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1 | INTRODUCTION
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Abstract

A temperature-controlled submillimeter-gap (500 pm) rheo-magnetic reso-
nance imaging (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 uni-
form temperature control over the range 15°C to 40°C and (ii) a high spatial
resolution up to 10 pm, as a consequence of the improved mechanical stability
of the in-house developed rotating elements. Here, we demonstrate the perfor-
mance of the cell for the rheo-MRI velocimetry study of a thixotropic fat crys-
tal dispersion, a complex fluid commonly used in food manufacturing. The
submillimeter-gap geometry and variable temperature capability of the cell
enable observing the effects of shear- and temperature-induced fat recrystalli-
zation 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 interparticle
interactions and for ultimately aiding optimization of products involved in
spreading/extrusion, such as cosmetics and foods.
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packaging. Flow in millimeter-sized gaps is also present
during mastication and spreading of foods, governing

Industrially relevant complex fluids, such as food disper-
sions 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 pro-
cess modules have diameters of meters/centimeters,
whereas millimeter-/micrometer-sized nozzles are typi-
cally used for extrusion of fluids into molds and

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
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structural length scales. In such conditions, flow can be
considered as strongly confined and can differ from non-
confined flow as a result of interparticle interactions.

Currently, standard rheology focuses mostly on bulk
studies of nonconfined 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 microstruc-
tural rearrangements, even in complex fluids. For
instance, rheo-magnetic resonance imaging (theo-MRI)'?!
enables detecting shear-induced structural changes, such
as alignment!®' or network destruction or rejuvenation,*
that occur at micrometer/millimeter scales, whereas
rheo-small-angle X-ray diffraction (rheo-SAXD) offers
insight into changes, for example, in terms of the sizes of
the structural elements, that occur at a submicron
scale.!*! However, as has been demonstrated for emul-
sions!® and granular media,!” strongly confined flow
properties cannot be inferred from measurements carried
out in nonconfined conditions. When the confinement
size, d, becomes comparable with the characteristic
length scale of the fluid's microstructure, [, namely, when
d<100-1, flow can become cooperative and, thus, spa-
tially heterogeneous.!® Flow cooperativity is driven by
nonlocal 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 occur-
ring at a neighboring location, as illustrated in
Figure 1.[6%!

To quantitatively describe spatially heterogeneous
cooperative flow in soft structured dispersions, experi-
mental flow setups are needed that enable velocimetry
measurements in submillimeter gaps with high
spatial resolution./ 2! Currently available methods for

(a)

FIGURE 1

high-resolution microfluidic flow measurements, for
example, particle image velocimetry (PIV)I*19 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 interparticle interactions
responsible for cooperative flow.

Rheo-MRI velocimetry,'*?! already widely applied to
room-temperature flow studies of complex fluids, does
not suffer from any of the above-mentioned
limitations.!?*>13 yet, so far, only geometries with 1- to
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
with 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 submillimeter 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 submillimeter 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 submillimeter gap. Achieving high MRI resolution is,
in turn, hampered by the second challenge, namely, the
off-axis mechanical displacement of the bob during rota-
tion. 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 pm, not sufficient
for submillimeter geometries, and causes unstable shear
flow as well as a fluctuating gap size during shear.!*”!

Schematic representation of a complex fluid, with particles of average diameter [, being sheared in a Couette cell (CC) made

of polyether ether ketone (PEEK) (dark gray) with gap size d. (a) Top view of the CC; cup filled with the complex fluid (light gray) and bob

filled with a reference fluid (white). (b) Zoom-in of a gap-filling fluid exhibiting cooperative flow: when d <100 - [, 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)



MILC ET AL.

WILEY_L_

Due to both its inherent complex phenomenology
and the lack of versatile submillimeter flow setups, coop-
erativity is still poorly understood at the fundamental
level and not yet quantified with a unique model. Addi-
tionally, not all fluids undergoing strongly confined flow
exhibit cooperativity effects, while for some other fluids,
such as polymer microgels,[16] these effects were observed
even for the particle size to confinement ratio,
d/1>100."7) Hence, despite its profound influence on
bulk flow, for example, 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 lat-
ter 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 flow behavior and cooperativity effects as a func-
tion of temperature. The temperature ranges most com-
monly 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°C to 80°C. At these temper-
atures, microstructure-formation processes take place,
such as gelation, crystallization, or dissolution.'??! 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 Couette cells
(CCs) with millimeter-sized gaps have been constructed
and used in rheo-NMR spectroscopy, and small-angle
scattering (SAS) experiments.”*! 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 pm, by developing and validating a temperature-
controlled rheo-MRI CC with a gap size of 500 pm. We
first demonstrate the key technical improvements in our
proposed submillimeter-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 pm,
and (ii) the spatially uniform temperature control over
15°C to 45°C, which enables the study of confined flow as
a function of temperature. Thereafter, we show an

illustrative application of the submillimeter-gap CC for
studies of confined flow in a fat crystal dispersion (FCD)
at 15°C and 30°C.

2 | IMPROVED DESIGN OF THE
SUBMILLIMETER-GAP RHEO-
MRI CC

Our proposed design for a submillimeter-gap rheo-MRI
CC is shown in Figure 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 that can be filled
with a reference Newtonian fluid. Both cup and bob have
smooth walls that can be modified by sandblasting or ser-
ration. For all experiments, the cup is filled with a sam-
ple, and upon insertion of the bob, the sample is enclosed
within a gap of 500 pm. 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 rota-
tion. In the commercially available millimeter-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 with our new design: both factors make the
millimeter-gap setups less mechanically stable in the off-
axis direction. In addition, in our new submillimeter-gap
CC, the casing of the cup houses a water circuit that can
be connected to an external water bath operating at bath
temperatures, Ty, ~ 15°C to 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 con-
struction of the cell can withstand. As PEEK can

FIGURE 2

Technical drawing of the submillimeter-gap rheo-
MRI Couette cell (CC) made of polyether ether ketone (PEEK).
From left to right: cup with the temperature control water circuit,

the bob, and the bearing. All dimensions are in millimeter. The
outer shield of the cup and the top part of the bearing are made
semitransparent 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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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. How-
ever, the whole cell is replicated to also fit into a standard
cup holder for Anton Paar rheometers for torque mea-
surements, and the bob can be used with a commercially
available custom shaft holder.!*"!

3 | MATERIALS AND METHODS

3.1 | Sample preparation

Micronized fat crystals, 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 pm. The
sample was used for measurements within 8 h from the
crystallization.

3.2 | Rheo-NMR/-MRI measurements

All MRI and rheo-MRI experiments were performed on a
wide-bore Bruker Avance III spectrometer operating at
7 T. Excitation and detection of the "H signal was per-
formed with a birdcage radiofrequency coil with an inner
diameter of 25 mm, in the standard microimaging gradi-
ent 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-pm-gap
CC or the commercially available serrated CC with
1i/¥o = 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%
CuSO, (Merck), to decrease the NMR longitudinal relaxa-
tion time of water to about 20 ms. The decreased relaxa-
tion time enabled us to use a short repetition time,
Tr = 14 ms, and low number of scans while retaining a
high SNR. As a result, the duration of one scan was mini-
mized to 7 s, as required for the scopes of this set of mea-
surements. 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 selec-
tive 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 pm/pixel. Con-
secutive 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 two rotations of the bob
(167 s), 25 images were acquired. The position of the cen-
ter of the cup and that of the bob were extracted from
each image using a circle tracking algorithm in MATLAB
R2018b that enables subpixel accuracy in the centroid
estimation. The coordinates of the two centers were sub-
tracted 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 CH;0H (Merck, purity > 99%) filling both the cup and
the bob were conducted to calibrate the temperature over
the range Ty, = 15°C to 45°C in steps of 5°C. CSI 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 resolu-
tion of 40 x 40 pm/pixel. The local temperature in each
pixel, Tjoc, was calculated from the difference in chemical
shift (A5) between the CH; and the OH methanol peaks
using the following equation!?*:

Thoc[°C] = 135.85—36.54 - A§—21.85- AS”. (1)
The in situ sample temperature, TM*!, was calculated
by averaging values of Ty, within and over the three
slices. The bulk, ex situ, temperature of the sample inside
the cup, TT¢, was measured with a thermocouple.
One-dimensional velocity profiles were measured by
a pulsed gradient spin echo (PGSE) sequence with a slice
thickness of 1 mm in two dimensions, >’ echo time
Tg = 19.5 ms, and Tg = 2 s. The duration of the velocity-
encoding gradient pulses and their interpulse spacing
were § = 1 ms and A = 13 ms, respectively. The ampli-
tudes of the velocity-encoding gradients were, respec-
tively, 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
7=0.5,1,and8s~! or to (ii) 0.51 and 0.05Tm™* for
recording shear rates of y =0.5and 8s~!. To avoid chemi-
cal shift artifacts, a chemical shift selective (CHESS) sup-
pression module, as implemented by Serial 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 or 0.1 kHz, respectively, for measurements at
shear rates of y =0.5and8s~! at room temperature or at
shear rate of y =1s~! under variable temperature condi-
tions. 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 fre-
quency in the temperature-controlled studies. The
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frequency-encoding read gradient provided a 10-mm-long
slice over 1024 pixels, such that the spatial resolution was
Ax = 10 pm. 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 col-
lected at each rotation speed.

4 | RESULTS AND DISCUSSION

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 pm at low rota-
tion rates, where wobbling is most significant (data not
reported here). Such wobbling size would be excessive in
our submillimeter-gap setup, resulting in ~16% variation
in the gap size during rheo-MRI measurements. Further-
more, during the off-axis movement of the bob under
shear, the sheared fluid is pushed sideways within the
gap, thus resulting in additional artifactual flow compo-
nents. 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 dis-
placement by 80 pm on the expected linear velocity pro-
files of a Newtonian fluid flowing in a 500-pm-gap CC
(data not shown here) yield up to 50% deviation from the
expected linear velocity. If the off-axis displacement is
reduced down to about 10 pm, such deviation becomes
only 5%, which is within the experimental error associ-
ated with rheo-MRI flow measurements. Such improved
off-axis mechanical stability also enables achieving a spa-
tial MRI resolution of 10 pm with the 500-pm 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 pm is of importance for both
(i) minimizing the artifacts in the velocity profiles and
(ii) avoiding having to discard 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 submillimeter-gap cell.

Figure 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 d. 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

X,
40
z [mm] S >
44_ ............... II/
/ 5

A,
y/d [%]
o

y
-5
-5 0 5
x/d [%]
FIGURE 3 Rheo-MRI measurements of the off-axis

displacement of the bob, filled with doped water, during rotation at
0.72 rpm. Consecutive fast low-angle shot (FLASH) images of
1-mm-thick axial slices were measured. Twenty-five images with
the duration time of 7 s each were acquired to track two 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

bottom, respectively, being equal to 25, 17.5, and 7.5 pm
at g = 8, 16, and 22 mm. The error associated with the
wobble values, due to the limit of accuracy in the estima-
tion of the bob's and the cup's centers by the circle track-
ing algorithm, is +1 pm 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 bot-
tom 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.

The achieved reduction in the off-axis displacement
down to 7.5 pm (z = 8 mm) corresponds to a 10-fold
improvement in stability as compared with commercially
available rheo-MRI CC and, importantly, is below the
desired MRI spatial resolution of 10 pm for acquiring
velocity profiles in submillimeter-gap geometries.
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This remarkable improvement in off-axis mechanical
stability enables us to use the cell for applying a steady
and unidirectional shear and for obtaining artifact-free
velocity profiles even at low shear rates (7). 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
Figure 3, we decided to record all our velocity profiles at
zZ = 10 mm, where the off-axis displacement and its error
can be estimated from the linear fit of the measured wob-
ble values as (9.5 + 2) pm. This position is optimal consid-
ering both the stability of the bob and the SNR, which is
highest closest to the center of the coil (z =14 mm).

4.2 | Calibration of the temperature
control circuit

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

In this work, we have calibrated the temperature of
the submillimeter-gap CC at seven nominal bath temper-
ature (Ty,) values over the range 15°C to 45°C. The tem-
perature was estimated both locally (T}o), from spatially
resolved "H CSI spectra of a methanol-filled CC by using
Equation 1,** and as bulk value (TT¢ and TMR), respec-
tively, ex situ using a thermocouple or in situ by

T[°C]
50

30

X [mm]

FIGURE 4

(b)

averaging the Ty, values obtained by 'H CSI for all pixels
from the three selected slices.

Figure 4a shows the temperature maps obtained from
the CSI measurements, recorded at T, = 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 tem-
perature calibration curve could be constructed, averag-
ing the local sample temperature, Ty,., within and over
the three slices. Figure 4b shows the ex situ and in situ
calibration curves, both evidencing a linear dependence
of the temperature inside the gap. The standard deviation
for the ex situ and in situ temperature values is 0.3°C and
1°C, respectively, mostly due to imperfect shimming typi-
cal of wide-bore magnets. The expected temperature fluc-
tuation is estimated to be 0.3°C, based on the fluctuations
of the thermostat of the water bath. The embedding of
such temperature circuit in the cell enables carrying out
rheo-MRI experiments at controlled uniform tempera-
tures within the range T; = 16°C to 40°C. This introduces
a significant advancement to rheo-MRI, so far mostly
limited to room-temperature studies.

4.3 |
a FCD

Case study: Local flow behavior of

As an illustrative application of our novel submillimeter-
gap rheo-MRI CC, we studied the confined flow behavior
of a FCD, with 27% fat concentration. FCDs are used in
production of fat-based products, such as chocolate or

15 20 25 30 35 40 45
T, [°C]

Calibrations of the temperature circuit (water channels shown in gray both in the drawing of the cell and in the images),

with the cup and the bob filled with CH;OH. (a) At T}, = 45°C: axial "H MR chemical shift imaging (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, Tj,., as calculated using

Equation 1.4 (b) At T}, = 15°C to 45°C: effective bulk temperature in the gap, measured ex situ with a thermocouple (T1€) and also in situ

by 'H MR CSI (TM®) by averaging the T}, values obtained for the three axial slices shown in (a)
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margarine. Due to the presence of large crystal aggregates
with sizes up to [ = 200 pm, FCDs are prone to exhibit
nontrivial and strongly temperature-dependent flow
behavior in  submillimeter- or millimeter-sized
confinements.!°*19

We have first carried out a preliminary investigation
of the global flow behavior of the 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=1s"1. Therefore, we performed rheo-MRI measure-
ments at shear rates above (y=8s7! ) or below
(=0.5571) the transition from unstable to stable flow
regimes and compared the results obtained in the
500-pm-gap and 4-mm-gap CCs. We note that the per-
centage stress variation across the 500-pm-gap CC, calcu-
lated as the ratio of stresses at the outer and inner wall, is
only 11%,””! which yields linear velocity profiles in the
absence of flow instabilities. Hence, flow instabilities can
be easily observed from velocity profiles acquired with
the submillimeter-gap CC. Instead, in millimeter-gap
CCs, the nonnegligible stress distribution>20% may
make it impossible to discern and quantify possible
effects due to flow cooperativity. Figure 5 shows the
comparison between the 1D velocity profiles of the FCD
at applied shear rates of y=0.5and8s™! in the
(a) 500-pm-gap and (b) 4-mm-gap CC. All measured
velocity profiles are compared with the calculated veloc-
ity 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

(a)

1 Shear rate
—o—gg!
>08 ——055"
8
o 0.6
>
g 0.4
o
pz4
0.2
0
0 0.5 1
x/d

FIGURE 5

Couette cell (CC) with smooth walls and (b) 4-mm-gap CC with serrated walls, at y =8and0.5s

10 pixels at the outer wall, and subtracted from the veloc-
ity profiles, as done in previous work.*! Figure 5a shows
that in the submillimeter-gap CC, flow of the FCD is
linear at y =8s~!, with an expected nearly uniform shear
rate throughout the gap. In the unstable flow regime, at
7=0.5s"1, a strongly curved velocity profile is observed,
suggesting a spatially dependent viscosity as also
observed in cooperative flow.!*! In Figure 5b, the experi-
mental velocity profiles for the 4-mm-gap CC appear con-
cave at both applied shear rates. The corresponding
predicted velocity profiles for a fluid that does not exhibit
cooperativity displays the same deviation from linearity
as experimentally observed for the FCD. This significant
effect is solely due to the expected dominant stress varia-
tion across the 4-mm-gap CC, which in turn makes it
impossible to easily unravel flow cooperativity.

For the same FCD sample, we set out to illustrate the
importance of temperature-controlled submillimeter
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 Figure 6a,b, the flow behavior
at y=1s~! of the 27% FCD is shown at T, =15°C and
30°C, respectively, at three shearing times over a 1.5-h
time span.

At T,°=°15°C, the confined flow is stable, likely indi-
cating no significant shear-induced recrystallization
effects. Concave velocity profiles evidence a nonuniform
effective shear rate in agreement with observations at
ambient temperature and low shear rate (see Figure 5).
In addition, localized flow measurement enabled the

(b)

1 Shear rate
—o—g gl
>08 ——055s"
8
ol 0.6
>
§ 0.4
o
Z
0.2
0f4 mm CC
0 0.5 1
x/d

Experimental "H rheo-MRI velocity profiles (open circles) of a 27% fat crystal dispersion (FCD), measured in (a) 500-um-gap

~1, compared with calculated velocity

profiles (dashed and solid lines, respectively) of Herschel-Bulkley yield-stress fluid (4 + 2.547°) without nonlocal 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-pm-gap CC and 5% and 10% for the 4-mm-gap CC, at high and

low 7, respectively
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FIGURE 6 Dependence on shearing time
1 .
Shear time (0.5,.1, and 1.5 h) of "H rheo MRI v'elocny
05h profiles for a 27% fat crystal dispersion (FCD),
——1h measured at y=1s~! and at (a) T, =15°C or
1.5h (b) Ty, =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

x/d

quantification of a constant slip at both cell walls of
(20°+ 3)%. The flow behavior of the dispersion at
T, = 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 caus-
ing it to become more susceptible to shear in the final
0.5 h. Additionally, recrystallization results in the forma-
tion of larger aggregates, which likely induces coopera-
tivity effects, because 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 Figures 5 and 6 can be confirmed and
quantified by fitting the spatially resolved velocities in
combination with rheological stress measurements.*!
This requires separate measurements of bulk and spa-
tially resolved flow in twin setups.!®'7*82°l For reliable
quantitative velocimetry studies, the spatially resolved
flow profiles must be recorded at high spatial resolution
and high SNR, while minimizing mechanical instability
artifacts. From Figures 5a and 6, it can be seen that such
requirements are satisfied with our improved rheo-MRI
setup. Thanks to the enhanced off-axis mechanical stabil-
ity of the bob, acquired velocity profiles are free from
wobble artifacts and acquired with very high MRI spatial
resolution of 10 pm/pixel. The SNR obtained in the
500-pm-gap CC is 120 + 5, as given by the ratio of mean
signal intensity to the standard deviation of the noise,
which is comparable with that of wider gap geome-
tries.">**! Here, modeling the confined flow behavior of
the FCD would have required accounting for the
observed microstructural rearrangements and tempera-
ture effects, which was beyond the scope of this work.

5 | CONCLUSIONS

With the aim to study strongly confined flow by rheo-
MRI, we have developed a 500-pm-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°C to 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
CH; and OH signals can be used to quantify sample tem-
perature. This approach revealed a spatially homoge-
neous 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 cur-
rently available rheo-MRI setups. The MRI spatial resolu-
tion could thus be boosted up to ~10 pm, the latter value
being the estimated reduced size of off-axis wobbling of
the bob. All these improved rheo-MRI features were con-
jointly exploited here to study the temperature-dependent
confined flow of a thixotropic FCD sample. By using the
submillimeter-gap CC, evidences could be observed for
(i) the onset of nonuniform flow, suggesting cooperativity
effects at low shear rate and room temperature not dis-
cernible in wider gaps, and for (ii) shear-induced micro-
structural 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 or in operando conditions and, ultimately, for
aiding the rational design of foods, or other soft particu-
late dispersions such as emulsion-based paints or poly-
mer coatings.
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