cm/s, with the spatial resolution of ~10 um/pixel.

One of the main differences between the two geometries and a big consideration for
experimental design is the distribution of stress applied to the sample across the
shear gap. In the CP, the stress variation is within 1% for angles 8 < 6°3 whereas, for
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the CC, stress is proportional to 1/r2' with the stress variation increasing

quadratically with increasing gap size. In the case of a CC where w < 0.1 mm, the
stress can be approximated as constant. Yet, CCs with such small gap sizes are
practically unattainable due to the challenging alignment of the respective centers of
the bob and the cup, necessary to avoid off-axis rotation. As a consequence, even in
classical global rheology CCs with gap sizes of ~0.5 mm are typically used.3

Narrow gap CCs offer the best experimental conditions for studies of flow
cooperativity. Firstly, the narrow gap ensures narrow stress distribution, resulting in
velocity profiles of most fluids being close to linear. This allows for an easy
identification of cooperative or thixotropic properties from the curvature of the
velocity profiles. Secondly, the uniform gap size along the entire slice thickness grants
good control over the degree of flow confinement. Wide gap CCs offer access to, e.g.,
sample’s yield stress properties by providing insight into shear banding (Fig. 1.5).
However, in this CC, cooperativity can be partly masked by stress distribution effect,
as the latter also yields curved velocity profiles. While the CP offers the most uniform
stress conditions, its non-uniform gap size has two drawbacks. Firstly, flow
confinement is position-dependent, which can lead to a coexistence of confined and
non-confined flow regimes. Secondly, finite slice thickness, selected in an MRI

1 . .
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0.8} \ Shear thickening
—— Simple YSF
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> 04
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Figure 1.5: Calculated radial velocity profiles, V,, normalized to the velocity at the

bob, V., of fluids with different rheological properties, plotted as a function of the
radial position, r in the gap for a CC with a gap size of 2 mm.
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measurement inherently yields uncertainty on the gap size. Both these factors make
accurate quantification of cooperativity effects in the CP challenging, in spite of the
benefit of uniform stress.

Aside from the access to spatio-temporal flow inhomogeneities, spatially-resolved
velocity profiles provide the so-called local flow curves. In contrast to the traditional
global flow curves, where spatial flow homogeneity across the gap is assumed, local
flow curves reflect the true behavior of the sample, without assumptions on the flow
behavior or effective shear rate homogeneity. Local flow curves are derived by

calculating the local shear rates, y(r), from the slopes of the measured velocity

9(vr /1)

profiles according to y(r) = r——

. The corresponding local stresses for the CC

geometry can be calculated as a(r) = T/ZTTHT'Z’ where T is the torque exerted by

the fluid on the rotating bob, measured with a rheometer, and H is the height of the
bob.

Rotational rheo-MRI/NMR also offers the possibility to study the effect of
temperature on flow, the microstructure or even molecular level phenomena. A
temperature-control element can be integrated within the walls of the CC or the CP
in the form of channels through which a heating fluid, e.g., water or air can flow. Such
approach, specifically using nitrogen gas for controlling the temperature, was
pioneered by Laryea et al.®® for rheo-NMR spectroscopy studies of temperature-
sensitive free radical polymerization. However, so far temperature-control has not
been explored in rheo-MRI velocimetry measurements, and is in fact one of the
targeted developments during this thesis work.

Finally, it should be noted that measurements other than velocimetry can be carried
out during a rheo-MRI experiment. Examples include localized or bulk
spectroscopy,®® providing molecular level information, multinuclear NMR
experiments,®® enabling studies of, e.g., alighment, or relaxometry, yielding access to
local viscosity and concentration gradients®!.

Given all the advantages offered by rotational rheo-MRI and its versatility, the
technique has been widely used in the field of soft matter to detect and quantify
spatial flow instabilities. In the past two decades, rotational rheo-MRI studies have
provided evidences for a wide range of phenomena, listed below.

a) Difference in the physical origin of shear bands in simple and thixotropic
YSFs.%%57 For the former class of fluids, the transition between the liquid and
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solid phase was shown to be gradual, and originating from stress values
across the gap approaching a,,. For thixotropic YSFs, the transition between
the two phases is abrupt, as can be seen from the discontinuity in the slope
of the velocity profile in Fig. 1.5. Such clear separation of bands originates
from the microstructural adaptation to shear, forming coexisting phases that
flow with different shear rates.?

b) Flow-induced structural alignment of fluids with anisotropic particles such as
wormlike micelles and liquid crystals. For wormlike micelles, the alignment
manifests itself as shear bands whose temporal stability, thickness and
dependence on flow geometry has been studied with rotational rheo-MRI
velocimetry.2%2268 For liquid crystals, the alignhment has been studied and
quantified via the quadrupolar splitting in 2H NMR spectra of the deuterated

solvent.®%70

c) Shear-induced network degradation and ageing in fat crystal dispersions
(FCDs)?° and waxy oil suspensions.”>”2 These studies revealed the underlying
microscopic origin of thixotropy in these materials, providing the respective
industries with guidelines for the formulation of FCDs and applied pressures
for the waxy oil suspensions.

d) Shear-induced particle migration in emulsions and granular materials,
pinpointing particle density variations as a source of spatial dependence of
viscosity in those materials.1%73

e) Wallslip in a broad range of fluids, allowing for direct quantification of the
slip velocity and for studies of the dependence of wall slip on microstructural
properties.”*7>

This non-exhaustive list of research areas demonstrates the rich history of rotational
rheo-MRI in soft matter topics and its role as a springboard towards an improved
understanding of the physical origin of the fluids’ rheological properties. It comes,
thus, as no surprise that rotational rheo-MRI has been already exploited in studies
and quantification of cooperativity in flow of real-life, optically-opaque fluids.'32432
However, the technical limitations, namely the availability of CCs with gaps limited
toarange 1-4 mm has restricted the studies of cooperativity to materials with mm-
sized particles. Notably, the CP geometry, with the radially decreasing gap size, has
been used for cooperative studies in materials with ~um sized particles. However,
the non-uniform gap size of the CP renders it impossible to impose a uniform flow
confinement degree on the fluid.
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A microcapillary rheo-MRI setup is an alternative approach to rotational rheo-MRI in
MRI velocimetry studies. The setup offers easier scalability of the flow confinement
size within mm- and sub-mm range, down to ~50 um for MRI applications, as
commercially available microcapillaries can be employed. The uniform size of the
flow gap in the direction of the excited slice provides good control over the flow
confinement degree, while the small cross sections of the capillaries enable using
small Field of View (FOV) values, and, thus, offer improved spatial and temporal
resolutions as compared to rotational rheo-MRI setups. On the other hand, the
presence of 100% stress variation within the gap of a microcapillary, the small sample
volumes, the challenges in the alignment with the B field within the spectrometer,
and the mechanical stability can be expected to play a role in the experimental
setting and need to be taken into consideration in development of such a setup.

1.4. Impact of microstructure on cooperativity

The new rotational and microcapillary rheo-MRI developments presented in this
thesis are first validated with Newtonian fluids, to assess the mechanical stability of
the flow geometries, temporal stability of flow and flow quantification methods.
Following such validations, the platforms are applied to study the dependence of
flow cooperativity on microstructural parameters, for which YSFs with modifiable
microstructures are required. Below fluids studied during this thesis work are
described.

1.4.1. Carbopol

Carbopol is a microgel composed of cross-linked polyacrylic acid particles. which
form soft, sub-pum to um-sized blobs once swelled with water (Fig. 1.6a).257% Due to
the dramatic expansion of up to 10 times the original particle size as a result of
swelling, they become jammed, giving rise to yield stress properties. Carbopol is
arguably one of the most commonly used model fluids in studies of flow, yielding and
thixotropy, as well as an important industrial thickening agent.?®77 Strongly confined
flow of Carbopol has been shown to exhibit blob-size dependent cooperativity
effects.* Thus in this thesis work, Carbopol with small particles of ~2 um is used as
a reference for studying cooperativity in capillaries with the smallest radius.

1.4.2. FCDs

FCDs are dispersions of solid fat in liquid oil and are used in production of an array of
fat-based food products, such as chocolate and margarine.”® In most FCDs, solid fat




28 | Chapter1

Carbopol Fat crystal dispersion

b)
TAG

molecules Lamella side view Platelet
>

A LENGTH SCALE
primary particles

Lamellae: platelet

<1 pym .
LRSSl | . v
N & 7 F
.polymer blob.s Fat Crystal network Cluster
<5 ym S Villimeter <

Figure 1.6: Schemes representing a) the microstructure of Carbopol microgel,
composed of swelled polymer blobs and b) the hierarchy of the fat crystal aggregate
network of the FCDs. Schemes are reproduced from Oelschlaeger et al.”® and
Marangoni et al.®° respectively.

is present in the form of crystalline nanoplatelets, which are in turn aggregated into
um-sized structures (Fig. 1.6b).7>% The exact morphology of the multi length scale
structure, including the crystalline form, platelet thickness, and sizes of the
aggregates is highly dependent on the sample preparation conditions and can be
controlled by varying, e.g., the crystallization rate, crystallization temperature or the
applied shear.”®8! As a result, FCDs are a suitable, real-life system for probing the
dependence of cooperativity on microstructural parameters, such as crystal
aggregate sizes and polydispersity, both controlled by varying the crystallization rate.
Furthermore, these studies are industrially relevant, as the influence of the
microstructure on flow of FCDs is still not well understood, resulting in the lack of
comprehensive theoretical models for flow predictions.

Another processing route, offering control over the microstructure, involves spraying
the solid fat blend to form crystalline nanoplatelets, termed micronized fat crystals
(MFCs), which are subsequently dispersed in a continuous phase.®? The decoupling
of crystallization and microstructure formation steps offers an enhanced control over
the microstructure, yet, the obtained products are highly sensitive to shear history
and ageing.?® In the final part of this thesis, strongly confined flow of MFCs as a
function of shear time is characterized.

1.5. Thesis outline

The topics covered in the subsequent chapters are schematically illustrated in Fig.
1.7. Chapters 2 and 4 describe the technical flow-MRI developments achieved during
the thesis work, while Chapters 3 and 5 concern the applications of the respective
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flow-MRI platforms to quantitative studies of cooperativity effects. Cooperativity is
quantified using the fluidity model owing to its simplicity and wide-spread use in
studies of strongly confined flow in a range of soft particulate fluids.

Chapter 2 describes the development of a temperature-controlled CC with w = 500
um. In addition to making the step towards the narrow-gap condition to study
strongly confined flow, the notorious issue of mechanical instability of the bob in
rotational rheo-MRI CCs is being tackled. The achieved improvements are validated
and exploited in a proof-of-concept study of sub-mm flow of 27 wt% FCDs at three
temperatures varying between 15 and 30 °C, using a 300 MHz MRI spectrometer. The
use of a relatively high solid fat concentration of 27 wt% was dictated by the fact that
concentrated dispersions are expected to exhibit stronger effect of cooperativity.

In Chapter 3, the developed 500 um gap CC is applied to study the sub-mm flow of
27 wt% FCDs as a function of the crystal aggregate size, in turn controlled by the
crystallization rate. A numerical modelling approach based on the fluidity model is
introduced, by which the & values can be determined, even under the non-uniform
stress field of the CC. A stress-independent & definition is assumed, based on the
relatively low stress variation of 10% present in the used CC geometry. The observed
varying extent of flow cooperativity across the microstructurally distinct samples is
discussed and linked to the properties of the microstructure.

In Chapter 4, a microcapillary rheo-MRI platform is developed to comprehensively
study sub-mm flow in geometries with an easily scalable gap size down to 100 pum
and modifiable wall properties. The advantages of the setup are demonstrated in
studies of confined flow of 0.5 wt% Carbopol in capillaries with hydrophilic or
hydrophobic walls and of 15 wt% FCDs as a function of the confinement size, using a
600 MHz MRI spectrometer. The varied flow conditions allow to investigate the effect
of fluid-wall interactions and the flow confinement degree on flow cooperativity,
respectively. As can be noted, the concentration of solid fat in the dispersions used
in this work is lower than that of samples used in Chapters 2 and 3. This was dictated
by the necessity to lower the g, of the fluid, to be able to pump the dispersions
through gaps as small as 250 um, with the maximum available pressure of 8 bar. The
change in solid fat content also allows to study the dependence of flow cooperativity
on concentration in FCDs. For quantification of cooperativity lengths, the stress-
independent ¢ definition is maintained for consistency with the CC data and for
comparability with other literature studies, despite the presence of a 100% stress
variation.
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In Chapter 5, flow of concentrated MFC dispersions in a 250 um confinement is
explored. The evolution of the fundamental rheological properties of the used
material as a function of pre-shear time is demonstrated with microcapillary rheo-
MRI velocimetry measurements. The obtained local flow behavior is explained in
terms of shear- and temperature-induced changes in the microstructure on the um
and nm length scale.

The General Discussion (Chapter 6) consists of two parts. In the first part, the
properties of the two velocimetry platforms developed throughout this thesis work
are compared with regards to their experimental capabilities. The section is
concluded with perspectives for further improvements. In the second part, ¢ values
found in FCDs and Carbopol throughout this thesis work are compiled with values
reported in literature studies for other cooperative fluids and experimental
conditions. Based on that comparison, conclusions are drawn about the key factors
governing flow cooperativity effects. As an outlook towards a more accurate and
robust quantification of &, two approaches based on the fluidity model are proposed
and discussed: (i) modelling of stress-dependent & values and (ii) modelling of
cooperative flow while accounting for sample’s thixotropic properties in a flow
geometry with a non-uniform stress field. Finally, future research questions
regarding flow cooperativity are proposed, which can be answered by using the
technical developments within MRI velocimetry, achieved in this thesis.
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Abstract

A temperature-controlled sub-mm gap (500 um) rheo-MRI Couette cell has been
developed to measure confined flow of soft structured materials under controlled
temperature. The proposed setup enables performing rheo-MRI measurements
using (i) a spatially-uniform temperature control over the range 15 - 40 °C, and (ii) a
high spatial resolution up to 10 um, as a consequence of the improved mechanical
stability of the in-house developed rotating elements. Here, we demonstrate the
performance of the cell for the rheo-MRI velocimetry study of a thixotropic fat crystal
dispersion, a complex fluid commonly used in food manufacturing. The sub-mm gap
geometry and variable temperature capability of the cell enable observing the effects
of shear- and temperature-induced fat recrystallization on both wall slip and shear
banding under strongly confined flow. Our improved rheo-MRI setup opens new
perspectives for the fundamental study of strongly confined flow, cooperative
effects, and the underlying inter-particle interactions and for ultimately aiding
optimization of products involved in spreading/extrusion, such as cosmetics and
foods.
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2.1. Introduction

Industrially-relevant complex fluids, such as food dispersions or emulsion-based
cosmetics and paints, flow through geometries that drastically vary in size during
manufacturing or even customer use. In factories, pipes used for transporting such
fluids between different process modules, have diameters of meters/centimeters,
while millimeter/micrometer-sized nozzles are typically used for extrusion of fluids
into molds and packaging. Flow in millimeter-sized gaps is also present during
mastication and spreading of foods, governing mouthfeel and customer satisfaction.
Additionally, flow through micron-scale geometries is encountered in many novel
technologies, such as microflow reactors and 3D printing in food or chemical
industry. Most structured fluids used in those processes, such as food colloids or
polymer gels, exhibit a microstructure with length scales in the order of tens or
hundreds of micrometers, and flow through gaps whose sizes are comparable with
these structural length scales. In such conditions, flow can be considered as strongly
confined, and can differ from non-confined flow as a result of inter-particle

interactions.

Currently, standard rheology focuses mostly on bulk studies of non-confined flow of
complex fluids.! Recent developments in the combination of rheology with molecular
spectroscopy and/or imaging techniques have boosted our molecular-level
understanding of non-confined flow, in relation with shear-induced microstructural
rearrangements, even in complex fluids. For instance, rheo-Magnetic-Resonance-
Imaging (rheo-MRI)?>* enables detecting shear-induced structural changes, such as
alignment>® or network destruction or rejuvenation,’ that occur at micro-/millimeter
scales, while rheo-Small-Angle-X-ray-Diffraction (rheo-SAXD) offers insight into
changes, e.g., in terms of the sizes of the structural elements, that occur at a sub-
micron scale.””® However, as has been demonstrated for emulsions® and granular
media,® strongly-confined flow properties cannot be inferred from measurements
carried out in non-confined conditions. When the confinement size, w, becomes
comparable to the characteristic length scale of the fluid’s microstructure, d, namely
when w <100-d, flow can become cooperative and, thus, spatially
heterogeneous.® Flow cooperativity is driven by non-local effects, where the local
relation between stress and strain rate at a given location within the fluid can be
strongly influenced by the plastic rearrangements occurring at a neighboring
location, as illustrated in Fig. 2.1.%1!
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a)

Figure 2.1: Schematic representation of a complex fluid, with particles of average
diameter d, being sheared in a Couette Cell (CC) made of PEEK (dark grey) with gap
size w. a) Top view of the CC; cup filled with the complex fluid (light grey) and bob
filled with a reference fluid (white). b) Zoom-in of a gap-filling fluid exhibiting
cooperative flow: when w < 100 - d, plastic rearrangements (empty black circles) of
particles can cause stress modulations throughout the gap (red arrows) resulting in
additional correlated plastic rearrangements at neighboring sites (dashed black
circles).

To quantitatively describe spatially-heterogeneous cooperative flow in soft
structured dispersions, experimental flow setups are needed that enable velocimetry
measurements in sub-mm gaps with high spatial resolution.**%13 Currently available
methods for high resolution microfluidic flow measurements, e.g. Particle Image
Velocimetry (PIV)®** or Dynamic Light Scattering (DLS)!®, are not suitable for
applications to most complex fluids, such as optically-opaque and strongly-scattering
materials. Additionally, these methods often require the use of tracer particles,
which in turn may alter the inter-particle interactions responsible for cooperative
flow.

Rheo-MRI velocimetry 16, already widely applied to room-temperature flow studies
of complex fluids, does not suffer from any of the above mentioned limitations.?37
Yet, so far only geometries with 1 — 4 mm gap sizes have been available, which are
unsuitable for probing confinement effects in most food colloids due to (i) the
excessively large gap size compared to the relevant structural lengths, and (ii) the
non-negligible stress inhomogeneity throughout the gap, which in turn hampers the
identification of cooperativity or other complex flow properties. The lack of
geometries with sub-mm gap sizes is due to several challenges associated with their
implementation in rheo-MRI setups. The first challenge is the low signal-to-noise
ratio (SNR) in sub-mm geometries, due to both small sample volumes and the need
to increase the MRI spatial resolution in order to acquire enough data points within
the sub-mm gap. Achieving high MRI resolution is, in turn, hampered by the second



Validation of temperature-controlled rheo-MRI measurements in a sub-mm gap Couette geometry | 41

challenge, namely the off-axis mechanical displacement of the bob during rotation.
The so-called ‘bob wobble’ is a well-known severe issue of rotating concentric
cylindrical setups in general,*® including the currently available rheo-MRI geometries.
Such wobbling limits the achievable spatial resolution typically to only about 50 um,
not sufficient for sub-mm geometries, and causes unstable shear flow as well as a
fluctuating gap size during shear.®

Due to both its inherent complex phenomenology and the lack of versatile sub-mm
flow setups, cooperativity is still poorly understood at the fundamental level and not
yet quantified with a unigue model. Additionally, not all fluids undergoing strongly
confined flow exhibit cooperativity effects, while for some other fluids, such as
polymer microgels,?® these effects were observed even for the particle size to
confinement ratio, w/d = 100.212 Hence, despite its profound influence on bulk
flow, e.g., in terms of suppressing local yield stress,?* cooperativity cannot yet be
taken into account in the industrial design and manufacturing of foods, paints or
other complex fluids, thus limiting the ability to correctly predict the microstructural
and rheological properties of the final products. An additional key factor to be taken
into account when optimizing manufacturing of most complex fluids, such as fat or
fiber dispersions,?>?” polymer solutions,?® granular media,'® or concentrated
suspensions,?® is temperature. The latter determines the microstructure, in terms of
crystal form and particle sizes, as well as the viscosity of the final products. It is thus
desirable to have highly-controlled temperature conditions during flow, and to be
able to quantify the flow behavior and cooperativity effects as a function of
temperature. The temperature ranges most commonly used during manufacturing
vary depending on the industry and the flowing fluid. For production and design of
foods it is particularly important to study the effect of temperatures in the range 10
— 80 °C. At these temperatures microstructure-formation processes take place, such
as gelation, crystallization or dissolution.3%32 Studies of the effect of body
temperature on flow of fluids are also important for customer-oriented food design.
To this goal, a few temperature-controlled shear CCs with mm-sized gaps have been
constructed and used in rheo-NMR spectroscopy, and Small-Angle-Scattering (SAS)
experiments.3®3* However, up to date temperature-controlled rheo-MRI
velocimetric studies have not yet been carried out.

In the present work, we extend the well-established advantages of rheo-MRI towards
temperature-controlled studies of strongly-confined flow of complex fluids, such as
food dispersions or emulsions with particles larger than 10 um, by developing and
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validating a temperature-controlled rheo-MRI CC with a gap size of 500 um. We first
demonstrate the key technical improvements in our proposed sub-mm gap CC for
rheo-MRI, namely: (i) the high mechanical stability of the bob, which enables
imposing steady shear flow and measuring local velocity profiles with MRI spatial
resolution up to 10 um, and (ii) the spatially-uniform temperature control over 15 —
45 °C, which enables the study of confined flow as a function of temperature.
Thereafter, we show an illustrative application of the sub-mm gap CC for studies of
confined flow in a 27 wt% fat crystal dispersion (FCD) at 15 and 30 °C.

2.2, Improved design of the sub-mm gap rheo-MRI CC

Our proposed design for a sub-mm gap rheo-MRI CC is shown in Fig. 2.2. For its use
in high-field NMR spectrometers, the cell is made of polyether ether ketone (PEEK),
like all other available rheo-MRI geometries. The bob contains an internal chamber
which can be filled with a reference Newtonian fluid. Both cup and bob have smooth
walls, that can be modified by sandblasting or serration. For all experiments, the cup
is filled with a sample and, upon insertion of the bob, the sample is enclosed within
a gap of 500 um. For improving the off-axis mechanical stability during rotation, the
bob has been designed as one-piece and the bearing has been extended further
down into the cup to better fix the axis of rotation. In the commercially-available
mm-gap rheo-MRI geometries, the bob is made as a two-piece element with a
separate top, and the bearing is shorter by 5 mm as compared to our new design:
both factors make the mm-gap setups less mechanically stable in the off-axis
direction. In addition, in our new sub-mm gap CC the casing of the cup houses a water
circuit, that can be connected to an external water bath operating at bath

Figure 2.2: Technical drawing of the sub-mm gap rheo-MRI CC made of PEEK. From
left to right: cup with the temperature control water circuit, the bob and the bearing.
All dimensions are in mm. The outer shield of the cup and the top part of the bearing
are made semi-transparent in the figure for visibility of the water circuit and of the
rubber o-ring, respectively. The design of the cell and the technical drawing were
done in SolidWorks 2018.
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temperatures, T~ 15 — 45 °C, with which the sample temperature, T, can be
controlled during shear. The upper temperature limit of 45 °C in this design is
dictated by the highest temperature that the glue used in construction of the cell can
withstand. As PEEK can withstand up to 170 °C, the current temperature limit could
be extended by using an appropriately heat-resistant glue. Similarly to the
commercially-available rheo-MRI setups, the assembly of the cell prohibits shear
stress measurements inside the MRI spectrometer. However, the whole cell is
replicated to also fit into a standard cup holder for Anton Paar rheometers for torque
measurements, and the bob can be used with a commercially available custom shaft
holder.?®

2.3. Materials and methods

2.3.1. Sample preparation

Micronized fat crystals (MFCs), prepared as described elsewhere’?, were added to a
commercial sunflower oil in a 3:8 (w/w) ratio and the blend was heated to 50 °C to
erase crystal polymorphic history. The mixture was cooled to 20 °C at a rate of 0.2
°C/min. The obtained FCD contained polydispersed spherulitic fat crystallite
aggregates with diameter of approximately 150 um. The sample was used for
measurements within 8 h from the crystallization.

2.3.2. Rheo-NMR/-MRI measurements

All MRI and rheo-MRI experiments were performed on a wide-bore Bruker Avance I
spectrometer operating at 7 T. Excitation and detection of the !H signal was
performed with a bird-cage radiofrequency coil with an inner diameter of 25 mm, in
the standard microimaging gradient system Micro 2.5 (Bruker) with maximum
gradient intensity of 1.5 T m? along all three axes. For rheo-MRI measurements, the
Bruker rheo-MRI accessory was used in combination with the custom-made 500 um
gap CC or the commercially available serrated CC with r; /1, = 7/11 mm (4 mm gap),
also made of PEEK.

'H rheo-MRI measurements aiming at assessing the mechanical stability of the bob
were performed with the cup and bob filled with distilled water doped with 1 wt%
CuSO4 (Merck), to decrease the NMR longitudinal relaxation time of water to about
20 ms. The decreased relaxation time enabled using a short repetition time, Ty = 14
ms, and a number of scans, NS = 1 while retaining a high SNR. As a result, the
duration of 1 scan was minimized to 7 s, as required for the scopes of this set of
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measurements. For the acquisition of images under the constant rotation of the bob
at 0.72 rpm Fast Low Angle SHot (FLASH) MRI sequence was used with a slice
selective sinc excitation pulse of duration 1 ms and tip angle of 30°. The field-of-view
(FOV) was 20 x 20 mm and the resulting spatial resolution was 40 x 40 um/pixel.
Consecutive images were acquired over three axial slices, each 1 mm thick, at heights
z=8,16 and 22 mm from the bottom of the bob. Acquisition of each image lasted 7
s, therefore to measure over 2 rotations of the bob (167 s), 25 images were acquired.
The position of the center of the cup and that of the bob were extracted from each
image using a circle-tracking algorithm in MATLAB R2018b that enables sub-pixel
accuracy in the centroid estimation. The coordinates of the two centers were
subtracted from each other to yield the positions of the bob’s center with respect to
the cup’s center in consecutive images.

'H Chemical Shift Imaging (CSI) NMR measurements of CHsOH (Merck, purity > 99 %)
filling both the cup and the bob were conducted to calibrate the temperature over
the range T}, = 15 — 45 °C in steps of 5 °C. CSl spectra from three axial slices, 1 mm
thick each, at heights z = 18, 26 and 32 mm from the bottom of the cup were
recorded with a FOV of 25.6 x 25.6 mm, and the resolution of 40 x 40 um/pixel. The
local temperature in each pixel, T},., was calculated from the difference in chemical
shift (AS) between the CHs and the OH methanol peaks using the following
equation:®

Tioe[°C] = 135.85 — 36.54 - AS — 21.85 - AS2. (2.1)

The in situ sample temperature, TMR!

, was calculated by averaging values of Tj,,
within and over the 3 slices. The bulk, ex situ, temperature of the sample inside the

cup, TT¢, was measured with a thermocouple.

1D velocity profiles were measured by a Pulsed Field Gradient Spin Echo (PFG-SE)
sequence with a slice thickness of 1 mm in two dimensions,?® echo time T; = 19.5 ms,
and Ty = 2 s. The duration of the velocity-encoding gradient pulses and their inter-
pulse spacing were § = 1 ms and A = 13 ms, respectively. The amplitudes of the
velocity-encoding gradients were, respectively in the 500 um gap and 4 mm gap CC,
set to (i) 1.50, 1.19 and 0.14 T m! for recording shear rates of y = 0.5, 1 and 8 s}, or
to 0.51 and 0.05 T m* for recording shear rates of y =0.5 and 8 s’X. To avoid chemical-
shift artefacts, a CHEmical Shift Selective (CHESS) suppression module, as
implemented by Nikolaeva et al.,>” was used in all measurements using three 90°
chemically selective pulses with bandwidth of 0.8 kHz. The offset was set to 1 kHz or
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0.1 kHz respectively for measurements at shear rates of y = 0.5 and 8 s at room
temperature or at shear rate of y = 1 s'! under variable temperature conditions.
Different offsets were used due to the presence of water in the water channels giving
rise to an additional MR signal thus altering the spectrometer’s reference frequency
in the temperature-controlled studies. The frequency-encoding read gradient
provided a 10 mm-long slice over 1024 pixels, such that the spatial resolution was Ax
= 10 um. The time needed to obtain a single velocity profile within the gap was 34
min for a number of scans of NS =512. Three replicate measurements were collected
at each rotation speed.

2.4. Results and discussion

2.4.1. Mechanical stability of the bob

Our previous measurement of the off-axis displacement of the bob in a commercially
available 1 mm rheo-MRI CC yielded wobbling values up to ~60-80 um at low
rotation rates, where wobbling is most significant (see Fig. S2.1 in section 2.6). Such
wobbling size would be excessive in our sub-mm gap setup, resulting in ~16%
variation in the gap size during rheo-MRI measurements. Furthermore, during the
off-axis movement of the bob under shear, the sheared fluid is pushed sideways
within the gap, thus resulting in additional artefactual flow components. The
consequent distortions that appear in the velocity profiles hamper the analysis of the
underlying ‘true’ flow behavior, thus making the identification of flow effects such as
cooperativity even more challenging. COMSOL simulations of the effect of the off-
axis displacement by 80 um on the expected linear velocity profiles of a Newtonian
fluid flowing in a 500 um gap CC yield up to 50% deviation from the expected linear
velocity (see Fig. S2.2 in section 2.6 for an experimental velocity profile with an effect
of ~60 um off-axis displacement of the bob). If the off-axis displacement is reduced
down to about 10 um, such deviation becomes only 5%, which is within the
experimental error associated with rheo-MRI flow measurements (see Fig. S2.2 in
section 2.6). Such improved off-axis mechanical stability also enables achieving a
spatial MRI resolution of 10 um with the 500 um CC, which in turn is desired to record
the velocity profiles with a sufficient number of data points. Hence, reducing the off-
axis wobble to below 10 um is of importance for both (i) minimizing the artefacts in
the velocity profiles, and (ii) avoiding having to discard the signal from pixels close to
the bob because of the wobbling. Below we set out to quantify the improvement in
the mechanical stability achieved in our newly-designed sub-mm gap cell.
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Figure 2.3 shows 'H MRI FLASH measurements along both x and y directions of the
off-axis displacement of the center of the bob, filled with doped water, with respect
to the center of the cup, expressed as a percentage of the gap size w. As indicated in
the figure, the movement of the bob was tracked at three positions along the bob’s
height (z axis). In all three slices, the maximum observed off-axis displacement was
within 5% of the gap size and appeared linearly decreasing when going from top to
bottom, respectively being equal to 25, 17.5, and 7.5 um at z = 8, 16, and 22 mm.
The error associated with the wobble values, due to the limit of accuracy in the
estimation of the bob’s and the cup’s centers by the circle tracking algorithm, is + 1
um at all heights. The lower off-axis wobbling towards the bottom of the bob is due
to the fact that (i) the protrusion that fits within the well at the bottom of the cup
locally fixes the axis of rotation, and (ii) the probe is fixed at its base, but exhibits
mechanical instability in the top part, where it also connects to the shaft and the

forces acting on it are the largest.

5 0 5
x/w [%]

Figure 2.3: Rheo-MRI mapping of the off-axis displacement of the bob, filled with
doped water, during rotation at 0.72 rpm. Consecutive FLASH images of 1 mm thick
axial slices were measured. 25 images with the duration time of 7 s each were acquired
to track 2 full rotations. The position of the center of the bob was extracted from each
image using a circle tracking algorithm in MATLAB R2018b. Plots on the right show the
coordinates obtained from slices measured at z = 8, 16, and 22 mm along the bob’s

height, respectively.
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The achieved reduction in the off-axis displacement down to 7.5 um (z = 8 mm)
corresponds to a 10-fold improvement in stability as compared to commercially
available rheo-MRI CC, and, importantly, is within the minimum desired MRI spatial
resolution of 10 um for acquiring velocity profiles in sub-mm gap geometries.

This remarkable improvement in off-axis mechanical stability enables us to use the
cell for applying a steady and uni-directional shear, and for obtaining artefact-free
velocity profiles even at low shear rates (y). We believe that the mechanical stability
of our rheo-MRI setup can be enhanced even further by improving the stability of the
MRI probe head. Based on the observations in Fig. 2.3 we decided to record all our
velocity profiles at z = 10 mm, where the off-axis displacement and its error can be
estimated from the linear fit of the measured wobble values as (9.5 £+ 2) um. This
position is optimal considering both the stability of the bob and the SNR, which is
highest closest to the center of the coil (z = 14 mm).

2.4.2. Calibration of the temperature control circuit

All applications of temperature-controlled flow studies, e.g., involving crystallization,
gelation or polymerization processes, require highly stable and uniform temperature
control. Temperature fluctuations can, for instance, lead to inhomogeneities in the
sample and/or to flow instabilities.

Here, we have calibrated the temperature of the sub-mm gap CC at seven nominal
bath temperature (T},) values over the range 15-45 °C. The temperature was
estimated both locally (T},.), from spatially-resolved H CSI spectra of a methanol-
filled CC by using Eq. (2.1)%, and as bulk value (TJ¢ and TMR!), respectively ex situ
using a thermocouple or in situ by averaging the T, values obtained by H CSI for all
pixels from the three selected slices.

Figure 2.4a shows the temperature maps obtained from the 'H CSI measurements,
recorded at Tj, = 45 °C. It can be seen that the temperature is uniform within each
slice and across the z-range examined. A similar observation was obtained for all
other T, values. Thus an in situ temperature calibration curve could be constructed,
averaging the local sample temperature, Tj,., within and over the three slices. Figure
2.4b shows the ex and in situ calibration curves, both evidencing a linear dependence
of the temperature inside the gap. The standard deviation for the ex and in situ
temperature values is 0.3°C and 1 °C, respectively, mostly due to imperfect shimming
typical of wide-bore magnets. The expected temperature fluctuation is estimated to
be 0.3 °C, based on the fluctuations of the thermostat of the water bath. The
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Figure 2.4: Calibrations of the temperature circuit (water channels shown in grey
both in the drawing of the cell and in the images), with the cup and the bob filled
with CH3OH. a) At T}, = 45 °C: axial 1H MR CSI images acquired for three slices, each
1 mm thick, at positions z = 18, 26 and 32 mm along the cell’s height, showing a
uniform temperature, T),., as calculated using Eq. (2.1). b) At T, = 15 — 45 °C:
effective bulk temperature in the gap, measured ex situ with a thermocouple (TX¢)
and also in situ by *H MR CSI (TMR!) by averaging the T,,. values obtained for the
three axial slices shown in a).

embedding of such temperature circuit in the cell enables carrying out rheo-MRI
experiments at controlled uniform temperatures within the range T = 16 — 40 °C.
This introduces a significant advancement to rheo-MRI, so far mostly limited to room
temperature studies.

2.4.3. Case study: local flow behavior of a fat crystal dispersion

As an illustrative application of our novel sub-mm gap rheo-MRI CC, we studied the
confined flow behavior of a fat crystal dispersion (FCD), with 27 wt% fat
concentration. FCDs are used in production of fat-based products, such as chocolate
or margerine. Due to the presence of large crystal aggregates with sizes up to d =200
um, these foods are prone to exhibit non-trivial and strongly temperature-
dependent flow behavior in sub-mm or mm-sized confinements.!%2>

We have first carried out a preliminary investigation of the global flow behavior of
the 27 wt% FCD by rheology, at shear rates in the range y = 0.01 — 100 s, as
commonly done to identify shear rates at which flow becomes unstable.? From these
measurements (data not reported here) we could observe flow instabilities at and
below y = 1 s'. Therefore, we performed rheo-MRI measurements at shear rates
above (y = 8 s1) or below (y = 0.5 s!) the transition from unstable to stable flow
regimes, and compared the results obtained in the 500 um and 4 mm gap CCs. We
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note that the percentage stress variation across the 500 um gap CC, calculated as the
ratio of stresses at the outer and inner wall, is only 11%,3® which yields linear velocity
profiles in the absence of flow instabilities. Hence, flow instabilities can be easily
observed from velocity profiles acquired with the sub-mm gap CC. Instead, in mm-
gap CCs the non-negligible stress distribution, namely > 20%, may make it impossible
to discern and quantify possible effects due to flow cooperativity. Figure 2.5 shows
the comparison between the 1D velocity profiles of the 27 wt% FCD at applied shear
rates of y =0.5 and 8 s'in the 500 um (a) and 4 mm (b) gap CC. All measured velocity
profiles are compared to the calculated velocity profiles expected for a simple yield-
stress fluid in the absence of cooperativity effects. In both geometries, wall slip was
quantified by an extrapolation of the last 10 pixels at the outer wall, and subtracted
from the velocity profiles, as done in previous work.? Figure 2.5a shows that in the
sub-mm gap CC flow of the 27 wt% FCD is linear at y = 8 s}, with an expected nearly
uniform shear rate throughout the gap. In the unstable flow regime, at y = 0.5 s%, a
strongly curved velocity profile is observed, suggesting a spatially-dependent
viscosity as also observed in cooperative flow.* In Fig. 2.5b, the experimental velocity
profiles for the 4 mm gap CC appear concave at both applied shear rates. The
corresponding predicted velocity profiles for a fluid that does not exhibit
cooperativity display the same deviation from linearity as experimentally observed
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Figure 2.5: Experimental *H rheo-MRI velocity profiles (open circles) of a 27 wt% FCD,
measured in a) 500 um gap CC with smooth walls and b) 4 mm gap CC with serrated
walls, at y =8 and 0.5 s, compared with calculated velocity profiles (dashed and solid
lines, respectively) of Herschel-Bulkley yield-stress fluid (4 + 2.54y°°) without non-local
effects, in the respective geometries. At both shear rates, velocities were normalized
to the respective maximum velocity. Measured flow profiles were corrected for
slippage at the outer wall, by subtracting the slip velocity determined by extrapolation
of the last 10 pixels. Slip velocities at the outer wall as a percentage of the maximum
expected velocity were 9 and 20% in the 500 um gap CC, and 5 and 10% for the 4 mm
gap CC, at high and low y respectively.
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for the 27 wt% FCD. This significant effect is solely due to the expected dominant
stress variation across the 4 mm gap CC, which in turn makes it impossible to easily
unravel flow cooperativity.

For the same 27 wt% FCD sample, we set out to illustrate the importance of
temperature-controlled sub-mm rheo-MRI studies. Due to the crystalline nature of
the platelets that form the aggregates in the FCD, flow at a temperature higher than
room temperature was studied to unravel the influence of recrystallization effects
on strongly-confined flow. In Figs. 2.6a and 2.6b the flow behavior at y = 1 s of the
27 wt% FCD is shown at T, = 15 and 30 °Crespectively, at three shearing times over
a 1.5 h time span.

At T, = 15 °C the confined flow is stable, likely indicating no significant shear-induced
recrystallization effects. Concave velocity profiles evidence a non-uniform effective
shear rate in agreement with evidences at ambient temperature and low shear rate
(see Fig. 2.5). In addition, localized flow measurement enabled the quantification of
a constant slip at both cell walls of (20 % 3) %. The flow behavior of the dispersion at
Ty, = 30 °C appears drastically different. The flow exhibits a significant wall slip during
the first hour of shearing, with progressively decreasing shear banding effects. In the
final 0.5 h, no discrete shear bands could be further distinguished. This indicates that
recrystallization takes place, which weakens the structure of the material, causing it
to become more susceptible to shear in the final 0.5 h. Additionally, recrystallization
results in the formation of larger aggregates, which likely induces cooperativity
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Figure 2.6: Dependence on shearing time (0.5, 1 and 1.5 h) of 'H rheo-MRI velocity
profiles for a 27 wt% FCD, measured aty =1stand ata) T, = 15°Corb) T, = 30 °C.
The flow profiles were acquired consecutively under continuous shear. The duration
of each experiment was 0.5 h, with the resulting flow profile being an average
measurement over such experiment time.
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effects, since a concave, rather than a linear profile is observed in the final 0.5 h. We
note that the demonstrated uniformity and stability of the temperature control
circuit enables ruling out any possible effect due to temperature fluctuations.

The presence of cooperativity effects in the rheo-MRI results displayed in Fig. 2.5 and
2.6 can be confirmed and quantified by fitting the spatially-resolved velocities in
combination with rheological stress measurements.3® This requires separate
measurements of bulk and spatially-resolved flow in twin setups.®?%244C For reliable
quantitative velocimetry studies, the spatially resolved flow profiles must be
recorded at high spatial resolution and high SNR, while minimizing mechanical
instability artefacts. From Figs. 2.5a and 2.6 it can be seen that such requirements
are satisfied with our improved rheo-MRI setup. Thanks to the enhanced off-axis
mechanical stability of the bob, acquired velocity profiles are free from wobble
artefacts and acquired with very high MRI spatial resolution of 10 um/pixel. The SNR
obtained in the 500 um gap CC is 120 + 5, as given by the ratio of mean signal
intensity to the standard deviation of the noise, is comparable to that of wider gap
geometries.*! Here, modelling the confined flow behavior of the FCD would have
required accounting for the observed microstructural rearrangements and
temperature effects, which was beyond the scope of this work.

2.5. Conclusions

With the aim to study strongly-confined flow by rheo-MRI, we have developed a 500
um gap rheo-MRI CC, which requires small sample volumes (~0.4 ml) and is equipped
with a water circuit for temperature control in the range 15 - 40 °C. Calibration of the
water circuit over this operational temperature range was obtained by performing
H CSI measurements of the cell filled with methanol, where the difference in
chemical shift between CHs and OH signals can be used to quantify sample
temperature. This approach revealed a spatially homogeneous temperature, within
+ 0.3 °C, over the entire sample volume. The mechanical stability of the rotating bob
was improved by a factor of ~10 with respect to currently available rheo-MRI setups.
The MRI spatial resolution could thus be boosted up to ~10 um, the latter value being
the estimated reduced size of off-axis wobbling of the bob. All these improved rheo-
MRI features were conjointly exploited here to study the temperature-dependent
confined flow of a thixotropic 27 wt% FCD sample. By using the sub-mm gap CC,
evidences could be observed for (i) the onset of non-uniform flow, suggesting
cooperativity effects at low shear rate and room temperature not discernible in
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wider gaps, and for (ii) shear-induced microstructural changes at 30 °C, not visible at
room temperature and linked to recrystallization effects. We foresee that our
improved rheo-MRI setup, suitable for studying strongly confined flow, is a powerful
tool for enabling fundamental studies of cooperative flow under in situ conditions
and, ultimately, for aiding the rational design of foods, or other soft particulate
dispersions such as emulsion-based paints or polymer coatings.
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2.6. Supplementary information

Figure S2.1 shows the positions of the centers of the bob during rotation within the
commercially available 1 mm gap CC and the in-house developed 0.5 mm gap CC,
demonstrating the off-axis displacements. Figure S2.2 shows the effect of the off-axis
bob wobble on a velocity profile of a Newtonian fluid, resulting in artefactual

negative velocities and deviations from linearity.
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Figure S2.1: Comparison of the off-axis displacement of the bob during rotation at
0.72 rom in a commercially MRI compatible available 1 mm gap CC and the in-house
developed 500 um gap CC. The bob was filled with doped water and consecutive
FLASH images of axial slices were measured. A total of 25 images with the acquisition
time of 7 s each were acquired to track 2 full rotations of the bob. The position of the
bob’s center was extracted from each image using a circle tracking algorithm
(MATLAB R2018b).
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Figure $2.2: Effect of an off-axis displacement of the bob of ~60 um and ~7 um
during rotation at 0.72 rom on an experimental MRI velocity profile of water in a 500
um gap CC with an old bob design and in the improved bob design, respectively.
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Abstract

We quantify the cooperative flow behavior of fat crystal dispersions (FCDs) upon
varying crystallization conditions. The latter enabled altering the multiscale
microstructure of the FCDs, ranging from the nanometer-sized platelets and the
dispersed fractal aggregates up to the strength of the mesoscopic weak-link network.
To the goal of characterizing strongly-confined flow in these optically-opaque
materials, we acquire high-resolution rheo-magnetic-resonance-imaging (rheo-MRI)
velocimetry measurements using an in-house developed 500 um gap Couette cell
(CC). We introduce a numerical fitting method, based on the fluidity model, which
yields the cooperativity length, &, in the narrow-gap CC. FCDs with aggregates sizes
smaller than the confinement size by an order of magnitude were found to exhibit
cooperativity effects. The respective ¢ values diverged at the yield stress, in
agreement with the kinetic elastoplastic (KEP) theory. In contrast, the FCD with
aggregates sizes in the order of the gap size did not exhibit any cooperativity effect:
we attribute this result to the correspondingly decreased mobility of the aggregates.
We foresee that our optimized rheo-MRI measurement and fitting analysis approach
will propel further similar studies of flow of other multiscale and optically-opaque
materials.



Quantifying cooperative flow of fat crystal dispersions | 59

3.1. Introduction

Flow through sub-mm geometries of complex dispersions, with particle sizes in the
order of tens to hundreds micrometers, occurs during production processes and
customer use of foods, cosmetics or paints.?3 It is well known that, under such
strongly-confined conditions, flow of particulate dispersions can become
cooperative, due to the onset of spatial coupling between plastic events throughout
the system.* As a result, the flowing material is macroscopically fluidized and, thus,
exhibits higher velocities and larger spatial heterogeneities of viscosity as compared
to theoretical flow predictions in the absence of cooperativity.

Despite many experimental and numerical studies conducted over the last two
decades,*>® a quantitative and comprehensive characterization of flow cooperativity
is still missing, specifically regarding its dependence on microstructural and
confinement properties. Thus, predicting cooperativity effects in fundamental soft
matter studies, and in industrial applications of complex fluids, remains an open
challenge.”° To address this, suitable measurement techniques and numerical
models must be developed for quantifying and predicting flow cooperativity in non-
model, optically-opaque dispersions.

In the pioneering works of Goyon et al.’®!! and Bocquet et al.,'? a quantitative
formalism was introduced, centered around the concepts of fluidity, flow
cooperativity and a characteristic length scale, £. Since then, cooperativity effects
have been quantified, under confined flow conditions, in emulsions,® microgels,?
cellulose dispersions, and granular materials.?* In all these studies, cooperativity
lengths were consistently found to be several times larger than the sizes of the
microstructural constituents, e.g. grains, droplets, or aggregates. Yet, studies of the
effect of microstructural properties on the extent of cooperativity have been, thus
far, limited to evaluating the dependence on concentration and polydispersity of the
dispersed particles. Goyon et al.!® found that, in flowing model emulsions, &
increased with both concentration and droplet size, while it decreased with
increasing polydispersity. Similar results were found by Géraud et al.>*> in flowing
microgels. Less well established is the influence of flow confinement on
cooperativity. In their same study on concentrated model emulsions, Goyon et al.!°
found that flow cooperativity was independent of both gap size and wall roughness,
while Paredes et al.2 found that only in rough microchannels flow of emulsions could
be described as cooperative, and even as responsible for the apparent wall slip. In
agreement with these works, Derzsi et al.” observed, both experimentally and
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numerically, enhanced cooperativity effects in concentrated model emulsions
flowing through geometries with rough walls. Interestingly, in most of the above-
mentioned studies, the authors reported stress-independent ¢ values, which is in
disagreement with numerical simulations based on the KEP theory.'?> The latter
predicts that cooperativity lengths diverge as stresses approach the yield stress of
the material. Stress-dependent ¢ values are reported only in the numerical
simulations of granular materials by Kamrin et al.%, or in the studies of microgels by
Géraud et al.'® Thus far extensive studies were mostly limited to model, optically-
transparent fluids with rather simple colloidal structures.”®%'® Consequently, the
fundamental understanding of flow cooperativity in multiscale, and typically
optically-opaque, complex materials remains elusive, hindering reliable predictions
of strongly-confined flow in industrial applications.

As an example, strongly-confined flow of FCDs is encountered during the production
and consumption of, e.g. margarine or chocolate. The flow behavior of FCDs depends
on the morphology of the multiscale crystal structure, which in turn is strongly
dependent on the crystallization conditions, namely applied shear, cooling rate, and
temperature.’’'° These parameters govern the interplay between fat crystallization
and network formation processes, in turn affecting the shape, size and fractal
dimension of the crystal aggregates, as well as the strength of the interstitial
network. The latter has been established to be in the weak-link regime.?%2! Thus far,
the flow of FCDs with varying microstructural properties has been studied only in
geometries with cm-sized gaps, exceeding the sizes of crystal aggregates by at least
two orders of magnitude, while the respective sub-mm confined flow behavior and
the potential presence of cooperativity effects have never been addressed.'”:*°

In this work, we study the sub-mm flow of three 27 wt% FCD samples prepared at
different crystallization rates, yielding different crystal aggregate sizes, fractal
dimensions and strength of the interstitial weak-link network. These microstructural
properties were respectively characterized, under static conditions, using light
microscopy, wide- and small-angle X-ray diffraction (WAXD and SAXD), ultra-small-
angle X-ray scattering (USAXS), and Raman imaging. We study the global flow
behavior in both wide- and narrow-gap CCs with classical rheology, and compare the
results with spatially-resolved rheo-MRI velocimetry measurements using an in-
house developed CC with 500 um gap.??> We find that the presence and spatial extent
of cooperative flow depends on the microstructural changes induced by varying
crystallization rates. By fitting the data to a numerical fluidity-based model adapted
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for narrow-gap CC, we show that the flow cooperativity length depends not only on
the size of the fat crystal aggregates, but also on the inter-particle interactions
mediated by the colloidal network.

3.2. Materials and methods

3.2.1. Sample preparation

The solid fat blend was mixed with a commercially available sunflower oil (SF) to give
a 27 wt% fat-in-oil dispersion, which was heated at 50 °C for 20 min to erase crystal
polymorphic history. For each sample, the melt was subjected to a distinct
crystallization procedure, to obtain samples with varying microstructures. For an
isothermal crystallization (IC) the melt was transferred to a vessel pre-set to 15 °C,
yielding an approximate cooling rate of 5 °C/min. For rapid crystallization (RC) and
slow crystallization (SC), the melt was cooled to 20 °C at a rate respectively of 1 or
0.1 °C/min. Using the crystallization rates and temperatures as labels, we henceforth
refer to the above mentioned samples as IC(15), RC(1) and SC(0.1), respectively. All
measurements were carried out on 27 wt% FCD samples at room temperature (RT)
within 8 h from the completion of their crystallization process, with the exception of
USAXS, which was carried out within 3 days of chilled storage and transport since the
crystallization.

3.2.2. WAXD

A Bruker D8-Discover diffractometer with a Vantec 500 2D detector and an IuS
microfocus X-ray source (CuKa radiation, A % 0.154 nm) was used in a 6/6
configuration. WAXD data were collected in the range of 7° < 26 < 55°. The beam
cross section at the sample position was about 1 mm. The distance and angle
between detector and sample were 32.5 cm and 10°, respectively.

3.2.3. Polarized Light Microscopy

Optical images of the three samples were obtained using a polarized light microscope
(Nikon Eclipse) equipped with a 10x objective lens. The images were acquired with
an Olympus DP70 camera and digitalized using a cellSens imaging software. To obtain
an estimate of the average crystal aggregate size for each sample, 15 images were
acquired at different locations across the measured surface. The mean size and its
standard deviation (SD) over 50 randomly chosen aggregates was calculated in
Imagel 1.52.
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3.2.4. USAXS and SAXD

USAXS and SAXD measurements were performed at the ID02 beamline at the
European Synchrotron Radiation Facility (ESRF) (Grenoble, France). The average
crystal thickness was obtained from the first order diffraction peak originating from
triglyceride 2L layers using the Scherrer equation.?® For the determination of the
fractal dimension, data processing was conducted in Igor Pro 6.37 software using the
Irena SAS 2.57 package. The USAXS signal of the SF oil sample was subtracted before

data modelling. The Unified Fit model?* provided the radius of gyration, R,;, and the

gir
Porod slope, P;, from which information about the crystal surface, morphology and
the fractal dimension can be extracted. For P; < 3 the fractal dimension equals to and
relates to a mass fractal. Otherwise, the fractal dimension can be calculated as 6 — P;

and indicates a surface fractal.

3.2.5. Raman imaging

The hyperspectral Raman images were acquired using a WITec confocal Raman
(Alpha 300R+) microscope equipped with a Zeiss upright microscope with a 532 nm
laser at 25.0 mW, using a 100x/0.9 objective. The Raman spectrometer was coupled
to a cooled (-60 °C) EMCCD detector. The obtained Raman spectra were in the range
of 100 — 3800 cm™. An integration time of 0.05 s was used for imaging a 150 x 150
um area with a resolution of 1 um. The raw data were subjected to standard
corrections, namely the cosmic ray removal and background subtraction in the
Project FIVE 5.2 software after which the true component analysis was performed
using the Raman spectra of the pure components to obtain the spatial distribution of
solid fat and liquid oil in the three samples.

3.2.6. Rheology

All rheometric measurements were performed using an Anton Paar (MCR 301)
rheometer. Global flow curves were acquired using a standard stainless steel CC with
the diameter of the bob, r; = 5.25 mm, and the diameter of the cup, r, = 8.75 mm.
Sandpaper was glued to the surface of both bob and cup to prevent slip. Each sample
was pre-sheared for 3 min at 30 s and, thereafter, exposed to stress measurements
under a shear rate sweep from 100 s to 0.01 s%. A total of 20 points per decade in
shear rate were recorded, averaging each stress value over 5 s. Confined flow
measurements were carried out using an in-house constructed CC made of polyether
ether ketone (PEEK) with the radii of the bob and the cup, r; =8.5 mmand r, =9 mm,
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respectively. This CC is identical to the one used in rheo-MRI measurements in order
to ensure comparability of the results.

3.2.7. Rheo-MRI

Rheo-MRI velocimetry measurements were performed on a wide-bore Bruker
Avance |ll spectrometer operating at 7 T. Excitation and detection of the 'H signal
was performed with a bird-cage radiofrequency coil with an inner diameter of 25
mm, in the standard microimaging gradient system Micro 2.5 (Bruker Biospin) with
maximum gradient intensity of 1.5 T m™ along all three axes. The magnet was
equipped with the standard Bruker rheo-MRI accessory, consisting of a stepper
motor and drive shaft, used in combination with a custom-made 500 um CC (r;/7,=
8.5/9 mm) with smooth walls.??

1D velocity profiles were measured using a Pulsed Field Gradient Spin Echo (PFG-
SE)?®> sequence, within a slice 1 mm thick along two dimensions, echo time Te =20 ms
and repetition time Tr = 2 s. The duration of the velocity-encoding gradient pulses,
and their inter-pulse spacing, were 6 = 1 ms and A = 13 ms, respectively. To avoid
chemical-shift artefacts, a CHEmical Shift Selective (CHESS) suppression module, as
implemented by Serial et al.,?® was used in all measurements using three 90°
chemically selective pulses with bandwidth of 0.8 kHz and offset of 1.1 kHz. The
frequency-encoding read gradient provided a 10 mm-long slice over 1024 pixels, such
that the spatial resolution was Ax = 10 um. Using a number of scans, NS = 512, the
total measurement time per velocity profile was 34 min. Each measurement was

carried out on a fresh sample batch.

3.3. Results and discussion

3.3.1. Multiscale Structure

From the melt, 27 wt% FCDs were prepared by isothermal crystallization at 15 °C
(1€(15)) and by rapid and slow crystallization at 1 or 0.1 °C/min, here denoted as RC(1)
and SC(0.1), respectively. Irrespective of the applied cooling regime, all fat crystals in
the 27 wt% FCDs are in the B’ polymorphic form, as evidenced by the presence of
strong diffraction peaks at 19.5 and 23.4 20 in WAXD spectra (see Fig. S3.1a in section
3.5.1).%7 The different crystallization rates did, however, affect the sizes of the crystal
aggregates, yielding samples with aggregates ranging across two orders of
magnitude in size, and with varying polydispersity, as shown in the polarized light
micrographs in Fig. 3.1. The isothermal crystallization at 15 °C yielded a sample with
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Figure 3.1: Images of the 27 wt% FCD samples IC(15) (left), RC(1) (middle) and
$C(0.1) (right) obtained by polarized light microscopy (top) or Raman imaging
(bottom). The images were acquired at RT within 3 h after completion of the
crystallization process.

aggregates’ mean diameter of 30 + 13 um (IC(15)), while crystallization rates of 1
and 0.1 °C/min towards 20 °C resulted in dispersions with respective aggregates’
mean diameters of 53 + 12 um (RC(1)), and 223 + 119 um (SC(0.1)). This trend is in
line with studies on microstructures of model and real fat systems crystallized under
varying conditions of temperature and shear.?®3! According to the established
theories on crystallization mechanisms in FCDs, lower crystallization rates lead to
persistent lower degree of undercooling, resulting in a decrease of nucleation rate
and thus larger crystallites. The crystallites then aggregate into fractal networks.3?
The increase in crystallite size with decreasing crystallization rates was confirmed by
SAXD measurements, which yielded the average crystallite thickness of 54.0 + 0.3
nm, 60.0 + 0.3 nm and 80.0 + 0.3 nm for samples 1C(15), RC(1) and SC(0.1),
respectively. The fractal nature of the aggregates was confirmed by the USAXS
measurements, with the quantified fractal dimensions for samples IC(15), RC(1) and
SC(0.1) respectively of 2.90 + 0.03, 2.70 + 0.03 and 2.40 + 0.01 (see Fig. S3.1b in
section 3.5.1). The lowest fractal dimension for sample SC(0.1) is in line with the
porous and spherulitic appearance of the crystal aggregates visible in the micrograph
in Fig. 3.1c. To gain further insight into the structure and the colloidal network
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beyond the crystal aggregates, we investigated the spatial distribution of solid fat in
the three samples with Raman imaging, with results presented in Figs. 3.1d — f. As
expected, in all samples the solid fat is concentrated within the aggregates. However,
the analysis of the Raman spectra (see Fig. $3.2 in section 3.5.1) corresponding to
voxels within interstitial spaces revealed an increasing similarity with the reference
spectrum of the pure solid fat component of the FCDs, going from sample IC(15) to
SC(0.1). Both the spatially-resolved Raman spectroscopy and SAXD measurements
evidence that the weak-link network in the IC(15) and RC(1) samples has a lower solid
fat content and is composed of thinner crystal platelets. In contrast, in the SC(0.1)
sample more solid fat is present in the weak-link network, composed of less space
filling, thicker crystallites.

3.3.2. Flow characterization

The flow of the FCDs is typically studied globally and described with a local
constitutive rheological law, which is insensitive to flow confinement size.1%2133 To
test whether such theoretical approach is sufficient to capture all aspects of flow of
the 27 wt% FCDs we study and compare the global and local flow of each sample,
using classical rheology and sub-mm rheo-MRI, respectively.

3.3.3. Global flow

The global flow behavior of samples IC(15), RC(1) and SC(0.1) under strain-controlled
conditions in a 3.5 mm gap CC is shown in Figs. 3.2a — c (black circles) as
measurements of shear stress, g, at varying shear rates, y, in the range 0.01 - 100 s
1. The data appear independent of the microstructural differences across the
samples, and can be well described by the Herschel-Bulkley (HB) model: ¢ = g, +
Ky™. Here, g, denotes the yield stress, K is a proportionality constant with the units

of Pa-st/m

and n is a dimensionless power law index.3* The fitted parameters
obtained for the three samples are summarised in Table 3.1. In section 3.5.2 we
include a verification that the wide gap condition, with the intrinsic shear and stress

inhomogeneity, does not affect our results.

Table 3.1: Fitting parameters obtained from fitting analysis of the global flow curves
of the three 27 wt% FCDs using the HB model.

o, [Pa] K [Pa s'/] n
1C (15 °C) 13.7+0.2 3.1+0.1 0.70 £ 0.01
RC (1 °C/min) 17.3+0.2 44+40.1 0.67 £0.01
SC (0.1 °C/min) 126 £ 0.1 41+0.1 0.67 £0.01
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Figure 3.2: Global flow curves of the 27 wt% FCD samples IC(15) (a), RC(1) (b), and
$C(0.1) (c) measured with a rheometer, starting from high shear rates, using a
standard 3.5 mm gap CC with glued sandpaper to prevent slip (open circles). Each
flow curve was fitted with a HB model (solid red line). Stress values at chosen shear
rates were also measured with a 500 um gap CC with smooth walls (blue crosses).
The plotted values are the mean and the SD of two repeats.

To investigate whether the measured global flow behavior depends on the size of the
flow geometry, we measured the global stress responses of the three 27 wt% FCDs
in a 500 um gap CC at chosen shear rates of y = 0.5, 0.7, 1, 2, 5, 10 and 30 s (blue
crosses in Figs. 3.2a — ¢). Comparison between results obtained with the 500 um and
3.5 mm gap CCs shows that flow in sample SC(0.1), where aggregate sizes are the
largest, is independent of the gap size (Fig. 3.2c). However, for the other two samples
the global stress is markedly lower in the narrow-gap CC. The presence of a gap-size
dependence of the rheological properties for samples IC(15) and RC(1) can arise from
various sources of flow instability, such as shear banding,3® wall slip,® and/or
cooperative flow behavior.!? To elucidate the source of the bulk rheological
properties observed in Fig. 3.2, local flow information is needed. Thus, in the next
section we study the confined flow in a spatially-resolved manner by rheo-MRI.

3.3.4.Local flow

The local flow behavior was studied by high-field rheo-MRI using an in-house
developed 500 um gap CC. This cell was designed to enable imposing confined flow
while keeping both stress inhomogeneity and off-axis wobbling negligible.?? These
conditions are essential for observing and quantifying confined flow behavior,
without distortions originating from the rotating geometry. The rheo-MRI velocity
profiles of all 27 wt% FCDs, acquired at the same shear rates as the stress
measurements by standard rheology (Fig. 3.2), are shown in Figs. 3.3a —c. Local shear
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Figure 3.3: For the 27 wt% FCD samples IC(15), RC(1) and SC(0.1), from left to right:
a) — ¢) 'H rheo-MRI velocity profiles measured in a 500 um gap CC (open symbols)
and respective calculated velocities from the HB model (solid lines) as a function of
the normalized position across the gap, upon varying applied shear rates, Vgp,.
Measured flow profiles were corrected for slippage by subtracting the slip velocity
(see section 3.5.3) determined by extrapolation of the last 10 pixels at the outer wall
as done in previous work; d) — f) corresponding shear rates calculated from each
measured velocity profile. The dotted line serves as a guide for the eye.

rates, shown in Figs. 3.3d — f, were derived from each of the measured velocity
profiles using the following equation:

_av(x) v(x)
T oax x

y(x) ) (3.1)

where x is the measured position across the gap and v(x) is the respective spatially-
dependent velocity. As y(x) values are proportional to the first spatial derivative of
v(x), they are expected to better unravel sample-specific deviations from linear flow
profiles. It can be seen in Figs. 3.3a — c that all samples exhibit non-linear velocity
profiles and, thus, non-uniform local shear rates (Figs. 3.3d — f). Furthermore, for
samples IC(15) and RC(1), shear banding can be observed only at the lowest Y4,




68 | Chapter3

value, while flow in sample SC(0.1) bands over y,;,, values up to 1 st (Fig. 3.3¢c).
Similarly, the percentage of wall slip, averaged across all y,,,,, values (see Fig. S3.4 in
section 3.5.3), is 35% for IC(15) and RC(1), but decreases to 47% for SC(0.1),
indicating a markedly distinct behavior of the latter sample. With the aim to describe
this complex flow behavior, we compare the measured rheo-MRI velocity profiles
with those calculated from the global HB flow behavior (solid lines in Figs. 3.3a — c).
We find that only for sample SC(0.1) the measured velocities are in agreement with
the predictions from the HB equation, while for samples IC(15) and RC(1) they largely
exceed the predicted velocities at all shear rates. Hence, our narrow-gap rheo-MRI
measurements indicate (i) the failure of the local HB flow model, and the existence
of enhanced velocities, for the 27 wt% FCDs prepared at high crystallization rates,
and (ii) the presence of shear-banding and shear-dependent wall slip. In literature,
such flow instabilities have been associated with confinement-induced cooperativity
effects.®1011L15 Thys, in the following section we describe and use a non-local
rheological model, suitable for the adopted narrow-gap CC, to quantify flow
cooperativity for samples IC(15) and RC(1).

3.3.5.Characterization of flow cooperativity

Cooperativity effects in the flow of soft particle dispersions can be quantified using a
so-called fluidity model. Fluidity, defined as the ratio of the shear rate and the shear

stress, namely f = y/g, is linked, on a microscopic level, to the local rate of plastic
rearrangements across the whole flowing system. If the material exhibits cooperative
flow, the plastic rearrangements have non-local character, i.e. they induce further
rearrangements of neighbouring particles and lead to complex spatio-temporal
variations of the fluidity. In this case, the fluidity is predicted to obey a non-local
equation:

62
f) = foue + &2 a/;(zx) ) (3.2)

where fuuk is the bulk fluidity in the absence of non-local effects, & is the
cooperativity length, which can be interpreted as the distance over which plastic
events at one site influence spatial rearrangements of neighboring particles, and x is
the position across the gap. For our samples, whose global flow is well described by
the HB model (see Fig. 3.2), the bulk fluidity is defined as:
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where o = pe Rl the stress distribution specific to the CC geometry. The latter
i

expression is derived from the momentum balance, where T is the torque exerted
on the rotating bob measured at a rheometer, and H is the height of the bob.3® Given
the form of the stress distribution in a CC, Eq. 3.2 has no closed, analytical solution.
Hence, to obtain the cooperativity lengths for each sample at varying shear rates, we
numerically solve the following system of first-order ordinary differential equations
(ODEs), with the shear rates at both inner and outer walls, respectively y,; and 7.,
as boundary conditions:

9 (Yioc

= (e)=r
o, 1 [ Vioc — Vbuik ] (3.4)
ox &2 o ’
where y,,. is the local shear rate obtained from rheo-MRI measurements (Figs. 3.3d
—f). We note that our proposed numerical approach for solving the fluidity equation
enables easily adapting the model to different flow geometries with radial symmetry,
by simply defining the expression of the stress distribution. The stress distribution,
along with the definition of bulk fluidity, becomes instead a constraining factor in the
commonly used analytical integrations of the fluidity equation,®%!3 making the
model less general and straightforward. The solution of Eq. 3.4 is numerically
integrated to obtain a theoretical velocity profile, which we fit to the measured data
using the boundary conditions and & as fitting parameters. To achieve a robust
estimate of all fitting parameters, in particular of the boundary conditions which rely
on the derivative of the velocity profiles, high spatial resolution in the measured data
is a key requirement. This condition is satisfied in our experimental data, where a
spatial resolution of 10 um/pixel could be achieved thanks to our improved design of
the new rheo-MRI setup with boosted mechanical stability of the rotating
elements.37:38

In Figs. 3.4a and 3.4b the experimental velocity profiles, respectively for samples
IC(15) and RC(1) and displayed also in Figs. 3.3a and 3.3b, are fitted using the fluidity
model. In section 3.5.3 we include the fitting results using the bulk flow behavior
corrected for the shear rate inhomogeneity of a wide gap geometry. We also
attempted fitting the model to the velocity profiles of sample SC(0.1), which yielded
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either no convergence or cooperativity lengths below the mean particle size (see Fig.
S3.5 in section 3.5.3), further confirming the absence of cooperativity in this 27 wt%
FCD sample. For samples I1C(15) and RC(1) the mean cooperativity lengths were
obtained, at each shear rate, as an average fitting result from triplicate
measurements (Figs. 3.4c and 3.4d). The calculated mean & values were weighed
using the fitting error of each repeat, while the error bars represent the maximum
and the minimum & value obtained from fitting the individual measurements (see
Fig. S3.6 in section 3.5.3 for plots of the other fitting parameters, y,; and y,,). First,
we observe that the obtained numerical solutions of Eq. 3.4 are in agreement with
the measured velocity profiles, and that all obtained & values are in the order of the
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Figure 3.4: For samples IC(15) (a and c) and RC(1) (b and d): experimental and fitted
velocity profiles (top row) and mean cooperativity lengths, &, (bottom row) obtained
using Egs. 3.2 and 3.3. The mean & values were obtained from three replicate rheo-
MRI measurements per y,,, and calculated using the individual fitting errors as
weights. The error bars represent the spread of the & values. Insets report the
obtained & values normalized to the respective mean aggregate size, d.
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aggregate sizes in the 27 wt% FCD samples. This is in agreement with the current
understanding of flow cooperativity, and in line with findings from previous
studies.®1015 |nterestingly, we observe a decrease in the cooperativity length with
increasing aggregate sizes, reaching a null cooperativity length in sample SC(0.1),
characterized by the largest aggregates. The different flow behavior of the examined
27 wt% FCDs likely originates from the difference among these samples in terms of
mesoscopic weak-link network and aggregates’ fractality. We hypothesize that in the
IC(15) and RC(1) samples, the inter-particle weak-link network favors the onset of
cooperative flow. Instead, the coarser interstitial network, higher fractality, and
mean size of the aggregates of the SC(0.1) sample result in excessive confinement
condition, hindering the mobility of the aggregates under shear. This severely limits
the inter-particle interactions in the SC(0.1) sample, resulting in the absence of
cooperativity effects. A similar hypothesis was made by Géraud et al. in their study
on cooperative flow of microgels.!?

Lastly, Figs. 3.4c and 3.4d unravel a non-monotonic trend of the & values as a function
of the applied shear rate. This trend is in agreement with the KEP model,*? which
suggests that the cooperativity length should diverge at the yield stress of the
material, according to the following equation:

f(a)=C>< de’ (35)
|0_‘7y| '

where C is a dimensionless scaling constant, and d is the characteristic length scale
of the fluid microstructure, which here we assume to be the determined mean
aggregate sizes and their respective SD. In Fig. 3.5 we show the theoretical
cooperativity lengths as a function of stress over a range relevant for samples IC(15)
and RC(1). The & values were calculated using either the respective mean sizes of the
aggregates, namely 30 and 53 um (solid lines), or the corresponding minimum and
maximum values calculated as (30 + 13) um and (53 + 12) um (dotted lines). We
compare these predictions with the & values obtained from the fitted velocity profiles
(cross symbols in Fig. 3.4), plotted in Fig. 3.5 against the stress values measured in
the 500 um CC by classical rheology (Fig. 3.2). Although the theoretical and fitted &
values are not in perfect agreement, it is clear that for both IC(15) and RC(1) samples
& reaches a maximum around the corresponding yield stress value.
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Figure 3.5: Theoretical & values predicted by the KEP model for samples IC(15) and
RC(1) (solid lines) at stresses 1 — 40 Pa, compared with the mean cooperativity
lengths, & obtained from fits of the fluidity model, plotted against stresses at the bob,
measured by global rheology. Dotted lines are the calculated ¢ values for smallest
and largest aggregates present in each sample, given the respective polydispersity.

3.4. Conclusions

In this work, we have studied the flow behavior of three 27 wt% FCDs, prepared at
different crystallization rate conditions, in both sub-mm and wide gap CCs. The
examined 27 wt% FCDs had average crystal aggregate sizes in the range of 10 — 102
um and varying colloidal network properties. We have found that the flow of the 27
wt% FCD sample with the largest crystal aggregates is independent of the
confinement size, and is well described by a classical rheological HB model. In
contrast, the flow of the 27 wt% FCDs with smaller crystal aggregates was sensitive
to the confinement size, yielding lower stress values in sub-mm confinement than in
a wide-gap CC. With the sub-mm rheo-MRI CC measurements, we identified
cooperativity as the underlying cause of the observed differences in the confined
flow between the 27 wt% FCDs. By fitting the measured velocity profiles with our
proposed numerical fluidity model, we have quantified the cooperativity length
scale, &, for samples IC(15) and RC(1). The found & values were 1 — 15 times larger
than the respective mean aggregates’ sizes, in line with previous findings.81%1> |n
addition, & values were found to be dependent on the applied shear rate, diverging
at the samples’ yield stress, in agreement with theoretical predictions obtained with
the KEP model. Finally, sample IC(15), with smallest aggregates and lowest
polydispersity, respectively ~30 um and 40%, exhibited the highest & values at
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medium shear rates. In contrast, sample SC(0.1), with largest aggregates and highest
polydispersity, respectively ~200 um and 50%, did not exhibit any cooperativity
effects, which we attribute to the decreased mobility of the aggregates, caused by
the high fractality and large sizes approximating the confinement size.

Thanks to the optimized narrow-gap rheo-MRI setup and the developed numerical
modelling approach, we were able to characterize confined flow of the 27 wt% FCDs,
and to quantify the dependence of its cooperative flow on the adopted crystallization
conditions. The obtained results show that the cooperativity length does not
necessarily scale with particle size. We foresee that our proposed experimental and
modelling approach can be used to aid elucidating the dependence of cooperativity
on other structural or rheological properties of FCDs, such as particle concentration
and shape, confinement size and wall slip. This will ultimately aid in robustly
predicting flow cooperativity in FCDs, and other industrially-relevant structured
fluids, under varying flow conditions.
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3.5. Supplementary information

3.5.1. Multiscale structure characterization

Figure S3.1 shows the results of WAXD and USAXS measurements, performed to
determine the polymorphic form of the crystal platelets and the fractal dimension of
the aggregates, respectively.
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Figure $3.1: a) WAXD spectra of the three 27 wt% FCD samples evidencing the B’
polymorphic form of the aggregate-forming crystal platelets, for all crystallization
rates; b) USAXS intensity, I, as a function of scattering vector, q, with the obtained
Porod slope, P; of 3.1, 3.3 and 2.4 for the 27 wt% FCD samples IC(15) (green), RC(1)
(blue) and $C(0.1) (red), respectively.

Figure S3.2 shows the Raman spectra for the 27 wt% FCD samples, acquired in the
interstitial spaces between the aggregates, in comparison with the spectrum of a
sample consisting solely of the solid fat component of the FCDs. An increase in the
intensity of the signals at Raman shifts of 1078 cm™and 1135 cm™}, and a decrease in
intensity of the peak at a shift of 1272 cm, evidences an increasing similarity with
the spectrum of pure solid fat, going from sample IC(15) towards SC(0.1). This
indicates an increase in the solid fat content and in the colloidal network strength
with decreasing crystallization rate.
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Figure $S3.2: Raman spectra (top) of the three 27 wt% FCD samples, resulting from
averaging of 625 spectra in the interstitial space of 25 x 25 pixels, from the areas
marked with black rectangles in the respective Raman images (bottom) of samples
IC(15) (left), RC(1) (middle) and SC(0.1) (right). Spectra of the 27 wt% FCDs are
compared with the spectrum of pure solid fat (dotted black line).

3.5.2. Shear rate inhomogeneity in the wide-gap CC

We calibrated the effect of the wide gap condition on the measured stress and shear
rate values by acquiring flow curves of a Newtonian fluid, silicone oil, with viscosity,
1n =1 Pa-s in narrow and wide gap CCs, with respective gap sizes of 0.4 mm and 3.5
mm (data not shown). The calibration yielded an empirical scaling factor of 4 in the
applied shear rate, such that V,grrow = 4 X Vwide-

In Fig. S3.3 we present global flow curves for the three 27 wt% FCDs including the
correction in the shear rates. The adjusted wide-gap CC global flow data was fitted
with the HB model, with the fitting parameters presented in Table S3.1. Comparing
the parameters in Tables S3.1 and Table 3.1 we note that only the proportionality
constant, K changed as a result of the shear rate correction.
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Figure $3.3: Global flow curves of the 27 wt% FCD samples IC(15) (a), RC(1) (b), and
S$C(0.1) (c) measured with a rheometer, with the stresses acquired in the 3.5 mm gap
CC (black circles) plotted against shear rates adjusted for the for the shear rate
inhomogeneity caused by the wide gap condition, according to the calibration
performed with a Newtonian fluid.

Table S3.1: Fitting parameters obtained from fitting of the HB model to the global
flow curves of the three 27 wt% FCDs adjusted for the shear rate inhomogeneity.

oy [Pa] K [Pa s/n] n
IC (15 °C) 13.7 £ 0.2 73 10.2 0.70 £ 0.01
RC (1 °C/min) 17.3+0.2 10.3+ 0.2 0.67 £ 0.01
SC (0.1 °C/min) 12.6 £ 0.1 9.7+0.1 0.67 £ 0.01

3.5.3. Local flow behavior of the 27 wt% FCDs

The percentage of slip velocity, v;,, shown in Fig. $S3.4, was calculated according to

the following equation:

Vobs

)x 100 (53.1)

Ustip = (1 -
Vtheor

where v, is the maximum measured velocity and the v, is the theoretical
maximum velocity.
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Figure $3.4: Mean value of slip velocity at the inner wall, Vg, VS. Vapp, calculated
from the rheo-MRI velocity profiles using Eq. (5S3.1). The error bars is the standard
deviation of V;,, over three replicate measurements.
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Figure S3.5: For samples IC(15) (a and d), RC(1) (b and e) and SC(0.1) (c and f):
experimental and fitted velocity profiles (top row) and mean cooperativity lengths,
&, (bottom row) obtained from fitting the fluidity model using the bulk flow behavior
adjusted for the shear rate inhomogeneity.
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Figure S3.6: Plots of the boundary conditions, namely the shear rate at the bob, y,;
(top), and at the cup, Yy, (bottom), vs. Y, obtained from fitting the fluidity model
to the rheo-MRI velocity profiles of samples IC(15) (a and c) and RC(1) (b and d). The
error bars represent the fitting uncertainty.
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Abstract

Strongly-confined flow of particulate fluids is encountered in applications ranging
from 3D printing to spreading of foods and cosmetics into thin layers. When flowing
in constrictions with gap sizes, w, within 10? times the mean size of particles or
aggregates, d, structured fluids experience enhanced bulk velocities and
inhomogeneous viscosities, as a result of so-called cooperative, or non-local, particle
interactions. Correctly predicting cooperative flow for a wide range of complex fluids
requires high-resolution flow imaging modalities applicable in situ to even optically-
opaque fluids. To this goal, we here developed a pressure-driven high-field MRI
velocimetry platform, comprising of a pressure controller connected to a capillary.
Wall properties and diameter could be modified respectively as
hydrophobic/hydrophilic, or in size, ranging from w~100-540 um. By achieving a high
spatial resolution of 9 um, flow cooperativity length scales, &, down to 15 um in 0.5
wt% Carbopol with d~2 um, could be quantified by means of established physical
models, with an accuracy of 13%. The same approach was adopted for a
heterogeneous fat crystal dispersion (FCD) with d and & values up to an order of
magnitude higher than in 0.5 wt% Carbopol. We found that, for strongly-confined
flow of 0.5 wt% Carbopol in the 100 um capillary, £ is independent of flow conditions.
For the 15 wt% FCD, ¢ increases with the gap size and with applied pressures over
0.25 —1 bar. In both samples, non-local interactions span domains up to about 5 -8
particles, but at the highest confinement degree explored, ~8% for FCD, domains of
only ~2 particles contribute to cooperative flow. The developed flow-MRI platform
is easily scalable to ultra-high field MRI conditions for chemically-resolved
velocimetric measurements of, e.g., complex fluids with anisotropic particles
undergoing alignment. Future potential applications of the platform encompass
imaging extrusion under confinement during 3D printing of complex dispersions and
in in vitro vascular and perfusion studies.
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4.1. Introduction

Flow of particulate fluids, such as dispersions and microgels is encountered in daily
life and many industrial processes, with examples including squeezing cosmetics out
of packings or flow of foods in pipes and nozzles during their production. In many
such cases, flow of particulate fluids is well described and can be successfully
predicted by global rheological models, such as Herschel-Bulkley (HB).1> However,
complex fluids tend to exhibit flow instabilities such as wall slip® and shear-history
dependence in flow, known as thixotropy,” significantly complicating flow modelling.
Additionally, the global rheology approach tends to fail in describing the flow
behavior under conditions where the flow confinement size, w, is within two orders
of magnitude of the average microstructural size of the flowing fluid, d. Such
conditions can be encountered in food 3D printing®® or spreading of cosmetics and
paints into thin layers. In such strongly-confined regime, where the degree of
confinement, d/w = 1%, flow can become cooperative, due to non-local
interactions between the flowing particles. This typically leads to an increase in the
macroscopic velocity, and to the onset of spatially heterogeneous viscosity, as
compared to non-confined flow conditions.11? Thus, accurately predicting strongly-
confined flow, accounting for cooperativity effects in non-model or industrially-
relevant structured fluids, inherently requires broadly applicable velocimetry
techniques with high spatial resolution. Since the first study of flow cooperativity,
approximately two decades ago by optical velocimetry measurements, the latter
have been used to investigate the dependence of cooperativity on the gap size and
wall properties of the flow geometry. Recent work also revealed impact of
microstructural properties such as size distribution, concentration, and anisotropy of
particles  within  optically-transparent, colloidal model dispersions.t%13-15
Problematically, most structured fluids are optically-opaque, due to the presence of
bubbles, droplets or other particles, and thus cannot be measured by optical imaging
methods. Under such circumstances, Magnetic Resonance Imaging (MRI)
velocimetry can be beneficial, as it does not suffer from this limitation. In recent
years, MRI velocimetry has been applied to unravel flow cooperativity in fluids with
particles sizes =30 um, like cellulose, fat crystal dispersions (FCDs), and milk
microgels, or even in granular materials.!®?! These studies were performed using
rotational rheo-MRI setups???® equipped with commercially-available or custom-
made?* Couette cells (CC) with gap sizes down to 0.5 mm, or cone-plate (CP)
geometries with angles down to 4°. On the one hand, the cylindrical symmetry of the
CC geometry lends itself well to MRI measurements, while on the other hand the
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stress distribution is approximately homogeneous in a CP geometry. Yet, both
geometries possess characteristic limitations which impede their use for wide-range
studies of cooperativity. Specifically, downsizing the gap within a CC geometry below
0.5 mm?%is not realistic, due to challenges in the vertical alighment of the concentric
cylinders inside the magnet, and in the mechanical stability of the rotating parts?*.
Conversely, because of the increasing gap size along the radial direction of a CP
geometry, imposing a well-defined degree of flow confinement, increasing the
imaging slice thickness to achieve higher signal-to-noise ratio (SNR), and shearing
dense or heterogeneous structured fluids is a challenge. For both such geometries,
modifying wall properties is costly and time-consuming. Furthermore, the CCs and
CPs, along with the rheo-MRI drive shafts must be manufactured for specific bore-
sizes of MRI magnets, and are currently not available for narrow-bore and/or ultra-
high field MRI magnets. All these limitations have thus far prevented broadening the
scope of high-field flow-MRI measurements towards micron-scale cooperativity
studies. To bridge this gap, in this work, we have developed a capillary flow-MRI
platform for translational flow measurements, available with various capillary sizes
and wall properties, and easily scalable for use at any magnetic field strength and
magnet bore size. These features of the platform broaden the experimental
conditions under which cooperative flow can be studied, and also open the possibility
to study industrially-relevant processes including extrusion®>?® and mixing of
multiphase fluids in sub-mm confinements.?’

We first demonstrate the validation of the proposed flow-MRI platform by
determining the local viscosities of a Newtonian fluid, namely silicone oil, flowing in
capillaries with diameters within 100-540 um. Subsequently, we study the confined
flow of two particulate fluids: 0.5 wt% Carbopol and a 15 wt% FCD as a function of
the capillary diameter and wall properties. Carbopol, typically containing particle
sizes in the order of 1-10 um,>'*22 js often used as a model yield stress fluid in
rheological studies and, in this work, it enables benchmarking the capability of our
approach in estimating cooperativity lengths in a fluid with particle sizes below the
spatial MRI resolution. On the other hand, 15 wt% FCDs with crystal aggregates sizes

29-32 gre relevant for the processing of

from hundreds nm up to ~200 um in diameter
foods, such as margarine or chocolate. With the proposed platform we were able to
quantify flow cooperativity over the broad range of particle sizes covered by the two
particulate dispersions, with relevance in rheological and industrial applications. We
found that in 0.5 wt% Carbopol cooperativity appears independent of strongly-

confined flow conditions with only minor effect from wall properties, while in the 15
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wt% FCDs, with larger particle sizes, the capillary diameter largely affects the
cooperativity length scales. In the final part, we demonstrate that higher stress
variation within the flow geometry leads to a decrease of £ values, by comparing the
results obtained with the developed capillary setup and a corresponding CC
geometry.

4.2. Materials and methods

4.2.1. Sample preparation

As a model Newtonian fluid, silicone oil, with viscosity 17,5 = 1 Pa-s at 25 °C was
purchased from Sigma Aldrich and used with no further modifications. As a model
yield stress fluid, 0.5 wt% Carbopol was prepared following the procedure described
by Géraud et al.** Carbopol ETD 2050 powder (Lubrizol) was added to milliQ water
heated to 50 °C, in a ratio to give 0.5 wt% solution, after which the dispersion was
stirred for 30 min with a magnetic stirrer at 50 °C until a complete dissolution of the
powder. The resulting solution was cooled to room temperature (RT), and the pH was
adjusted from ~3to 7.0 £ 0.5, by a dropwise addition of aqueous NaOH (5 M), under
continuous stirring. During the neutralization, jamming of the polymer network
occurs due to swelling of the polymer blobs with water.?® It is known from literature
that the stirring method affects the microstructure.'* Hence, the resulting arrested
gel was stirred with a mixer for 24 h at 2000 rpm at RT to obtain the desired
microstructure size of ~3 um. After preparation the sample was stored at RT. For
preparation of the 15 wt% FCD, a solid fat blend was mixed with a commercially
available sunflower oil (SF) to give a 15 wt% fat-in-oil dispersion, which was heated
at 50 °C for 20 min to erase crystal polymorphic history. Subsequently, the melt was
transferred to a vessel pre-set at 15 °C for isothermal crystallization over 10 min. A
fresh batch of sample was prepared before each experiment and used within 8 h
from preparation.

4.2.2. Microstructure determination

The microstructure of 0.5 wt% Carbopol was visualized under a confocal microscope
(Nikon Ti2 Eclipse), equipped with a high sensitivity camera (Nikon C2). A drop of 0.5
wt% Carbopol, stained with Rhodamine B, was deposited on a glass slide and
examined with an oil objective (60x magnification, NA = 1.4). A laser with a
wavelength of 4 = 561 nm was used for excitation with the collected fluorescence
bandwidth set to 510 — 593 nm. The microstructure of the 15 wt% FCD was visualized
using a polarized light microscope (Nikon Eclipse) equipped with a 10x objective lens.
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The images were acquired with an Olympus DP70 camera and digitalized using a
cellSens imaging software. The mean sizes of the polymer blobs in 0.5 wt% Carbopol
and of the crystal aggregates in the 15 wt% FCD sample were obtained from the
Intensity Correlation Spectroscopy approach, as described in detail by Géraud et al.1*
The 2D autocorrelation function of micrographs of both samples was calculated and
radially averaged. The resulting exponential decay was fitted with the following
equation:

g(r) = goexp (— (:—O)Q) + Joor (4.1)

where 1y is the correlation length, an equivalent of particle radius, g, is the peak
intensity and g, is the background intensity.

4.2.3. uCT measurements

The glass capillaries were fitted on the rotation table of the uCT and imaged using a
Skyscan 1172 desktop pCT system with a 100kV X-ray source (10W, 20-100kV, O-
250uA, <5um spot size) and a 11 Mp X-ray detector (4000 x 2664 pixels). A power
setting of 60kV and 167pA was used. Images were acquired using a step size of 0.3°
over 360° with a camera binning of 4 x 4 and frame averaging of 2. The pixel size was
set to 3.75 pum. The total scanning time, yielding 1200 projection images, was just
under 1 h. A stack of 631 horizontal cross sections of 292 x 292 pixels was obtained
after tomographic reconstruction of a small region of interest of the projection
images. A beam hardening correction of 50% and ring artefact correction of 100 and
smoothing of 2 were selected. Avizo V2022.1 was used to generate ortho-slices and
with the ruler function it was possible to determine the internal diameter.

4.2.4. Flow-MRI platform design

The capillary flow-MRI platform is schematically shown in Fig. 4.1. The components
of the platform were purchased from commercial suppliers, namely: the pressure
controller (Elveflow) for controlling the applied pressure, Py, in the range 0 — 8 bar
with the operational error of +1 mbar; the PTFE connecting tubing with w = 0.9 mm
(BGB Analytik); the PEEK connectors with w = 0.5 mm (BGB Analytik); the hydrophilic
and hydrophobic glass capillaries with diameters in the range 100 — 540 um (BGB
Analytik). The hydrophilic/hydrophobic properties of the walls are used is the
experiments as a way to probe the flow behavior under different conditions of fluid-
wall interactions. Since velocities in cylindrical capillaries scale according to
(w/2)2, we have measured the radius of all capillaries with uCT (see Fig. S4.1 in
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Figure 4.1: a) Scheme of the capillary flow-MRI platform in a WB 600 MHz NMR
spectrometer, b) uCT images of the glass capillaries, used for quantification of the
capillary inner diameters.

section 4.5.1). The 1.2 mm saddle coil was supplied by Bruker BioSpin and adapted
to the probe in-house. For all experiments, the length of the capillary was fixed to L
= 14.7 + 0.2 cm, the fluid of interest was placed in the reservoir, and the target
pressure was applied. The sample flows in the tubing and through the connected
glass capillary, positioned inside the saddle coil. If the sample exhibits spatial
heterogeneities, e.g. due to sedimentation or ageing, it is possible to place the
reservoir on a stirrer plate and apply continuous stirring with a magnetic bar during
the course of the measurement. Such approach was followed here for the 15 wt%
FCD. The flow measurements were carried out at a constant temperature of 20 °C,
set by the temperature of the cooling water of the triple axis MRI gradients.

4.2.5. Flow-MRI measurements

The 'H MRI velocimetry measurements were performed on a wide-bore Avance NEO
Bruker spectrometer operating at 14 T. Excitation and detection of the H signal was
performed with a saddle radiofrequency coil with an inner diameter of 1.2 mm, using
the Micro 5 microimaging gradient system (Bruker BioSpin) with maximum gradient
intensity of 3 T m™* along all three directions.

2D 'H MRI velocity maps were measured using a Pulsed Field Gradient Spin Echo
(PFG-SE) sequence,?? within a 2 mm thick slice in the flow direction, echo time Te =
10 ms and repetition time Tr = 2 s. The duration of the velocity-encoding gradient
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pulses, and their inter-pulse spacing, were § =1 ms and A =5 ms, respectively. While
for silicone oil and Carbopol we observed only one 'H NMR signal from methylene
and water protons, respectively, SF oil in FCDs yields *H NMR signals at distinct
chemical shifts at the field strength used in this work. Thus, to avoid chemical shift
artefacts, a 90° chemically-selective, low-power, saturation pulse was used in all
velocimetry measurements of 15 wt% FCDs with a bandwidth of 1 kHz and frequency
offset of 2.46 kHz.2 The field-of-view (FOV) in the read and phase directions was (i)
0.9 x 0.9 mm?for the 540 um capillary and (ii) 0.6 x 0.6 mm? for both 250 and 100 um
capillaries. By correspondingly acquiring 64 x 64 pixels, isotropic spatial resolutions
of 14 um and 9 um could be obtained for measurements (i) and (ii). Using a number
of scans NS = 2, the total experiment time per velocity map was 4 min, and three
consecutive velocity maps were acquired per sample and P, value. Two replicates
were acquired for each set of measurements, using a fresh sample batch for each
repetition. For the data analysis, the 2D velocity maps were radially averaged to yield
1D velocity profiles. The averaging was performed in MATLAB, with the pixel values
binned based on the distance to the center of the capillary. The number of bins was
set to 64. As the original dataset contained 64 x 64 pixels, while the derived 1D
velocity profile contains 64 averaged points over half of the FOV, the spatial
resolution of the 1D profiles was twice that of the original 2D velocity maps.

4.2.6. Theoretical flow profiles

The theoretical velocities for the Newtonian fluid were calculated from the Hagen-
Poiseuille (HP) equation:

(w/2)% AP x \2
v(x) = TT [1 - (W_/Z) ], (4.2)

where AP is the measured pressure drop between the inlet and outlet of the
capillary, and x is the position across the gap. For the particulate yield stress fluids,
the HB! model was used:

APx _ t/n
(f <7/2L cry> dx o>o,
v(x) = K (4.3)

C 0 < 0y,
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where o, denotes the yield stress, K is a proportionality constant with the units of
Pa-s'", and n is a dimensionless power law index, all obtained from global
rheological measurements. For stresses below the yield stress, o < g, the velocity
is uniform in the center of the capillary and denoted by C. We note that, for all
investigated capillary diameters, the relative stress variation across the radial
direction is 100%, with maximum stress at the walls and null value in the center of
the capillary. AP across the capillary length was measured in a separate experiment
using a setup located outside the spectrometer, identical to that used for flow-MRI
measurements. The pressure sensors were connected directly to the 540 um
capillary, while an intermediate tubing with w = 0.9 mm was used between the
sensor and the 250 or 100 um capillaries. We note that, unlike for the latter
capillaries, using a connector tubing with the 540 um capillary contributed
significantly to the measured AP values, due to the similar inner diameters of both

the tubing and the capillary.

4.2.7. Quantification of flow cooperativity

A number of models have been developed to quantify non-local effects in particulate
materials.1%1133:3% |n this work, we use the fluidity model developed by Goyon et al.1?
for soft, particulate, fluids with rheological properties similar to Carbopol and FCDs.
The model is based on the concept of fluidity, defined as the ratio of the shear rate

and the shear stress, f = ).//0, and is linked, on a microscopic level, to the local rate
of plastic rearrangements across the whole flowing system. In the case of strongly-
confined flow, namely, d/w = 1%, the local fluidity, f (x), is found to deviate from
its predicted global value, f3,,k, and to obey the non-local equation??:

2
fGO) = fouu + &2 %X(Zx)’ (4.4)

where & is the cooperativity length, and fp,;x is determined by independent
rheological measurements in non-confined flow regime. Detailed description of
solving and fitting the model to complex fluids flowing through geometries with non-
uniform stress fields, such as the microcapillaries used in this work, can be found in
our previous work?®. The ¢ values for each P,,,, can be obtained either by fitting the
mean velocity profiles or by fitting the profiles from individual measurements and
averaging the obtained & values. For 0.5 wt% Carbopol, both tested approaches
yielded equal results, and here we report only the results from the former approach.
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For the 15 wt% FCD, due to the higher variability in velocities, the latter approach

was used.

4.2.8. Rotational rheology

All rotational rheometric measurements were performed using an Anton Paar (MCR
301) rheometer. Global flow curves were acquired using a geometry with a gap size
at least 100 times larger than the determined microstructure size of the sample. For
0.5 wt% Carbopol, a standard stainless steel CP geometry with a diameter of 25 mm
was used. In this geometry the cone is truncated, with the resulting minimum gap of
~50 um in the center. Since the measured stress originates primarily from the outer
regions of the CP, where the gap size is ~200 um, for 0.5 wt% Carbopol the wide-gap
approximation is fulfilled. The 15 wt% FCD was measured with a standard stainless
steel CC with the radius of the bob r; = 5.25 mm, and the radius of the cup r, = 8.75
mm. Sandpaper was glued to the surface of the bob to prevent slip. Both samples
were pre-sheared for 3 min at 30 s'! and, thereafter, exposed to stress measurements
under a shear rate sweep from 100 s to 0.01 s. A total of 20 points per decade in
shear rate were recorded, averaging each stress value over 5 s.

4.3. Results and discussion

4.3.1. Precision of capillary flow measurements

We validated the precision of the MRI velocimetry measurements in capillaries with
w =100, 250 and 540 pum, using silicone oil with viscosity 17,4 = 1.1 Pa-s. For the 250
um capillary we also tested the effect of wall slip in untreated hydrophilic walls and
treated hydrophobic walls. The resulting velocity profiles measured at P, = 1-6 bars
are shown in Fig. 4.2. All measured flow profiles for silicone oil are well described by
the HP equation within 5% maximum relative deviation. Wall slip is absent in all
measurements, as visible by the comparison of data in Figs. 4.2c and 4.2d. We also
calculated the local flow curves, reporting the local shear rate, y(x), obtained from

the slopes, al/;/ax' of all measured velocity profiles, vs. the local stress calculated as

o(x) = APX/ZL. All the resulting flow curves collapse onto one master curve, and
are in agreement with separate rheological measurements of viscosity (see Fig. S4.2
in section 4.5.2). These results evidence that flow in our setup is temporally stable
and reproducible.
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Figure 4.2: 'H MRI velocity profiles of silicone oil (1o +c= 1.1 Pa-s) acquired at various
applied pressures in capillaries with either hydrophilic walls (gray dotted line) and w
equal to a) 540 um, b) 100 um, c) 250 um, or d) hydrophobic walls (gray dashed line)
and w=250 um. The error bars represent variation in velocities over 3 time points and
2 replicates. Experimental profiles are compared with theoretical velocities (solid
lines) calculated from the HP model (Eq. 4.2), plotted against a normalized spatial
coordinate x /w.

4.3.2. Proof of concept: confined flow of 0.5 wt% Carbopol

In this section, we study the flow of 0.5 wt% Carbopol in capillaries with diameters
of 540 and 100 pm. In 0.5 wt% Carbopol, the polymer blob size was determined to
be (2.30 £+ 0.02) um (see Figs. S4.3a-b and Table S4.1 in section 4.5.3). Hence, only
for the smallest capillary the flow of 0.5 wt% Carbopol is expected to fall within the
strongly-confined regime. The resulting *H MRI velocity profiles from all above
capillaries, with either hydrophilic or hydrophobic walls, are presented in Figs. 4.3a —
c. In all measured velocity profiles, a region of non-sheared fluid is detected in the
center of the capillary. The coexistence of sheared and non-sheared regions is typical
for yield stress fluids and occurs when the applied stress is below the yield stress of
the material. In the top row of Fig. 4.3 the experimental velocity profiles are
compared with velocities calculated from the global flow behavior measured by
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Figure 4.3: 'H MRI velocity profiles of 0.5 wt% Carbopol acquired at various Popp
values in capillaries with hydrophilic (w=540 um and 100 um, left and middle
columns) or hydrophobic (w=100 um, right column) walls. The vertical gray dotted or
dashed lines represent, respectively, hydrophilic or hydrophobic walls of the
capillaries. The error bars refer to three consecutive measurements of two sample
replicates. Experimental velocity profiles are compared with theoretical velocities
calculated from the global HB model (solid line, top row) or fitted with the fluidity
model (solid line, middle row). The fitted & values (h and i) are reported with the
fitting error. The fitting of velocity profiles in the w=540 um capillary failed to
converge at a solution, resulting in unreliable & estimates (g).

conventional rotational CP rheology (Fig. S4.4a in section 4.5.3). As expected, only
the velocities in the largest capillary, where flow of 0.5 wt% Carbopol is outside the

strong confinement regime, can be correctly predicted by the global HB model. In
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the smallest capillary, the measured velocities significantly exceed those predicted
by the HB model. In the latter condition, no appreciable wall slip effect is observed.
By plotting the local flow curves derived from the velocity profiles and the respective
AP measurements (see Fig. S4.5 in section 4.5.3), it is evident that flow of 0.5 wt%
Carbopol at w = 100 um cannot be described by a global law, and that the flow
behavior at each F,,, is unique and exhibits non-local character, as a result of
cooperativity. As shown in Figs. 4.3d—i, by fitting the mean experimental velocity
profiles for 0.5 wt% Carbopol acquired for w = 100 um with the fluidity model (Eq.
4.4), the cooperativity length, denoted as &,%2 could be determined. All experimental
velocity profiles appear well described by the fluidity model, although, as expected,
for the largest capillary, the fitting sub-routine failed to converge at a reliable
solution, which resulted in the exceedingly high & values with no physical meaning
(Fig. 4.3g). For the w = 100 um capillaries, with either smooth or hydrophobic walls,
the resulting mean & value is 15 + 2 um and, as expected, in the order of a few
particles. We note that this result is in good agreement with the cooperativity length
determined in an identical sample of Carbopol by Géraud et al.'*, with only 10%
difference possibly originating from differences in the shape and size of the flow
geometry.

Notably, all the & values obtained for 0.5 wt% Carbopol are in the order of our MRI
spatial resolution, and could be reliably quantified thanks to the high mechanical
stability of our platform, and to the high SNR and filling factor conditions. Finally,
contrarily to what was found previously for emulsions by Paredes et al.,'> we observe
here that altering the chemical properties of the walls has no significant effect on the
inter-particle interactions in the flow of Carbopol. In contrast, the authors of the
aforementioned study'® found that oil droplets in an emulsion adhere to
hydrophobic walls of rectangular microchannels, affecting the flow at boundaries. In
the case of Carbopol, such adhesion likely does not occur because the continuous
and dispersed phases therein have similar hydrophobic interactions.

4.3.3. Proof of concept: confined flow of 15 wt% FCD

In our previous work,?° based on rheo-MRI measurements in a custom-made 500 um
CC, we have shown that flow cooperativity in concentrated FCDs, with 27 wt% solid
fat content (SFC), depends on the cooling rate used for sample preparation, as this,
in turn, influences the fat crystal platelet aggregate size and the inter-aggregate
weak-link network.?® With the here proposed capillary flow-MRI platform we could
investigate cooperativity at even higher confinement degrees. To this aim, we have
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measured the flow behavior of a 15 wt% FCD sample, with SFC ~15%, in 540 and 250
um capillaries, and obtained the mean velocity profiles shown in Figs. 4.4a and 4.4b.
We note that the oil in FCDs yields *H NMR signals at distinct chemical shifts at the
field strength used in this work. With our chosen measurement approach? chemical
shift artefacts were however adequately suppressed. We found that flow is stable in
time and reproducible over the two replicates in the 250 um capillary. In the largest
capillary, velocities are temporally stable at all pressures, while reproducible across
replicates only for the lowest Py, values, namely 0.25 and 0.5 bar. At the two highest
pressures the reproducibility error increases up to about 14%. However, velocity
enhancement of about 40% (data not shown) with respect to theoretical velocities
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e 2
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Figure 4.4: 'H MRI velocity profiles of 15 wt% FCD acquired at various Papp in
capillaries with w equal to a) 250 um, and b) 540 um, plotted as a function of the
normalized position, x/w. The error bars represent variation in velocities over 6
profiles (3 time points, 2 replicates). Velocity profiles are fitted with the fluidity model
(solid lines). The obtained & values are shown in c) for both capillaries with the error
bar representing the standard deviation of individual values. All & values were
calculated from 6 experiments with the exception of values with * symbol, where only
3 experiments were used for calculation.
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calculated from the global flow behavior (see Fig. S4.4b in section 4.5.3) is observed
for both capillaries and at all Py, values. As established from the autocorrelation
function of the micrographs of the sample (see Figs. S4.3c and 4.3d in section 4.5.3),
the mean size of the crystal aggregates in the 15 wt% FCD is (21.06 + 0.02) um. It
therefore follows that even in the largest capillary the flow falls within the strongly-
confined flow regime, with d/w = 4%. We note that during our velocimetry
measurements we did not detect any particle migration perpendicularly to the flow
direction, as evidenced from the constant *H NMR intensities in the 2D density
profiles (see Fig. S4.7 in section 4.5.3). With an attempt to model the flow of the 15
wt% FCD in both capillaries, and quantify the extent of cooperativity, we fitted the
experimental velocity profiles with the fluidity model (Eq. 4.4), with the results
presented in Fig. 4.4. Because of the aforementioned variability across the individual
profiles, we fitted each profile separately and in Fig. 4.4c we report the
averaged ¢ values. We observe that (i) at each pressure & increases by a factor of 2-
3 between w =250 um and w =540 um, and that (ii) ¢ reaches highest values at 0.75
bar for both capillaries. We note the fluidity model describes well all measured flow
profiles at w = 250 um, but only those at the two lowest pressures for the w = 540
um. For Py, = 0.75 and 1 bar € values could be reliably quantified only for one of the
replicates (see caption of Fig. 4.4). The latter evidence confirms the lower
reproducibility of flow measurements at those pressures. Hence, we conclude that
at high applied stresses and relatively low confinement degree of d/w = 4%, the
system exits the cooperative flow regime and, thus, quantification of & values is less
robust. This is further confirmed by the collapse of the local flow curves onto a
master curve at high pressures for the largest capillary (see Fig. S4.6a in section
4.5.3).11

4.3.4. Cooperativity lengths and microstructure

In Fig. 4.5 we compare the & values determined for the 0.5% Carbopol in the 100 um
capillary and for the 15 wt% FCD in the 250 and 540 um capillaries. For the latter
sample we also include the & values previously obtained with a rotational rheo-MRI
setup using a CC geometry with 500 um gap size.?* Details of rotational rheo-MRI
measurements and data analysis are reported in our previous study.?’ In this
rotational setup the flow is shear-controlled, while in the capillary flow-MRI setup it
is pressure-controlled. For data comparison, we plotted the & values against the walls
stress, gy,q11, calculated from either the measured AP, for capillaries, or from the
measured torque, for the CC. As can be seen from Fig. 4.5a, ¢ values spanning two
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Figure 4.5: Cooperativity lengths & found in flow of 15 wt% FCD and 0.5 wt% Carbopol
in all studied geometries, shown as a) non-normalized values or b) values normalized
by the mean sizes of the particles, plotted against stress at the wall, calculated from
the stress distribution in each geometry. The vertical grey panel in (a) marks the yield
stresses of 0.5 wt% Carbopol and 15 wt% FCD, respectively equal to 4.07 and 3.46 Pa.
The data points are connected with dashed lines as a guide for the eye.

orders of magnitude could be quantified. For 0.5 wt% Carbopol £ varies by only 30%
in the pressure range 2 — 6 bar, while for the 15 wt% FCD it respectively varies by
50% and 70% at w = 250 and 540 pm in the pressure range 0.25 — 1 bar. This different
behavior of 0.5 wt% Carbopol and 15 wt% FCD agrees with the predictions of the
kinetic elasto-plastic (KEP) model, according to which & diverges at the yield stress
of the material. As shown in Fig. 4.5a, for 0.5 wt% Carbopol we have probed
cooperativity at o > g,, while for the 15 wt% FCD, the measurements were
conducted at 0~0,,. By using either the 500 um gap CC at ¥,;,,, = 0.5 — 10 s™ or the
540 um capillary at Py, = 0.25 -1 bar, consistent ¢ values and trends were observed
for the 15 wt% FCD sample. We note that & values in the 540 um capillary, where
stress inhomogeneity is 100%, are ~35% smaller than in the CC geometry, where
stress inhomogeneity drops to ~11%. Since the geometry-dependent stress
distribution is accounted for in the adopted model, we conclude that the observed
difference in & arises from a stress-dependent flow cooperativity, as predicted by the
KEP model,'° and as also seen in studies of cellulose dispersions or soft colloidal
microgels®. Finally, in Fig. 4.5b we plot the normalized ¢/d values for the 15 wt%
FCD and 0.5 wt% Carbopol, to represent the average number of particles
participating in non-local interactions. We found that the non-local interactions span,
on average, ~5 — 8 particles for both 0.5 wt% Carbopol (d/w = 2%), and the 15 wt%
FCD, the latter measured in either the 500 um gap CC or the 540 um capillary (d/w =
4%). However, as the degree of confinement is increased to ~8%, as done here for



Capillary flow-MRI: quantifying micron-scale cooperativity in complex dispersions | 99

the 15 wt% FCD in the 250 um capillary, the number of particles participating in the
non-local interaction decreases to 2. This is in good agreement with our previous
work on 27 wt% FCD, where we varied the degree of confinement, d/w, in the range
5 —40% by tuning the crystal aggregate size, d. In that study we observed that the &
values decreased from spanning ~10 particles at d/w = 5% to null at the extreme
confinement condition d/w = 40%.

4.4, Conclusions

We have developed a capillary flow-MRI platform to study flow of complex
structured fluids in confined geometries with easily tunable gap size and wall
properties. Unlike existing rheo-MRI setups, the platform is easily adaptable to both
higher- and lower-field MRI magnets, irrespectively of the bore size. The here
exploited range of flow confinement sizes, within 100 — 540 um, can be expanded
down to ~50 um and up to cm-scale. By ensuring mechanical stability of the
capillaries under flow, velocities ~0.01 — 10 cm/s can be measured with in-plane
spatial resolution up to 4.5 x 4.5 um?2. The use of cylindrical capillaries enables
achieving high filling factor within the r.f. saddle coil and acquiring the signal within
a slice up to 5 mm thick. As a results, high SNR can be obtained. Notably, the
developed flow-MRI platform enables using microfluidics-scale gap sizes, typically
used in optical velocimetry, without any requirement of fluids’ optical-transparency.
Furthermore, MRI velocimetry can uniquely be combined with, e.g., spectroscopy or
T, and T, relaxation measurements to probe molecular alignment, particle migration
or phase separation under flow.

The performance of the developed flow-MRI setup was here demonstrated for the
study of confinement-induced flow cooperativity for two industrially relevant fluids:
0.5 wt% Carbopol and 15 wt% FCD. Reproducible 2D velocity maps were obtained
with resolution up to 9 x 9 um? in capillaries with diameters 100 — 540 um. 0.5 wt%
Carbopol, with mean particle size ~2 um, was found to exhibit pressure-independent
cooperativity lengths, &, of ~15 um in a 100 um capillary. With this sample we tackled
the quantification of & values as low as the MRI resolution. On the other hand, 15
wt% FCD was found to exhibit & values in the range 30 — 150 um, depending on
applied pressure and confinement size. Comparison with & values obtained
previously for the 15 wt% FCD in a CC geometry,?* with comparable confinement
degree but more homogeneous stress distribution, revealed that ¢ increases with
increasing stress homogeneity within the geometry. Finally, we found that for the 15
wt% FCD, the number of particles participating in the non-local interaction decreases
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from ~8 to ~2 particles with increasing confinement degree from 4% to 8%, in
agreement with our previous rheo-MRI findings.?°

We foresee that the developed capillary flow-MRI platform will aid achieving, for a
wide range of fluid properties, a comprehensive understanding of particle
interactions under flow and their dependence on fluid’s microstructure as well as on
size, shape and wall properties of the confining geometry. The developed knowledge
will enable correctly predicting flow profiles, even in industrially-relevant conditions,
in complex fluids undergoing shear-induced microstructural changes, such as
aggregation in protein solutions,3® network destruction and rejuvenation in gels?® or
alignment, crucial in the production of fibers.3”%° The flow-MRI platform can be easily
adapted to ultra-high field MRI magnets, boosting the sensitivity of the technique
and enabling chemically-resolved, velocimetric experiments. Such measurements
can be exploited in microfluidic studies of mixing of multiphase fluids or
concentration changes during microfiltration. Ongoing and future work will involve
monitoring the aforementioned microstructural alterations in situ at temperatures
beyond the range currently achievable in narrow-gap rheo-MRI CC geometries,?°
limited to 45 °C by the presence of glued joints. In the future, other r.f. coil designs,
such as striplines,** will be explored for further advancement in sensitivity and
resolution, possibly in combination with narrow-bore high- and ultra-high field MRI
magnets.
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4.5.1. Platform design: radii of capillaries
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Figure S4.1: Intensity profiles vs the position in the x-direction, extracted from 2D
axial uCT scans of all capillaries with hydrophilic (left column) or hydrophobic walls
(right column). The diameters of the capillaries are marked within each profile in units
of um, as measured with Avizo software, using the ruler function. The error associated

with the measurement is 3.7 um for all profiles and corresponds to the pixel size.

4.5.2. Validation of the capillary flow-MRI platform with silicone oil
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Figure S4.2: Local flow curves of silicone oil calculated from the measured velocity
profiles (symbols) in capillaries with diameters ranging from 100 to 540 um, across
all tested Py, values. The solid line shows the global flow behavior measured with a

rheometer.
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4.5.3. Confined flow of 0.5 wt% Carbopol and 15 wt% FCD

To establish the necessary condition where the size of the confinement is within 2
orders of magnitude of the microstructure size, we determined the polymer blob size
in 0.5 wt% Carbopol and the crystal aggregate size in the 15 wt% FCD. The
micrographs of both samples, together with the associated calculated
autocorrelation function, fitted with an exponential decay (Eq. 4.1) are shown in Fig.
S4.3. The parameters obtained from fitting, together with the calculated sizes of the
microstructure are summarized in Table S4.1.
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Figure S4.3: Micrographs of a) 0.5 wt% Carbopol and c) 15 wt% FCD, used in the
calculation of the respective autocorrelation functions shown in b) and d). The open
symbols in the latter plots represent the radial average of the full 2D function shown
in the inset and the solid line is the fit of the exponential decay function described with
Eq. 4.1.
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Table $4.1: Parameters obtained from fitting of the 1D autocorrelation functions of
0.5% Carbopol and 15 wt% FCD with Eq. 4.1 with their respective fitting errors. The
parameter a was set manually and was not a fitting parameter.

Sample 9o 10 Joo a d2-ry)
0.5wt % 0.07 £ 5x10* 1.17 £ 0.01 (1.2 £0.3)x 104 1.0 2.34 +£0.02
Carbopol
15 wt% 0.37 +4x10* 10.53 + 0.01 (-3.6 +0.4)x 10* 1.5 21.06 £+ 0.02
FCD
a) [Carbopol b) [FCD
40 40
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Figure S4.4: Global flow curves (open circles) fitted with the HB model (solid line) of
a) 0.5 wt% Carbopol, and b) 15 wt% FCD, described, respectively, by the equations of
the form 4.07 + 4.4y%> and 3.46 + 0.9y°7.
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Figure $4.5: Global flow curve (solid line) of 0.5 wt% Carbopol compared with the local
flow curves calculated from the 'H MRI velocity profiles measured in a) 540 um
hydrophilic capillary, b) 100 um hydrophilic capillary, and c) 100 um hydrophobic
capillary.
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Figure $4.6 Global flow curve (solid line) of 15 wt% FCD compared with the local flow
curves calculated from the 'H MRI velocity profiles measured in a) 540 um hydrophilic
capillary, and b) 250 um hydrophilic capillary.
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measurements of the 15 wt% FCD in a 540 um capillary (top row) and 250 um capillary
(bottom row) under the applied pressures of 0.25 bar (a and e), 0.5 bar (b and f), 0.75

bar (c and g) and 1 bar (d and h). Lines of different colors represent the subsequent
repeats.



Capillary flow-MRI: quantifying micron-scale cooperativity in complex dispersions | 107




CHAPTER




Herschel-Bulkley flow of micronized fat
crystal dispersions: effect of shear history

Chapter in preparation as:

Milc, K. W.; Dijksman, J. A.; den Adel, R.; van Duynhoven, J. P. M.; Terenzi, C. Herschel-

Bulkley flow of micronized fat crystal dispersions: effect of shear history.




110 | Chapter5

Abstract

Micronized fat crystal (MFC) dispersions are a novel ingredient enabling
manufacturing of fat-based products in a more reproducible manner. However,
reliable predictions of rheological properties of MFC dispersions, particularly during
flow in sub-mm confinements, are still challenging, owing to the sensitivity of the
microstructure to shear history. With the aim to elucidate the flow-induced
microstructural changes, and ultimately aid flow predictions we have studied the
local flow behavior of 15% MFC dispersions, as a function of pre-shear duration, using
a microcapillary flow-Magnetic Resonance Imaging (MRI) platform. The acquired 2D
velocity maps in a 250 um capillary, revealed that pre-shear times of up to ~6 h and
the concomitant recrystallization and aggregation of the nanoplatelets result in
dispersions flowing up to 5 times faster and exhibiting higher wall slip in comparison
to the non-pre-sheared dispersions. The spatial resolution of 10 um/pixel of the
velocimetric data enabled calculations of local flow curves and quantification of the
true rheological properties, inaccessible with global rheology. In contrast to melt-
cool fat crystal dispersions (FCDs), no cooperativity effects could be observed for
MFC dispersions, which can be attributed to the non-fractality of their networks. We
foresee these findings will allow for a more informed design of processing routes of
fat-based products as shear history can be employed to manipulate flow behavior
and microstructural properties.
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5.1. Introduction

Fat crystal dispersions (FCDs) are the starting material in the production of important
commercial products such as margarine and chocolate.'® The stability and sensorial
quality of these fat-based foods is determined by the stability and morphology of the
fat crystal network.*® Yet, the control over this multiscale structure is notoriously
challenging, owing to the fact that in the standard melt-cool processing methods,
crystallization and network formation occur simultaneously.>®8 In the view of this
challenge, recently a novel and more reproducible approach to manufacturing of
FCDs has been introduced, based on micronized fat crystals (MFCs).® In this approach
the crystallization and network formation steps are decoupled, by first spraying the
fat blend to form crystalline nanoplatelets,’® which are subsequently dispersed in an
oil continuous phase. As the dispersion ages, the nanoplatelets form a hierarchical
structure composed of um-sized aggregates,'! connected via a weak-link network,
which is believed to dictate the strength of the material.>'3 Although the process
offers improved control over the structural morphology, the resulting MFC
dispersions are still sensitive to factors such as oil composition and
shear/temperature processing conditions.’*!> As a consequence, predictions of flow
and rheological properties of MFC dispersions remain challenging, limiting the
efficiency of production processes and compromising final product quality and
stability. Moreover, as the introduction of MFCs in the production of fat-based
products happened only in the past few years, up to date, scarce experimental data
exists to aid a rational product design process.

The several existing studies on MFCs aimed at describing the underlying
microstructural changes in response to shear or variable temperature treatment.
Thus far, factors identified as those determining the rheological properties are the
multiscale  structural rearrangements including nanoplatelet alignment,
recrystallization, aggregation, and network formation and degradation.'**®
Moreover, networks formed in the MFC dispersions have been described as non-
fractal, in contrast to typically fractal networks of the melt-cool FCDs.416:17

However, all aforementioned studies investigated the flow of MFC dispersions only
in mm-sized confinements, a condition which is not representative of many steps in
manufacturing of fat-continuous products, such as emulsification or extrusion, and
consumer use, such as spreading of pastes. In such sub-mm confinements, flow of
MFC dispersions with aggregate sizes within two orders of magnitude of the flow gap
size can be subject to flow instabilities such as cooperativity effects,®° the presence
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of which has already been demonstrated in melt-cool FCDs.® As cooperativity effects
result in significant flow enhancement and spatial viscosity variations, their presence
must be accounted for in the prediction and modelling of confined flow and
processing conditions of the dispersions.

In this study, we thus set out to elucidate the flow-microstructure relationship of 15
wt% MFC dispersions flowing in a microcapillary flow-Magnetic Resonance Imaging
(MRI) platform, as a function of pre-shear conditions. Using Raman imaging and
small-angle X-ray diffraction (SAXD) we study changes in the multi length scale
structure of the 15 wt% MFC dispersions, at the um and nm scale, respectively, in
response to shear treatment. We find that under shear the um-scale network of the
sample weakens because of recrystallization and aggregation of the crystalline
nanoplatelets. This results in samples with lower yield stress and more fluid-like
properties. Furthermore, the local flow information reveals an evolution of the
samples’ rheological properties from strongly thixotropic to simple Herschel-Bulkley
(HB) flow behavior.

5.2. Materials and methods

The experimental steps described in this section are schematically visualised in Fig.
5.1.

5.2.1. Stock 15 wt% MFC dispersion preparation

MFC powder was prepared by spraying a fat blend dissolved in supercritical CO;
through a narrow nozzle.® The composition of the fat blend was previously described
by Nikolaeva et al.** The powder was dispersed in a commercially available sunflower
(SF) oil to give a 15 wt% dispersion by mixing the two components at 600 rpm for 50
min, at 12 °C (Fig. 5.1a). To inhibit fat recrystallization and the resulting increase in
nanoplatelet thickness via Ostwald ripening,'>? weighing of the powder was
performed in a 5 °C room while the oil and the glassware were chilled prior to usage.
Additionally, to avoid the presence of air bubbles in the stock sample, the dispersion
was prepared under vacuum. The obtained material was stored at 5 °C (Fig. 5.1b),
and all the experiments were performed within 3 months.

5.2.2. Quantification of average crystal nanoplatelet thickness (ACNT)

A batch of fresh 15 wt% MFC dispersion was subjected to a continuous shear, Y4, =
5 st for 5 h, during which samples for ACNT quantification were collected every 10
min for the first 1 h and every 30 min for the remaining 4 h (Fig. 5.1c).
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Figure 5.1: Schematic representation of the experimental workflow for the 15 wt%
MFC dispersion. The process begins with the preparation of the stock MFC dispersion
(a, b). An aliquot of the stock dispersion is then subjected to a continuous shear
treatment (c). For the non-pre-sheared (PS0) and pre-sheared (PS20 and PS280) 15
wt% MFC dispersions, local capillary velocity profiles and global flow curves are
obtained by MRI (d) and rotational rheology (e), respectively.

The SAXD measurements were performed at 5 °C using the Bruker D8 Discover X-ray
powder diffractometer with GADDS (General Area Detector Diffraction System) in a
0/6 configuration and an IuS microfocus X-ray source (CuKa radiation, A % 0.154 nm).
SAXD data were collected in the range 1° < 26 < 10°. The beam cross section at the
sample position was about 1 mm and the distance between detector and sample was
32.5 cm. Finally, the ACNT values were obtained from the first-order diffraction peak
originating from triglyceride 2L layers using the Scherrer equation.?!
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5.2.3. Quantification of mean crystal nanoplatelet aggregate size

A batch of fresh 15 wt% MFC dispersion was subjected to a continuous shear, y,p,;, =
5 s1for 5 h, during which samples were collected every 10 min for the first 1 h and
every 1 h for the remaining 4 h (Fig. 5.1c). The hyperspectral Raman images were
measured with a WITec confocal Raman (Alpha 300R+) microscope equipped with a
Zeiss upright microscope with a 532 nm laser at 25.0 mW, using a 20x/0.5 objective.
The Raman spectrometer was coupled to a cooled (-60 °C) EMCCD detector. The
measurements were performed at 4 °C, using a cooled stage. The obtained Raman
spectra were in the range of 100 — 3800 cm™. An integration time of 0.05 s was used
for imaging a 100 x 100 um area with a resolution of 1 um. The raw data were
subjected to standard corrections, namely the cosmic ray removal and background
subtraction in the WITec Project FIVE 5.2 software after which the true component
analysis was performed using the Raman spectra of the pure components to obtain
the spatial distribution of solid fat and liquid oil in all the samples. Subsequently, the
mean aggregate size was obtained from the Intensity Correlation Spectroscopy
approach, as described in detail by Géraud et al.?2 The 2D autocorrelation functions
of the Raman images were calculated and radially averaged. The resulting
exponential decay was fitted with the following equation:

g(r) = goexp (— (:—O)Q) + Joo» (5.1)

where 1, is the correlation length, an equivalent of particle radius, g, is the peak
intensity and g, is the background intensity.

5.2.4. Pre-shear treatment

With the aim to study the flow-microstructure relationship, three samples were
subjected to various durations of controlled pre-shear, prior to flow-MRI and global
flow curve measurements. Sample PSO (pre-shear 0 min) was not pre-sheared, while
samples PS20 and PS280 were pre-sheared for 20 and 280 min, respectively. The pre-
shear was done by applying a constant shear rate of y,p,,, =5 s1in a Couette cell (CC)

made of polyether ether ketone (PEEK), with a gap of 4 mm.

5.2.5. Rheology

The continuous pre-shear treatment (Fig. 5.1c), and acquisition of global flow curves
(Fig. 5.1e) were performed using an Anton Paar (MCR 301) rheometer. The former
measurement was performed using a custom PEEK CC geometry, with the radius of
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the cup, 1, = 11 mm and radius and length of the bob respectively, ; =7 mm and H
=44 mm. The sample was exposed to an applied shear rate, y,p,,, =5 stand the stress
exerted on the walls of the bob was measured for 5 h averaging each point over 5 s.
The latter measurement was performed in a standard, stainless steel CC with the
radius of the cup, 7, = 8.25 mm, and the radius of the bob, r; =5.25 mm. Sandpaper
was glued to the surface of both bob and cup to prevent slip. Prior to the start of the
acquisition of the global flow curves each sample was pre-sheared for 3 min at 30 s
and, thereafter, exposed to stress measurements under a shear rate sweep from 100
s1t00.01 s* for the down-sweep branch and directly after from 0.01 s to 100 s for
the upsweep branch. A total of 20 points per decade in shear rate were recorded,
averaging each stress value over 5 s.

5.2.6. Flow-MRI

'H MRI velocimetry measurements along the flow direction were performed using an
in-house developed microcapillary flow-MRI platform (Fig. 5.1d), inserted in a wide-
bore Avance NEO Bruker spectrometer operating at 14 T. Excitation and detection of
the 'H signal was performed with a saddle r.f. coil with an inner diameter of 1.2 mm,
in the Micro-5 microimaging gradient system (Bruker BioSpin) with maximum
gradient intensity of 3 T m™ along all three directions. For the experiments, the fluid
of interestis placed in the reservoir and the target pressure is applied by the pressure
controller (Elveflow) in the range 0 — 8 bar. The sample flows in the connecting tubing
(diameter, w = 0.9 mm; BGB Analytik) and through the connected glass microcapillary
(w=0.25 mm, length, L = 14.5 + 0.2 cm; BGB Analytik), positioned inside the saddle
coil. The measurements were carried out at a constant temperature of 20 °C which
is set by the temperature of the cooling water of the triple-axis MRI gradients.

MRI velocimetry measurements were performed using a 2D Pulsed Field Gradient
Spin Echo (PFG-SE) sequence,?® within a 3 mm thick slice in the flow direction. The
field-of-view (FOV) in the read and phase directions was 0.6 x 0.6 mm?, and by
correspondingly acquiring 64 x 64 pixels, isotropic spatial resolution of 10 um could
be obtained. Since SF oil in the MFC dispersions yields resolved *H NMR signals at 14
T, to avoid chemical shift artefacts, a 90° chemically-selective, low-power, saturation
pulse was used in all flow-MRI measurements with a bandwidth of 1 kHz and
frequency offset of 2.46 kHz.2* 2D 'H MRI maps of velocities in the flow direction
were acquired with the echo time Te = 11 ms and repetition time Tr =2 s. The duration
of the velocity-encoding gradient pulses, and their inter-pulse spacing, were § =1 ms
and A =4 ms, respectively. Using a number of scans NS = 2, the total experiment time
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per velocity map was 4 min. For each sample, three consecutive velocity maps were
acquired per B, value.

For the data analysis, 2D velocity maps were radially averaged to yield 1D velocity
profiles. The averaging was performed in MATLAB, with the pixel values binned based
on their distance from the center of the capillary. The number of bins was set to 64.
As a result, the spatial resolution of the 1D profiles is twice that of the original 2D
maps.

5.2.7. Local flow curves

Local flow curves of the three 15 wt% MFC dispersions were obtained by calculating

the local shear rates, y(x), from the slopes, an/ax, of the velocity profiles, where x
is the position in the radial direction of the capillary. The local stresses were
calculated as o (x) = APx/ZL , Where AP is the pressure drop between the inlet and
outlet of the capillary, measured with pressures sensors. The sensors were
connected to the inlet and outlet of the capillary with an intermediate tubing (w =
0.9 mm and L = 10 cm). AP was measured in a separate experiment using a setup
located outside the MRI spectrometer, identical to that used for flow-MRI

measurements.
5.3. Results and discussion
5.3.1. Evolution of multiscale network structure during shear

We first measured the global flow behavior of the 15 wt% MFC dispersion in a mm-
sized gap, and concomitantly recorded the changes in ACNT and the mean aggregate
size.

As can be seen from Fig. 5.2a, for the first few minutes a rapid decrease in stress is
observed, as the sample abruptly transitions from solid-like to liquid-like, flowing
regime. This observation contrasts with the results of Nikolaeva et al.,** where the
yield stress of fresh MFC dispersions at the start-up of shear was close to zero,
signifying primarily liquid-like properties. The authors ascribed the initial absence of
yield stress to fully dispersed and non-networked crystal nanoplatelets within the
sample. Here, however, the initial high stress clearly demonstrates the presence of a
transient network. We attribute the differences in the initial sample properties to the
different storing conditions of the stock sample. The here used storage temperature
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Figure 5.2: a) Stress response of the 15 wt% MFC dispersion under continuous shear
at y =5 st for 5hin a4 mm CCat RT. The gray shaded area represents the
experimental error within 7 repeats. Plot in b) shows the shear-induced
microstructural changes, namely the ACNT and the average crystal aggregate
diameter, d, with the empty symbols representing the measurements on a stock
sample. The error bars show the deviation between 2 repeats. Green dashed lines
mark the time points at which local velocimetry flow-MRI and global flow curve
measurements were performed.

of 4 °C, as opposed to -20 °C used in the study of Nikolaeva et al.,’* was insufficient
to prevent the formation of a weak network, resulting in the initial transient, solid-
like sample properties. Curiously, however, the difference in the initial sample
properties did not influence its flow behavior, likely because the used chilled storage
conditions prevented recrystallization and enabled retaining thin nanoplatelets. In
agreement with the results previously observed for MFC dispersions,'*!> we observe
a weak-link network formation during the first ~20 min of shear at 5 s'%, as visible by
anincrease in stress. This period coincides with a rapid nanoplatelet recrystallization
and a decrease of mean aggregate size to (2.4 + 0.1) um (Fig. 5.2 and Fig. S5.1 in
section 5.5). For the remaining shear time, stress undergoes a constant decrease and
the sample loses strength due weakening of the network as a result of further
recrystallization and aggregation of crystal nanoplatelets.

We also recorded the ACNT and d for a sample at 4 °C, taken directly from the stock
15 wt% MFC dispersion, i.e. one that has not experienced any temperature changes
or shear as a result of experimental preparation (empty symbols in Fig. 5.2b). By
comparing these datapoints to those recorded right before shear start-up, att =0
min, it can be seen that recrystallization and a big part of the initial destruction of
the crystal nanoplatelet aggregates happens as a result of sample handling, e.g.,
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transfer between flow geometries, and warming of the sample to RT, the condition
under which all experiments were performed.

5.3.2. Global vs. local flow behavior

In this section we study the global, non-confined, and local, confined flow behavior
of 15 wt% MFC dispersions with distinct structural properties: a non-pre-sheared
sample (PS0), with thin crystal nanoplatelets forming a space-filling network, a
sample pre-sheared for 20 min (PS20), with thicker nanoplatelets and an evolving
network, and a sample pre-sheared for 280 min (PS280), with thick nanoplatelets and
equilibrated, weak-link aggregate network. The microstructurally distinct samples
PS0, PS20, PS280 are indicated with green dashed lines in Figure 5.2. The global flow
curves of all samples are presented in Figure 5.3. We found that the flow behavior of
all three samples is well described by the HB model of the form o, + Ky", where o,
is the yield stress, K is a proportionality constant with the units of Pa s¥" and n is a
dimensionless power law index.? The fitting parameters are summarized in Table
5.1.
PSO PS20 PS280

©  Downsweep

o Upsweep -
200 [|— K fit g 200

150

100
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Figure 5.3: Global flow curves of the 15 wt% MFC dispersions subjected to increasing
duration of pre-shear, acquired by sweeping the shear rates from high to low (red
symbols), and immediately thereafter from low to high (black symbols). The down
sweep curve was fitted with the HB model (solid line).

Table 5.1: Parameters obtained from fitting the global flow curves of the 15 wt% MFC
samples using the HB model.

o, [Pa] K [Pa sV n
PSO 23.4+0.3 7.0+ 0.2 0.74 £ 0.01
PS20 21.6 £ 0.2 5240.1 0.81 £ 0.01
PS280 14.6 + 0.3 4.4 +0.1 0.79 £ 0.01
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Notably, the values of both parameters, g, and K decrease by a factor of 1.6 on going
from sample PSO to PS280. This decrease reveals weakening of the network as a
result of pre-shear treatment, in agreement with the continuous shear experiments.
Notably, the minor or absent hysteresis in the global flow curves along with the good
agreement with the HB model suggest a simple HB flow behavior for all three

samples.

With the aim to gain insight into the local flow behavior we used microcapillary flow-
MRI and studied how the microstructural changes shown in Fig. 5.2b affect flow in
sub-mm confined flow regime. We note that, aside from the controlled amount of
pre-shear, in flow-MRI measurements the sample experiences additional shear while
flowing in the connecting tubing before it reaches the microcapillary where the signal
is recorded (Fig. 5.1d). To account for this additional shear, we have estimated the
strain accumulated in each sample during the flow in the tubing (Table S5.1 in the SI),
which could be translated to additional few minutes of the controlled pre-shear, as
reflected in the positions of the green dashed lines in Fig. 5.2. The obtained mean
velocity profiles for the three samples are presented in Fig. 5.4a — c. The results
clearly demonstrate that longer pre-shear times yield faster flowing samples, at
equal pressures. The increase in velocities is caused by weakening of the fat network
during the pre-shear period, and is in agreement with the global stress
measurements presented in the previous section. Additionally, the obtained velocity
profiles reveal that longer pre-shear times result in samples which are more prone
to slippage at the smooth glass walls, as visible from the non-zero fluid velocity at the
capillary walls for samples PS20 and PS280. The increase in wall slip is likely due to
shear-induced increase in the mean size of the microstructure. Aside from the fluid-
wall interaction, the local flow measurements reveal that both pre-sheared samples
(PS20 and PS280) exhibit flow profiles typical for HB fluids, namely, with plug flow in
the center, where stress is below the yield stress of the sample, and shear increasing
with stress towards the walls.1®2% On the other hand, sample PSO shows a markedly
distinct behavior, forming shear bands at the outer walls (see inset in Fig. 5.4a),
whose thickness increases with decreasing pressures. We note that in contrast to a
typical non-flowing band forming in regions where the stress falls below the yield
stress of the sample, the non-flowing bands observed here form in the highest stress
region of the capillary.?’-2° Formation of similar bands in high stress regions of a CC
geometry was also observed by Andrade et al.3° for waxy oil suspensions. However,
the authors did not pursue the microstructural origin of such effect.
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Figure 5.4: Top: H flow-MRI velocity profiles plotted against the normalized position
x/w, and bottom: local (symbols) and global (solid lines) flow curves of samples PSO
(a and d), PS20 (b and e) and PS280 (c and f). The pressures were applied
consecutively as indicated in the legend. The error bars in plots a — c originate from
fluctuations of flow in time, over the measurement timeframe of 12 min. Solid lines
in plots d — f were calculated using the parameters o,, K and n obtained from fits of
the measured global flow curves with the HB model. The dotted line in f is the HB
curve with the parameter n adjusted from 0.7 to 0.8.

To further explore the rheological properties of the three samples, we analyzed the
local flow curves and compared them with the respective global HB fits (Fig. 5.4d —
f). Unsurprisingly, the local flow curves of sample PSO strongly deviate from the
simple HB flow behavior suggested by the global measurements, due to the presence
of the high-stress shear bands. For samples PS20 and PS280, the analysis of the local
flow curves reveals a collapse onto a master curve only for the latter, indicating
simple HB flow behavior.?* In contrast, for sample PS20 a time-dependent flow
behavior is observed under each pressure, and can be modelled by separate HB
equations (Fig. S5.2 in section 5.5.2). The obtained decreasing o, values with
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decreasing pressures (Table 5.2), and correspondingly longer shear times suggest a
time and shear-history dependent flow properties typical for thixotropic fluids.

Table 5.2: Decrease of g, of sample PS20 with shearing time. The constant error in
the applied pressures is an average fluctuation of the pump during an experiment.

Time [min] Pypp £ 0.01 [bar] gy [Pa]
12 6.00 32+7
24 4.00 19+6
36 3.00 8+4
48 1.00 6+1

The thixotropic behavior of sample PS20 is further evident from the evolution of
maximum velocities, V4, in individual velocity profiles acquired under each
pressure (Fig. 5.5). For sample PS20 V},,,, decreases with time under each pressure,
while for sample PS280 flow remains constant except at 1 bar, where plug flow
develops after 4 min due to close proximity to yield stress. Finally, we note that the
local flow curves of sample PS280, despite a small deviation from the global flow
curve, can be fitted with the same HB parameters and power law index, n around
0.7-0.8. This possibly originates from a difference in wall slip conditions in global vs.
local flow measurements. Interestingly, the good agreement between the global and
local flow measurements of sample PS280 marks the absence of flow cooperativity
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Figure 5.5: Plots of the maximum velocities, V,, ., present in the three, consecutively
acquired velocity maps for samples PS20 and PS280. The V,,, values were
normalized to the highest value within one applied pressure.
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effects.'® This stands in contrast with the cooperative flow behavior of FCDs that
were prepared by melt-cooling, thus consisting of fractal networks of aggregates,
which are approximately 7 times larger than the aggregates found in 15 wt% MFC
dispersions.® We attribute the absence of cooperativity effects in the 15 wt% MFC
dispersions to their non-fractal nature and much smaller aggregate sizes, compared
to the FCDs.

5.3.3. Structural underpinning of the confined local flow behavior

Having studied the micro- and nanostructure as a function of shear time, in this
section we propose a mechanism to explain the dynamic response of the multiscale
structure to translational flow in the microcapillaries. The structural hypothesis is
schematically presented in Fig. 5.6, and is based on the observed bulk rheological
properties and spatial profile, magnitude and time-stability of the MRI velocities.
Firstly, we hypothesise that the existence of shear bands observed in the flow of
sample PSO originates from the coexistence of two microstructurally distinct phases,
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Figure 5.6: Schematic depiction of fat crystal nanoplatelets recrystallization, network
formation and aggregation upon increasing the pre-shear time (horizontal axis) and
the resulting flow behavior as observed by microcapillary flow-MRI (vertical axis). The
yellow rectangles of increasing thickness represent the crystal nanoplatelets
undergoing shear-enhanced Ostwald ripening and the dashed circles represent
nanoplatelet aggregates. Between the aggregates a weak-link network composed of
thin platelets is depicted.
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resulting from subtle differences in the shear history of the material flowing close to
the walls and in the center of the tubing. High shear at the walls causes an increased
recrystallization rate and results in the formation of a weak-link aggregate network
in proximity to the walls. The presence of the network results in an increased g,, and
thus formation of a static band. In contrast, in the central region of the capillary the
nanoplatelets are exposed to much lower shear, and thus remain thin and form a
non-aggregated, space-filling network, displaying plug flow. Secondly, we ascribe the
observed time-dependent flow behavior of sample PS20 to the presence of the weak-
link network between the aggregated nanoplatelets. The network weakens during
flow, resulting in the observed loss of yield stress with shear time. Finally, in sample
PS280 thick platelets form aggregates in the absence of the weak-link network,
destroyed during an extensive pre-shear period. Due to the absence of the network
the sample behaves as a simple HB fluid.

5.4. Conclusions

We have studied the sub-mm confined flow of 15 wt% MFC dispersions, exposed to
various durations of pre-shear ranging from null to ~5 h. The combined global
rheology and flow-MRI measurements revealed that the weak-link aggregate
network, responsible for the sample’s yield stress properties, weakens as a result of
increasing pre-shear time, which results in fluidized, faster flowing samples. With
SAXD and hyperspectral Raman measurements we have confirmed the shear induced
evolution of the multiscale structure, namely nanoplatelet recrystallization and
aggregation. As a result of these structural changes we have observed a gradual shift
of the fundamental rheological properties, as a function of increasing the pre-shear
time, from non-HB to simple HB flow behavior via a thixotropic intermediate. With
the unique insight into the local flow behavior of the optically-opague MFC
dispersions offered by flow-MRI, we have observed the formation of an uncommon
type of shear banding in a non-pre-sheared sample. We propose that the shear bands
result from a coexistence of aggregated, networked platelets in the high shear
regions in proximity to the walls and thin platelets, forming a space-filling network in
the low-shear regions in the center of the capillary. We foresee that the here
presented approach of combining MRI velocimetry with capillary flow can be
exploited to assess the impact of shear in variable flow gap sizes. We believe that this
will enable a better understanding of the underlying multiscale structural dynamics
and hence a more accurate process design of fat-based products. Ongoing and future
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work will involve studies of diffusion under flow in an attempt to probe for the flow-
induced alignment of the crystalline nanoplatelets.
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5.5. Supporting information

5.5.1. Quantification of the mean aggregate size.

In Fig. S5.1 we present the images of solid fat distribution in 15 wt% MFC dispersions
subjected to increasing shear durations, acquired via hyperspectral Raman imaging.
The analysis of the radially averaged 2D autocorrelation functions enabled obtaining
estimates of the mean crystal nanoplatelets aggregate sizes. Interestingly, in samples
sheared for 20 — 60 min we have observed a degree of structural directionality, visible
in the Raman images and the respective 2D autocorrelation functions.

5.5.2. Local flow behavior of 15 wt% MFC dispersions

Samples subjected to flow-MRI experiments experience shear while flowing in the
connecting tubing, prior to reaching the capillary, where the velocity profiles are
measured. With the aim to account for this additional shear treatment in samples
PS0, PS20, and PS280, we have estimated the strain that each sample accumulates
during flow in the tubing, as ¥ = t - };,,. Where y is the strain, t is the time it takes
for the sample to reach the capillary and )T/mbe is the average shear rate in the tube.

Both t and )'/tube were calculated using the average velocities measured in the
illaries, Ty, at Papp = 6 b ding to t = eap d Foupe = 97/
capillaries, v, at Papp = ar, according to t = Loube and Viype = Trube’

where lipe and 7y, is the length and radius of the tube, equal to 215 cm and 0.9
mm, respectively. Finally, we have calculated the equivalent additional pre-shear
time, t.,, one would have to apply at y = 5 s to accumulate the same amount of

strain. The results of the calculations are summarized in Table S5.1.

Table $5.1. Summary of the calculations of the strain accumulated by the sample,
during flow in the connecting tubing of the flow-MRI platform, and equivalent
additional pre-shear time.

Diube Veube [51] | Flow time y [%] x 103 teq [Min]
[cm/s] [min]
PSO 0.3 7 12 504 16
PS20 0.9 22 528 17
PS280 1.3 33 3 594 20
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Figure S5.1. Raman images of the 15% MFC dispersions as a function of shear time,
as indicated above the images. Below each image a corresponding caluclated 2D
autocorrelation function and its radial average, fitted with Eq. 5.1 are shown.
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Figure S5.2. Local flow curves of sample PS20, calculated from the 'H MRI velocity
profiles, individually fitted with the HB model (dashed lines) with the aim to quantify
the evolution of the yield stress as a function of time.
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6.1. Main findings and conclusions

The first goal of this thesis work was to develop MRI velocimetry platforms for
unlocking the experimental characterization of sub-mm flow of complex fluids under
a range of flow conditions. Secondly, the aim was to experimentally and theoretically
characterize cooperativity effects, governing strongly confined flow of soft,
particulate fluids. Both aims were motivated by the necessity to characterize and
improve our understanding of the mechanisms governing flow of complex fluids in
strong confinements. Such in-depth understanding of strongly confined flow is a pre-
requisite for applications ranging from soft matter studies of complex fluids using
microfluidics to extrusion of protein dispersions in 3D food printing.?

To this aim, in Chapter 2, a 500 um gap CC geometry was developed with 10-fold
improved mechanical stability of the rotating bob, enabling the acquisition of velocity
profiles with MRI resolution up to ~10 um/pixel. A water circuit integrated in the CC
for temperature control in the range 15 — 45 °C made it possible to study the effects
of, e.g., crystallization or gelation on flow properties. The importance of such studies
is emphasized by the recent developments of temperature-controlled CCs for rheo-
NMR3 and rheo-Small-Angle-Scattering techniques.® The capabilities of the CC were
demonstrated in a case study of strongly confined flow of a 27 wt% FCD, a common
precursor in food manufacturing. The developed CC allowed for an easier
identification of intrinsic flow instabilities than the commercially available mm-sized
CGCs. In the new in-house developed CC, due to the narrow stress distribution,
curvature in the velocity profiles can be readily ascribed to thixotropic properties or
cooperativity effects, while in the mm-sized gap CC these effects are entangled with
the effects of wide stress distribution. The temperature control capability makes it
possible to identify instability in the flow of the FCD sample at 30 °C, absent at 15 °C.
The time-dependent flow behavior thus likely originated from recrystallization of fat
platelets into larger aggregates, triggered by the elevated temperature. The sub-mm
rotational rheo-MRI platform opened the possibility to quantify cooperativity effects
in real-life complex fluids, including food precursors and emulsions, as model systems
for paints and cosmetics.

In Chapter 3, the advantages of sub-mm rotational rheo-MRI platform were
exploited in a detailed investigation of the sub-mm flow of 27 wt% FCDs as a function
of the microstructure size, controlled by the crystallization rate. FCDs with an average
aggregate size, d below 10% of the gap size, w, were found to exhibit significant
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velocity enhancement and position-dependent viscosities, originating from flow
cooperativity. The high spatial resolution of the velocimetry data, achieved with the
mechanically stable bob, allowed for accurate quantification of cooperativity lengths,
&. Importantly, the obtained & values followed a trend predicted by the KEP model,
diverging at the fluids’ yield stress, g,,, measured by classical rheology.® The 27 wt%
FCD sample obtained with slowest explored crystallization rates, with d approaching
50% of w, did not exhibit flow cooperativity and was found to flow according to a
simple HB model.

The challenge in the mutual alignment of the centers of the cup and the bob,
accentuated by the length of the drive shaft in the rotational rheo-MRI setup, limits
the available flow gap size to 500 um for a CC geometry. Hence, to be able to study
cooperativity under even stronger confinement and in fluids with d < 10 um, in
Chapter 4, a microcapillary rheo-MRI platform was developed. The platform is based
on cylindrical glass capillaries as the flow geometry, which enables easy control over
the gap size down to ~50 pum, and allows for chemical modification of the walls, to
alter fluid-wall interactions. The platform was used to study cooperativity effects in
0.5 wt% Carbopol with d = 2 um, and in 15 wt% FCDs as a function of the flow
confinement degree, d/w. In the 15 wt% FCDs the number of particles participating
in cooperative rearrangements was found to increase with increasing Py, in
contrast to 0.5 wt% Carbopol where a constant &, independent of flow conditions
was found. Additionally, in 15 wt% FCDs & was found to decrease with decreasing w.
The developed platform thus broadened the range of fluids for which cooperative
flow can be studied, extending the range of possible particle sizes and accessible
particle-wall interactions. Additionally, the platform opened the possibility to

characterize flow-induced aggregation or alignment of particles.

In Chapter 5, the microcapillary rheo-MRI platform was used to study sub-mm
confined flow of MFC dispersions, a novel ingredient in production of fat-based
products and an alternative to traditionally manufactured melt-cool FCDs.
Rheological properties of the 15 wt% MFC dispersions were characterized in strong
confinement as a function of shear history. The study revealed that the pre-shear
time can be used to control the flow properties of the 15 wt% MFC dispersions, which
evolve from non-HB for non-pre-sheared samples, to simple HB for extensively pre-
sheared samples, via a thixotropic intermediate. Additionally, in contrast to
traditionally manufactured FCDs, no cooperativity effects were identified in the 15
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wt% MFC dispersions, which was ascribed to the non-fractal nature of the crystal
aggregates in the latter fluid.

The remaining part of this chapter is divided into two sections. Firstly, in section 6.2
the two developed rotational and microcapillary flow-MRI platforms are mutually
compared in terms of the attainable experimental capabilities, such as the available
spatial resolution and applicability to samples depending on their viscosity and
thixotropy. Section 6.2.3 contains perspectives for technical improvements and
extensions of the experimental capabilities of the two platforms. In section 6.3,
results concerning cooperative flow of fluids investigated throughout this thesis work
are compiled, and the observed trends in relation to the properties of the
microstructure and of the geometry are discussed. These results are compared with
cooperativity effects reported in the literature for various fluids, with the aim to draw
general conclusions on factors governing flow cooperativity. In section 6.3.2
alternative approaches to modeling of flow cooperativity are explored as an outlook
for more accurate quantification of &. This includes a comparison of modelling
confined flow with a stress-dependent and independent ¢ parameter, and an
attempt to concomitantly account for cooperativity effects and thixotropy in a flow
geometry with a non-uniform stress distribution. Finally, potential perspectives for
future research are proposed regarding further elucidation of the dependence of
cooperativity on flow conditions and on the physico-chemical properties of the
involved fluid.

6.2. Considerations of the achieved technical developments

During this thesis work, two flow-MRI setups were developed, validated, and applied:
a temperature-controlled, 500 um gap CC for rotational rheo-MRI measurements
and a microcapillary rheo-MRI platform with capillaries of diameters 100 — 540 pum.
Both setups make it possible to study flow of complex fluids in well-controlled, sub-
mm confinement conditions with spatial resolution down to ~10 um/pixel. However,
the different flow geometries and flow driving conditions may render one flow
platform more suitable and applicable for certain studies over the other. With the
aim to facilitate future experimental design, in the following section a comparison of
key characteristics of the flow setups is provided, together with the respective
implications on the experimental capabilities.
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6.2.1. Experimental capabilities of the flow-MRI setups

One of the most important general considerations in choosing between the
rotational or microcapillary rheo-MRI is their possible use in magnets of different
field strengths and/or bore sizes. The microcapillary rheo-MRI platform has an
obvious advantage, as the length of the connecting tubing or the length of the
microcapillaries can be easily scaled. The setup can thus be easily adapted for
measurements at low to ultra-high field. In contrast, the sizes of the constituent parts
of the rotational rheo-MRI setup are typically designed for a specific NMR
spectrometer, with their adaptation to magnets with different field strengths
requiring costly adjustments of the drive shaft lengths and dimensions of the CC or
the CP geometries.

Secondly, many of the differences in experimental capabilities between the flow-MRI
platforms originate from the employed flow geometry. Specifically, the size of the CC
or the microcapillary and the resulting filling factor in the active volume of the coil
conjointly dictate the dimensionality of the velocimetry data that can be acquired,
given the necessity of high spatial and temporal resolution. Although the CC and the
CP geometries have the benefit of being directly comparable with classical
rheological measurements, they may not be ideally suited for flow MRI
measurements. As shown in Figs. 6.1a and 6.1b, in a rotational rheo-MRI setup the
volume within the r.f. coil is primarily taken up by the CC itself, with the sample
occupying merely 5% of the active volume. In addition, as the radius of the CC is kept
relatively large to avoid curvature effects, the resulting large FOV typically makes the
acquisition of 2D velocity maps, with sufficient spatial resolution, and using standard
signal acquisition strategies, too time-consuming. Hence, in almost all rotational
rheo-MRI studies only 1D flow profiles are measured, with approaches such as
compressed sensing facilitating the acquisition of 2D measurements.” Finally, to
approximate flow in a planar CC, the slice thickness in which a 1D profile is acquired
is kept at ~1 mm, with all the factors resulting in the effective measured signal
originating from < 1% of the volume within the coil (Fig. 6.1c). This invariably requires
long signal averaging times to achieve sufficient signal-to-noise ratio (SNR), in turn
decreasing the temporal resolution of the measurements. For a CP similar limitations
as for a CC are encountered. In contrast, the microcapillary geometry lends itself
much better to flow-MRI measurements, with the sample occupying close to 100%
of the volume of the flow geometry. In the 1.2 mm r.f. coil used in this work, the
signal originates from up to 20% of the active volume, yielding an improved filling
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Figure 6.1: Comparison of MRI velocimetry measurements in rotational (top) and
translational (bottom) flow-MRI platforms. In a) and d) photographs of the CC and
the microcapillary are shown, with a gap size of 500 um. b) and e) depict *H MRI
RARE images of the respective flow geometries, filled with sunflower oil, with red
rectangles representing slices excited during flow measurements. Sample volume
fractions (SVF) measured during a typical experiment within each geometry are
indicated within each image. c) and f) show a 1D velocity profile and a 2D velocity
map acquired with the respective platform, with accessible resolution and
experiment time indicated.

factor as compared to the rotational rheo-MRI setup (Figs. 6.1d and 6.1e).
Furthermore, the small radius of the capillaries makes it easier to acquire 2D velocity
maps, with sufficient SNR and temporal resolution of a few minutes, as sub-mm FOV
values can be used (Fig. 6.1f). Notably, the filling factor and sensitivity within both
experimental setups can be improved by adopting appropriate r.f. coils, as discussed
in the perspectives section. As can be seen, the microcapillary rheo-MRI setup has
many advantages over rotational rheo-MRI, including its access to smaller gap sizes
or higher MRI sensitivity. Yet, rotational rheo-MRI may be more suitable for studies
of samples with high viscosity, or thixotropic properties, rendering the two flow-MRI
setups complementary to one another.
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6.2.2. Flow-MRI platform and sample’s rheology

Flow studies of highly viscous fluids are generally challenging, as flow instabilities
such as wall slip are often encountered. For determining the local flow behavior of
such samples, the rotational rheo-MRI setup is better suited, as the fluid is inserted
directly into the CC where the signal is detected. Conversely, for the microcapillary
rheo-MRI platform, the sample has to be pumped through the length of the
connecting tubing before it reaches the capillary within the MRI sensitive region. This
may take up to even few hours and typically requires the exposure of the sample, the
connectors, and the capillary to high pressure drops. Secondly, as complex fluids are
often prone to aggregation, the use of microcapillary rheo-MRI may suffer from
clogging at the narrow constriction at the entrance of the capillary. When it comes
to samples with thixotropic properties, the optimal setup choice depends on the
scientific question to be answered. The rotational rheo-MRI setup performs well for
time-dependent flow studies of a fixed portion of a fluid, as the same sample volume
can be continuously sheared while recording the velocimetry data. This can provide
insight into flow-induced network destruction or rejuvenation.®® In microcapillary
rheo-MRI the sample passing through the microcapillary is continuously refreshed,
thus, each measurement is done on a different portion of the sample with the same
shear history. In other words, in the latter setup, the flow time during the flow-MRI
experiment and shear history are decoupled, a property utilized in the study of flow
of MFC dispersions as a function of pre-shear time in Chapter 5.

The characteristics of both setups are summarized in Table 6.1. In addition to the
aforementioned properties, the values for minimum necessary sample volume, and
minimum d values for strong confinement conditions are indicated. The relatively
high volumes necessary for microcapillary rheo-MRI originate from the open circuit
flow conditions.
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Table 6.1: Comparison of properties of the developed flow-MRI platforms. The given
viscosities are as measured at high shear rates where 1) approaches a constant, y-
independent value. Sample volume fractions (SVFs) are calculated by dividing the
volume of the sample in the excited slice by the total volume of the r.f. coil.

Rotational rheo-MRI

Microcapillary rheo-MRI

Adaptability to other
magnets and bore sizes

Limited by drive shaft
length and size of the

Limited by proximity of
the pump to the

cc/cp capillary
Measured SVFs <1% 20%
Max. sample viscosity ~ 100 Pas ~10Pas

Thixotropic samples Study of flow evolution Flow time and shear

in time history decoupled
Minimum sample 0.6 mL ~ 10 mL (flow rate
volume dependent)
Minimum d with strong ~ 10 um <1lpum

confinement condition

6.2.3. Perspectives for expanding the capabilities of the setups

The MRI sensitivity of both flow setups can be improved by adjusting the type of r.f.
coils used for signal excitation and detection. For rotational rheo-MRI, a surface coil
can be employed to improve the filling factor of the sample within the active region,
in comparison to the typically used volume coils. For microcapillary rheo-MRI, the
temporal resolution and, thus, the sensitivity of the measurements can be improved
with stripline resonators.!®!! Such approach also ensures closer proximity of the
sample to the detector, regardless of the capillary diameter and, thus, offers the
possibility to study flow in w < 100 um. Notably, striplines are already widely utilized
in spectroscopic NMR techniques, but currently still under development for imaging

experiments.

An additional development that would broaden the applicability of both techniques
is an expansion of the range of temperatures accessible within the rotational rheo-
MRI and an introduction of temperature control in the microcapillary rheo-MRI
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platform. The former can be achieved by utilizing glues able to withstand
temperatures > 45 °C for the construction of the 3D printed CC. For the latter, the
current setup of the platform, with the connecting tubing housed within the body of
the probe precludes the regular sample temperature control used in NMR. A readily
available solution is to regulate the temperature of the sample in the reservoir. To
avoid heat loss, the distance between the reservoir and the microcapillary must be
kept minimal, and a layer of isolation around the connecting tubing can be
introduced. If more precise temperature control is required, a water jacket running
along the whole length of the tubing could be considered, at the cost of simplicity of
the experimental setup.

6.3. Strongly confined flow of complex fluids

6.3.1. Factors governing flow cooperativity

The past two decades have seen many experimental and theoretical efforts in the
field of strongly confined flow of complex fluids, which has undoubtedly helped to
advance the understanding of cooperativity.*®'?® However, the extent or the
presence of these effects cannot yet be fully predicted, as we lack sufficient
understanding of what the determining factors are. In this section, § values reported
in the literature are collated with those quantified during this thesis project, in a
search of general trends, to aid predictions of presence and extent of cooperativity.

In Table 6.2, £ values reported in the literature on flow cooperativity are summarized,
together with values quantified for FCDs in this thesis work. Additionally, chosen
sample properties and experimental conditions are listed, along with classification of
whether a variation in the chosen parameter influenced the values of €. Firstly, it can
be noticed that cooperativity effects in flow of emulsions, microgels, mustard seeds,
polystyrene bead suspensions and foams were found to be independent of the flow
driving conditions and properties of the confining geometry. The extent of
cooperativity and the resulting & values were influenced only by changing the sample
properties, such as concentration or d. The opposite was found for milk gels,
cellulose dispersions and FCDs, where the extent of cooperativity was dependent on
shear rate, y, or the pressure drop, AP, but not always on sample properties.
Notably, the emerging classification of fluids in terms of {-determining factors
reflects their flow behavior as non-thixotropic or thixotropic YSFs, respectively.
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The plot in Fig. 6.2 of £/d vs. d /w aids in visualizing the second observation, namely
that in most studied materials cooperative domains span clusters of ~1 - 15 particles.
It thus follows that the number of particles involved in cooperative plastic
rearrangements seems to be independent of the materials’ microstructural
properties. Exceptions were found in a microgel and the polystyrene bead
suspension where cooperative clusters as large as 700 particles were quantified (red
box in Fig. 6.2).4

From Fig. 6.2 it can also be seen that in most studies cooperativity effects were
qguantified under conditions of d/w > 0.01, in good agreement with the established
threshold value between confined and non-confined flow.*? However, it is not known
how the extent of cooperativity changes as the d /w parameter is varied. During this
thesis work, flow was studied under varying flow confinement degree in two ways.
In Chapter 3, cooperativity effects were studied under fixed w, but variable d as a
result of varying the crystallization rate and temperature. The obtained d/w was
ranging between 0.06 and 0.44. In Chapter 4, the implementation of the
microcapillary rheo-MRI platform enabled regulating the d/w in the range 0.04 —

3 . : .
10° =
102 ¢ ;
3 °
v

Q.Lff ¢ f

~
~

~
~

0 0.05 0.1 1
d/w

Figure 6.2: Dependence of £/d on d/w based on the studies reviewed in Table 6.2.
Error bars originate from respective identified variations in &, caused by parameters
listed in the last column of Table 6.2. The shaded band spans values between 1/d
and 1/15d. Red box indicates exceptionally high values of & in a microgel and the
polystyrene bead suspension.*
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0.08 by changing w, while keeping the parameter d fixed. The presence of flow
cooperativity was detected in almost all experiments, confirming the fact that strong
confinement is indeed one of the triggering factors. Additionally, in Chapter 3, a
decrease in the mean quantified & values was observed upon increasing the
microstructure size. In agreement with this finding, in Chapter 4, increasing d/w by
decreasing the size of the microcapillary caused a decrease in & values. These
observations were made on FCDs, but the same trend was also observed in Carbopol
microgels.?*

Finally, Fig. 6.2 illustrates that the highest d /w explored in most studies is ~0.1, with
the flow regime at high flow confinement degree remaining mainly unexplored. In
Chapter 3, no cooperativity effects in 27 wt% FCDs could be quantified for the
extreme confinement condition of d/w = 0.44. However, to generalize this
observation, studies where d /w is systematically varied beyond the value of 0.1 are
needed. Notably, however, it must be considered that as w approaches the value of
d, the current understanding of flow in YSFs as a series of elastic and plastic
rearrangements may be incorrect, as flow transitions towards shear of individual
particles.

6.3.2. Perspectives in quantification of flow cooperativity

This section contains an outlook with regards to prediction and more accurate
quantification of cooperativity effects in model and real-life complex fluids. Potential
shortcomings in current modelling approaches are explored, namely an assumption
of a constant & even in geometries with non-uniform stress fields, and an
oversimplification of thixotropic properties in YSFs.

Predicting cooperativity lengths. Being able to predict the presence and extent of
cooperativity effects would enable accounting for spatially-dependent viscosities and
flow enhancement under a range of experimental or processing conditions. To aid
this task, the analysis of & values reported for a range of fluids, as performed in the
previous section, allows to outline a number of trends. Firstly, cooperativity effects
should be expected if flow occurs at d/w within the ~0.01 — 0.1 range. Below this
limit, ¢ tends to infinity as the fluid transitions into flow obeying the global
rheological laws. At d/w > 0.1, £ tends to O as the mobility of particles under
extreme confinement becomes reduced, as observed during this thesis project in
concentrated FCDs. It is possible, however, that deformable particles, such as
bubbles and droplets will respond differently to extreme flow confinement than non-
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deformable fat crystal aggregates. It thus follows that generalizing such conclusion
to a wider range of fluids, and pinpointing the exact value of the upper limit above
which no cooperativity effects can be observed, requires further, more systematic
studies of different materials in this flow regime. Secondly, regardless of the fluids’
microstructure, & values ranging between d and 15 - d should be expected. Finally,
depending on the properties of the YSF, different experimental parameters can be
used to alter the extent of cooperativity. For thixotropic fluids, £ can be adapted by
adjusting the flow driving conditions, while for simple YSFs changes in the samples’
microstructure are required.

Quantification of cooperativity with constant or stress-dependent &. Theoretical
models predict that & is a function of stress, diverging at the dynamical yield stress.®2°
In agreement with this, in Chapter 4, the stress distribution was found to influence
the extent of cooperativity. Samples of 15 wt% FCDs flowing in a 540 um gap
microcapillary, with 100% stress variation, exhibited ~35% smaller & values than
when flowing in a 500 um gap CC, where stress varies across the gap by only 11%.
This difference likely originates from the fact that in the microcapillaries, the
guantified constant & value is an average parameter of the present range of (o),
with a distribution much broader than in the CC. It can thus be hypothesized that the
accuracy of modelling the confined flow should be directly improved by adopting a
definition of &(o), particularly for geometries with a wide stress distribution.
Importantly, such approach also introduces spatial dependence of ¢.

The hypothesis was explored in a preliminary study, where the velocity profiles of 0.5
wt% Carbopol and 15 wt% FCD flowing in microcapillaries were fitted with the fluidity
model containing & either as a constant or a function of g, as defined in Bocquet et
al® The obtained & values are reported in Fig. 6.3, together with plots of the
residuals, calculated from the fitted velocity profiles. As expected, based on a 100%
stress variation within the microcapillary, the predictions of & from both models are
significantly different. From the adopted definition of £(o), the stress-dependent
model predicts a divergence of £ on approaching the value of g, of the fluid. The
radial coordinate of the highest & values will thus depend on the relationship
between o, and AP. At large AP values, the resulting o(x) within the capillary
typically falls above the a,, threshold yielding the highest ¢ values in the central parts
of the capillary, as is the case for 0.5 wt% Carbopol (Fig. 6.3a). If a(x) falls within a
close proximity to o, highest ¢ values are found closer to the walls (Fig. 6.3b). In

contrast, the stress-independent model yields ¢ values independent of the axial
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Figure 6.3: Comparison of & values obtained by fitting local velocimetry data with
stress-dependent (symbols) and independent (solid lines) ¢ definitions, for 0.5 wt%
Carbopol (a) and 15 wt% FCD (b) flowing in capillaries with respective diameters of
100 um and 250 um. Plots in c and d report residuals obtained from fitting of both
models to the data.

position. Curiously, however, the results from both models are in good agreement at
the walls of the capillary, regardless of the sample, or the values of o, and AP.
Furthermore, as can be seen from the residuals normalized by the respective
maximum velocities, V., both models fit the velocity profiles equally well.
According to this result, the accuracy of modelling of the velocity profiles is
independent of the choice of constant or stress-dependent &. If, however, the aim of
a study is to characterize the cooperativity lengths within the fluid flowing in a
geometry with stress inhomogeneity, a model with £(o) should be used.

Flow cooperativity and thixotropy. The current approach to quantify cooperativity
effects is based on the evaluation of cooperative flow relative to the bulk, non-
confined flow behavior. As a consequence, the accuracy of the quantified & values
relies on the correct knowledge of bulk flow properties. However, the determination
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of the latter is often challenging even for simple YSFs.?® Hence, flow of many real-life,
thixotropic YSFs is commonly approximated with a HB model. The advantage of such
approach is that the model is easily incorporated into the framework of the fluidity
model. However, a complete omission of thixotropic properties may result in
inaccurate or even incorrect ¢ values. An inclusion of a thixotropic model as a
definition of the bulk fluidity, f,,x, Was pioneered by Serial et al.,?%?? where the
authors could conjointly account for cooperativity effects and the sample’s
thixotropic properties. The geometry used in that study was a commercially available
CP with 6 = 7° with a uniform stress across the flow gap. This latter property is,
however, not representative of many real-life situations where the sample flows
through geometries with a wide stress distribution. Hence, the next important step
in modelling of cooperativity effects should be to account for flow cooperativity,
thixotropy and stress distribution within the geometry.

As a preliminary exploration of this idea, flow cooperativity was quantified in two 27
wt% FCDs, flowing in a 500 um gap CC, incorporating the definition of f;,,;;, according
to the HB or the A-model. As introduced in Chapter 1, the latter is one of the simplest
models to capture the time-dependent flow behavior of a thixotropic sample. As can
be seen from the global flow curves of both dispersions, crystallized at two different
cooling rates, the hysteresis between the down- and up-sweep branches testifies to
the presence of thixotropy (Figs. 6.4a and 6.4d). The bulk flow properties can be thus
described by fitting the downsweep branch with the A-model which gives the
information about the critical shear rate, y,, and the corresponding critical stress, o,
below which the sample does not flow uniformly. On the other hand, the bulk flow
can be approximated with a simple HB model which gives the value of o,.
Subsequently, the local flow behavior can be predicted, according to the chosen
global flow model, as done in Figs. 6.4b and 6.4e for ¥,,, = 10 s As can be seen, at
10 s the experimentally measured velocities significantly exceed those predicted by
both models, which was also the case for all other tested y,,, values. Fitting the
experimental velocity profiles with the fluidity model and both definitions of fj,x
results in & values as plotted in Figs. 6.4c and 6.4f. According to the definitions of o,
and o., for stresses below these values no flow should occur, regardless of the
assumed global flow model. It thus follows that the observed flow is entirely dictated
by cooperative rearrangements, resulting in identical & values obtained in both
approaches. In conditions where the present stresses exceed the g,, but not g, the
results of both models start to deviate from each other. In summary, for flows
occurring in conditions in close proximity to critical, or threshold values, such as in
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Figure 6.4: Global flow curves (a and d) of 27 wt% FCDs crystallized by crash cooling
(top) or at 1 °C/min (bottom), acquired by sweeping y from high to low values,
followed by sweep from low to high values. The downsweep branch is fitted with a
A-model (blue) and a HB model (red). In ¢ and f, a comparison of & values for
respective FCDs is shown, obtained by fitting a fluidity model to spatially-resolved
velocity profiles (b and e) with the definition of f,,; obtained from the A- or a HB
model of the global flow data.

the vicinity of g,,, the accuracy of the obtained ¢ is dictated by the uncertainty with
which the bulk flow of the sample can be described. For such cases, it is thus very
important to account for the time dependence of flow.

6.4. What’s next?

6.4.1. Potential future research into flow cooperativity

Given the versatility of the developed MRI velocimetry setups, a plethora of factors
potentially influencing flow cooperativity can be explored in a wide range of fluids.
Firstly, it would be of interest, from the fundamental standpoint and for industrial
applications, to investigate the influence of temperature on cooperativity effects in
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both Brownian and non-Brownian fluids. In the latter, variations in temperature will
probably not influence the propagation of stress, and thus cooperativity, directly, but
might indirectly influence microstructural changes. Secondly, it would be relevant to
study the effects of molecular-level interactions on cooperativity. Examples of
interesting questions to answer here include: How does cooperativity depend on the
viscosity of the continuous medium? Is flow cooperativity dependent on friction
between the particles, and if so, can it be tuned by modifying, e.g., surfactants in
emulsions or fractality and polymorphic forms in FCDs? Finally, another relevant
direction to pursue would be an investigation of cooperativity effects in suspensions
of anisotropic particles, where potentially £ could assume a tensorial form, and be
dependent on a possible flow-induced alignment.

6.4.2. Towards probing flow-induced alignment

Cooperativity of plastic rearrangements is only one of the many effects that can
dictate the flow of soft structured materials in strong confinements. Another
important phenomenon is flow-induced alignment, which can occur in dispersions of
anisotropic particles. The latter include fat dispersions with sheet-like crystalline
nanoplatelets, or elongated structures present in liquid crystals and wormlike
micelles. In such fluids, the non-aligned and aligned phases will have different flow
properties and, thus, must be adequately characterized for accurate flow
modelling.?’-3! Flow-induced alignment can be probed by measuring molecular self-
diffusion, a method widely used for determining microstructural features in soft,
structured materials and other complex matrices.3>3® With MRI, self-diffusion
coefficients, D, can be measured in a spatially-resolved fashion using a single or
double PFG-SE.3*36 Importantly, the double PFG-SE enables quantification of solely
the stochastic motion of molecules, even in the presence of deterministic motion
during flow. By measuring D in two directions, namely parallel and perpendicular to
main flow direction, it is possible to establish the preferential diffusion direction, and
to gain insight into the presence of local alignment, as schematically shown in Fig.
6.5.

However, flow in strong confinement exhibits phenomena that can significantly
challenge the correct determination of diffusion coefficients. Firstly, in
microcapillaries flow cannot always be described as purely laminar, despite typically
satisfying the condition of Reynolds number values, Re << 2000. The presence of a
percolation network or transient local concentration gradients will induce small
velocity fluctuations in the axial direction, as schematically shown in Figs. 6.6a and
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X X

Figure 6.5: a) Top: dispersion with anisotropic particles flowing along z under a
pressure drop, AP. Bottom: the effect that flow-induced alignment of anisotropic
particles has on the diffusion coefficients along and perpendicular to flow direction,
D: and Dy, respectively. Dotted vertical lines mark the alignment regions in high stress
areas of the microcapillary. In b) under static conditions no alignment exists (top)
and diffusion is isotropic, i.e. Dx = D; (bottom).

6.6b, respectively.?>373% Secondly, under microcapillary flow the diffusing molecules
sample streamlines of different velocities resulting in enhanced effective self-
diffusion, D,r, an effect known as Taylor dispersion (Fig. 6.6c).>>*! The result of all
three described phenomena is that the measured D.sf values exceed the true D
values even by several orders of magnitude, masking the sought-after effect of
alignment on diffusion. Such result was in fact observed during this thesis work in a
preliminary study of expected alignment of thin crystalline nanoplatelets in MFC
dispersions flowing in a 250 um capillary. The obtained values of D.¢r perpendicular
to the main flow direction exceeded those of a static sample up to 9-fold at the walls
and 3-fold in the center of the capillary. The effect likely originated from a
combination of the presence of a weak-link network inducing axial flow and Taylor
dispersion in the axial direction.*?

This evidences that validating a methodology to extract microstructural information
from MRI diffusion measurements under flow constitutes a challenging task. In this
respect, small- or wide-angle X-ray diffraction or scattering techniques,>** combined
with the microcapillary flow setup may provide a more straightforward approach to
retrieve information on flow-induced alignment.
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Figure 6.6: Schematic representation of the effect that a percolation network (a) and
particle concentration gradient (b) can have on the flow in a microcapillary, with the
solid arrows representing the principal flow direction and the dotted arrows
representing the secondary, fluctuating velocity component in the axial direction. In
c) an effect of Taylor dispersion on diffusion is schematically represented, with the
dark and bright red circles representing the initial and final positions, respectively.

6.4.3. Beyond flow cooperativity

The two flow-MRI platforms developed throughout this thesis work were primarily
aimed at studying flow cooperativity, but the key technical achievements open
possibilities to a wide range of confined flow studies. For instance, the temperature-
control circuit within the sub-mm gap CC enables studies of flow as a function of
microstructure-forming processes important in food industry, including
crystallization, melting, or gelation under shear. The scalable gap size and modifiable
wall properties of the microcapillaries allow for studies of entrance and exit effects
during food or organ 3D printing or polymer and fiber extrusion.**> The acquired
flow-MRI information can be complemented by the aforementioned coupling of the
microcapillary setup to scattering methods, such as SAXS and SANS, to obtain direct
insight into the microstructural underpinning of the flow behavior.>*® Both methods,
however, have pre-requisites with regards to the properties of the microcapillaries.
Whereas glass capillaries can be used in SAXS,?” for SANS it is necessary to fabricate
them from quartz.’

Furthermore, the microcapillary rheo-MRI technique can be exploited in a much
broader context, including in medical research and applications, such as engineering
of biocompatible and biomimetic materials,*® or vascular in-vitro models*’, as well as
in the production and studies of smart materials, such as bi-component fibres®°, or
aramids.5?
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Finally, the sensitivity of the microcapillary rheo-MRI measurements can be boosted
by the combination of the flow-MRI platform with ultra-high field NMR
spectrometers, and/or with the use of cryoprobes, enabling reaching even higher
temporal resolutions in velocimetry measurements and accessing spectroscopic
measurements with high chemical resolution.
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The understanding and ability to reliably predict the flow behavior of complex fluids
can determine the efficiency of food production processes, success of novel
techniques such as 3D printing and many more. However, flow of the involved soft
structured particulate fluids is intrinsically prone to instabilities, rendering flow
predictions challenging. This challenge is magnified if flow occurs under strongly-
confined conditions, i.e., when the flow gap size exceeds the average microstructure
size by a factor of < 10%. Under these conditions flow is governed by cooperativity
effects, where plastic rearrangements of the particles are spatially correlated,
leading to suppression of yield stress, enhanced velocities and inhomogeneous
viscosities. For most industrially-relevant fluids, such as emulsions or fiber
dispersions, with particle sizes in the range sub-um to tens of um, flow becomes
cooperative in sub-mm confinements. Despite a profound effect of cooperativity on
flow, these effects are not well understood, nor are the factors that determine their
extent, making them impossible to account for in production processes and product
design.

To study and understand flow cooperativity, velocimetric techniques are required
with the following criteria: (i) ability to access spatially-resolved flow information, (ii)
ability to provide local flow information with spatial resolution of > 10% of the flow
gap size, and (iii) availability of flow geometries with gap sizes scalable within sub-
mm range. The up-to-date available techniques which fulfill the criteria (i) — (iii), such
as Particle Imaging Velocimetry, require optical transparency of the fluid, which
precludes studies of most of industrially-relevant, optically-opaque fluids. Rheo-MRI
velocimetry is a promising alternative which does not suffer from this limitation, and
additionally offers the possibility of acquiring chemically-resolved information on the
fluid. However, so far only flow geometries with mm-sized gaps have been available.
Thus, it was the aim of this thesis to develop rheo-MRI velocimetry platforms with
flow geometries scalable in the sub-mm range, and utilize them to study flow
cooperativity of complex fluids.

To this aim, in Chapter 2 a 500 um gap CC for rotational rheo-MRI was developed.
The CC was equipped with a water circuit for temperature control in the range 15 —
40 °C. One of the targeted improvements was the notorious off-axis wobble of the
rotating bob, successfully achieving a mechanical stability within ~7 um. This made
it possible to acquire artefact-free 1D velocity profiles with spatial resolution of 10
um/pixel, and measurements under uni-directional shear conditions. The developed
CC enabled studies of strongly-confined local flow behavior of optically-opaque 27
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wt% FCDs, a common food precursor in production of fat-based products. In this
preliminary study, spatially-dependent viscosities were observed at low shear rates
and room temperature, likely triggered by cooperativity effects. Velocimetry
measurements at 30 °C revealed the presence of time-dependent shear-banding,
absent at 15 °C and, thus, likely caused by recrystallization and aggregation of the
dispersed crystalline platelets.

The strongly-confined flow of 27 wt% FCDs was further studied in Chapter 3, as a
function of the microstructure size and the colloidal network properties, controlled
by the crystallization rate. The flow of the 27 wt% FCD with the largest crystal
aggregates of ~200 um was found to be independent of the gap size and was well
described by the classical rheological HB model. The absence of cooperativity effects
was ascribed to the limited inter-particle interactions, caused by extreme
confinement. On the other hand, the 27 wt% FCDs with aggregate sizes in the range
30 — 50 um were found to exhibit cooperativity-induced velocity enhancement and
spatially-dependent viscosities. A proposed numerical approach based on the
concept of fluidity provided cooperativity lengths, &, yielding values ranging between
50 and 300 um, respectively corresponding to clusters of ~1 — 11 aggregates.
Importantly, the study revealed a decreasing trend of mean & values with increasing
degree of flow confinement.

Due to the challenging alignment of the centers of the bob and the cup within the
CC, and relatively low SNR within the rotational rheo-MRI configuration, the
minimum attainable gap size is limited to ~500 um. Thus, in Chapter 4, a
microcapillary rheo-MRI platform was developed with (i) gap size easily scalable
down to ~50 um and (ii) modifiable wall properties. These features can be explored
for studies of cooperativity, respectively (i) in confinements < 500 um and in
dispersions with particle sizes < 10 um, and (ii) under tunable particle-wall
interactions. With the microcapillary rheo-MRI platform 2D velocity maps can be
acquired, with spatial and temporal resolution of 5 um/pixel and ~5 min/scan,
respectively. The developed platform was exploited in studies of flow cooperativity
in 0.5 wt% Carbopol, with small particle size of ~2 um, and in 15 wt% FCDs as a
function of the flow confinement degree. 0.5 wt% Carbopol was found to exhibit
pressure independent cooperativity effects spanning on average ~6 polymer blobs
in a 100 um confinement. In 15 wt% FCDs cooperative clusters were found to extend
over 1 — 10 aggregates, with the & values dependent on the applied pressure and
degree of flow confinement.
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In the industrial setting, the FCDs studied in Chapters 2 — 4 are typically produced by
melt-cool routes to obtain the desired microstructure. This approach has, however,
proved hard to control due to concomitant crystallization and aggregation of the
crystalline nanoplatelets. MFC dispersions are a novel and more reproducible
alternative to FCDs in the production of fat-based foods, where the two structure
forming stages are decoupled. However, their flow properties and the associated
multi length scale structural changes are not yet well understood. Thus, in Chapter 5
the relationship between the microstructure and the flow properties of 15 wt% MFC
dispersions was studied. Using hyperspectral Raman imaging and SAXD the shear-
induced aggregation and recrystallization was demonstrated. These microstructural
changes were then found to be at the basis of the strongly confined local flow
behavior, as measured with the microcapillary rheo-MRI platform. The velocimetry
measurements revealed the evolution of the fundamental rheological flow
properties ranging from strongly non-HB towards simple-HB flow behavior, via a
thixotropic intermediate as a result of the shear-induced disappearance of the weak-
link network. The 15 wt% MFC dispersions exhibited no cooperativity effects in the
tested 250 um confinement, ascribed to the non-fractal nature and small particle
sizes of ~3 um.

Chapter 6 contains the general discussion of (i) the technical developments and (ii)
the flow cooperativity effects studied and quantified throughout the thesis work. In
(i) the developed flow-MRI platforms were compared with respect to their
experimental capabilities and suitability to studies of fluids with high viscosity and
thixotropic properties (section 6.2). In (ii) the & values quantified in the flow of FCDs
during this thesis work were compiled with values found in other fluids, as reported
in the literature (section 6.3). This overview comparison showed that typically for
simple HB fluids, cooperativity effects depend on the microstructural properties of
the sample while for thixotropic HB fluids the extent of cooperativity depends on the
experimental conditions, such as applied pressure, shear or geometry. Both sections
are concluded with perspectives for further technical improvements and more
accurate quantification of flow cooperativity, respectively. Finally, an outlook
towards further cooperativity studies is proposed, and other potential applications
of the developed flow-MRI platforms are described.
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Podsumowanie

Gtownym tematem mojej pracy doktorskiej byto badanie przeptywu ptynow
nienewtonowskich przez ztozone geometrie takie jak rury, rurki lub dysze. Kiedy
myslimy o ptynach czesto przychodza nam na mysl ptyny z zycia codziennego, takie
jak woda, midd lub alkohol. S3 to tak zwane ptyny proste/Newtonowskie, ktérych
zachowanie podczas ptyniecia jest juz dobrze zrozumiane i dosy¢ tatwe do
przewidzenia. Ptynami sg réwniez substancje takie jak krem, majonez lub jogurt. Sg
to ptyny ztozone/nienewtonowskie, ktérych przeptyw jest duzo trudniejszy do
zrozumienia i przewidzenia. Ta cecha znacznie komplikuje procesy obecne przy
produkcji kosmetykdw lub zywnosci, takie jak na przyktad wyciskanie produktéw do
opakowan. Przeptyw ptyndw ztozonych jest réwniez spotykany w nowatorskich
technologiach, takich jak drukowanie spozywcze lub biodruk 3D. W tym wypadku,
wiedza o zachowaniu ptynu uzywanego do druku umozliwia uzycie odpowiedniego
ciSnienia i temperatury, co jest niezbedne do uzyskania stabilnego produktu
korncowego.

Ale co wtasciwie jest powodem tego, ze przewidzenie w jaki sposéb ptyny ztozone
zachowuja sie podczas ptyniecia jest tak skomplikowane? Jest za to odpowiedzialna
mikrostruktura, ktérg ptyny ztozone czesto posiadajg. Z jednej strony, mikrostruktura
odpowiada za znane nam, makroskopowe, zachowanie sie substancji. Przyktadowo,
w majonezie, mikrostruktura uformowana jest przez skoncentrowane kropelki oleju
zawieszone w wodzie. Oddziatywania pomiedzy kroplami zapewniajg, ze kleks
majonezu nie rozlewa sie na boki, ale zachowuje nadany ksztatt. Jednak z drugiej
strony, obecnos¢ mikrostruktury powoduje niestabilno$¢ podczas ptyniecia. Na
przyktad, pomimo rownomiernie przytozonego cisnienia, ptyn w réznych czesciach
rury bedzie miat rézng lepkos$é¢, co, jesli nie zostanie wziete pod uwage, moze
prowadzi¢ do zablokowania przeptywu.

MOaj projekt skupiony byt gtdwnie na studiowaniu przeptywu ptynéw ztozonych przez
otwory o przekrojach ponizej jednego milimetra, tak zwanego przeptywu
ograniczonego. Takie warunki odzwierciedlajg te obecne przyktadowo w druku 3D
lub przy powlekaniu obiektéw warstwami farby ochronnej. Podczas przeptywu
ograniczonego zachowanie elementéw mikrostruktury, przyktadowo wspomnianych
kropelek, jest wzglednie nietypowe w pordwnaniu do przeptywu nieograniczonego.
Normalnie, kiedy wprawiamy ptyn w ruch, kropelki poruszajg sie wzgledem siebie i
otoczenia. W przeptywie ograniczonym, poruszanie sie kropel w jednym miejscu, np.
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przy S$ciankach rury, powoduje ruch kropel w innym miejscu, np. w jej czesci
$srodkowej (rysunek 1.2). Taki przeptyw nazywamy kooperacyjnym, przez to ze ruch
elementéw mikrostruktury w jednym miejscu powoduje ruch, a zatem ptyniecie
ptynu w innym miejscu. Przeptyw kooperacyjny zostat odkryty niedawno, i jest nadal
mato zrozumiany, pomimo ze w praktyce powoduje, ze ptyny stajg sie mniej lepkie:
ptyng duzo szybciej niz sie przewiduje i w niejednorodny sposdb.

Do tej pory badania nad przeptywem kooperacyjnym byty mozliwe tylko w uktadach
doswiadczalnych z uzyciem mikroskopu. Takie podejscie jednak wymaga, zeby
badane ptyny byty przezroczyste, a jak wiemy z podanych wyzej przyktaddéw,
wiekszo$¢ ptynéw ztozonych, spotykanych w zyciu codziennym, nie jest. Rezonans
Magnetyczny (RM), technika najbardziej znana w zastosowaniu medycznym,
umozliwia zobrazowanie przeptywu pityndéw bez wzgledu na to, czy sg one
przezroczyste, czy nie, wiec stanowi znakomite narzedzie do badania przeptywu
kooperacyjnego. Jest jednak jeden techniczny problem. Obecnie, uzywajac RM, nie
ma mozliwosci badania przeptywu w otworach o przekroju mniejszym niz 1 mm, co
jest warunkiem niezbednym do zaobserwowania zjawiska kooperacji. Tak wiec,
celami mojego projektu byto (1) stworzenie uktadu doswiadczalnego, ktéry umozliwi
badanie przeptywu ptyndw za pomocg RM w otworach ponizej 1 mm oraz (2) uzycie
rozwinietych ukfadéw doswiadczalnych do badania przeptywu kooperacyjnego w
réznych substancjach.

Oba te cele zostaty osggniete, a wyniki sg przedstawione w rozdziatach 2 — 5, co
schematycznie obrazuje rysunek 1.7. Rozdziaty 2 i 4 przedstawiajg dwa techniczne
rozwigzania do badania przeptywu ograniczonego przy pomocy RM (cel 1). W
rozdziale 2, rozwineliSmy tak zwang komore Couette (rysunek 2.1), gdzie przeptyw
ptynu moze by¢ badany w otworze o rozmiarze 0.5 milimetra. Ponadto, komora ta
daje mozliwosc¢ kontroli temperatury badanego ptynu w zakresie 15 — 45 °C. Komora
moze by¢ uzyta jako czesé istniejgcego juz uktadu doswiadczalnego, reo-RM (rysunek
1.4). Teoretycznie, stanowi to osiggniecie celu pierwszego, jednakze mankamentem
takiego rozwazania jest to, ze otworu w komorze nie da sie tatwo przystosow¢ do
danego eksperymentu. Tak wiec, w rozdziale 4 rozwinelismy drugi uktad
doswiadczalny: kapilarny RM (rysunek 4.1), gdzie badany ptyn przeptywa przez, jak
sugeruje nazwa, kapilary. W poréownaniu do komory Couette, takie rozwigzanie jest
duzo bardziej elastyczne, poniewaz przekréj kapilar mozna tatwo dostosowac do
danego eksperymentu, a przeptyw mozna bada¢ nawet w bardzo matych otworach o
przekroju rzedu 50 mikrometréow. Opracowane uktady doswiadczalne umozliwity
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badania nad sposobem ptyniecia tzw. zawiesiny krysztatéw ttuszczu (ang: fat crystal
dispersions, FCD, rysunek 3.1), co stanowito drugi cel projektu. FCD uzywane sg w
przemysle zywnosciowym do produkcji np. masta roslinnego lub czekolady (rysunek
1.6b), wiec zrozumienie jak zachowujg sie podczas ptyniecia jest bardzo wazne przy
wytwarzaniu tych produktéw. W rozdziale 3, uzywajac uktadu reo-RM odkrylismy, ze
FCD wykazuja cechy przeptywu kooperacyjnego, ktérego wielkosé zalezy od wielkosci
grudek krysztatkéw ttuszczu. W rozdziale 4i 5, przy uzyciu kapilarnego RM zbadalismy
ptyniecie FCD w jeszcze mniejszych otworach i zgodnie z tym, co zaobserwowalismy
w rozdziale 3, wykazali§my obecnos$¢ kooperacji. Ponadto, odkrylismy, ze w FCD
efekty kooperacji malejg wraz z malejgcym otworem przeptywu.

Podsumowujgc, uktady doswiadczalne opracowane podczas mojego projektu
pozwolg na dalsze badania nad przeptywem kooperacyjnym w szerokim zakresie
ptynéw, zaréwno przezroczystych jak i nieprzejrzystych. Ponadto, wykazane
kooperacyjne zachowanie FCD moze by¢ teraz wziete pod uwage przy ustalaniu
warunkow cisnienia i temperatury podczas produkcji zywnosci.
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