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ABSTRACT

DESIGN OF A CONTINUOUS FLOW MAGNETIC RESONANCE
SYSTEM FOR RHEOLOGICAL CHARACTERIZATION

Bolikkaya, Zikrullah
Master of Science, Food Engineering
Supervisor: Assoc. Prof. Dr. Mecit Halil Oztop
Co-Supervisor: Prof. Dr. Behi¢ Mert

December 2022, 91 pages

In food processing, handling, pumping, and extrusion of dilute and viscous fluids,
emulsions, and suspensions are important for production purposes. Magnetic
Resonance Imaging (MRI) offers the possibility to measure the rheological
properties of different fluids in a non-invasive mode and is highly selective (in situ,
online) to study the structural changes, or inner transport processes (without wasting
samples and disturbing production) in flowing materials. In this study, a bench top
Magnetic Resonance Imaging system operating at a frequency of 24.15 MHz (~0.50
T), equipped with a radio frequency coil of 10mm was converted to a flow-MR
system or the so-called MR-Viscometer to measure the rheological constants of
different Newtonian and Non-Newtonian fluids. At the first step, mechanical energy
calculations were made to determine the system dimensions, and fittings and to
integrate the pressure transducer of the system. Since a peristaltic pump was used
there was the ‘pulsation’ problem, which could have caused problems in the MR
velocity images was observed. Thus, a dampener was added to the system by making
the proper calculations. Once the design calculations were complete and the system



was set up, experimental trials were carried out to test the system. Almond milk and
whole milk were tested at different pump flow rates to check whether the system was
operating properly. Almond milk was a shear-thinning fluid (K=0.0254 Pa.s, n
=0.783) whereas whole milk was Newtonian (u=0.0032 Pa.s). The error between
theoretical and experimental pressure differences was found to be 31-40% for whole
milk and 23-45% for almond milk. It was interesting to observe that at different flow
rates there was a significant and positive correlation (r=0.99, p<0.05) between the
experimental and theoretical pressure differences which indicated that there was an
‘inherent’ error associated with the pressure measurements. Error rates of whole
milk higher at low flow rates were explained by the high slip velocities and the high
error at high flow rates for almond milk was explained with dampener problems.
Measurements were also conducted with methylcellulose solutions and rheological
constants were compared with the conventional rheometer experiments. ‘n’ values
were not found to be different for the flow MR and conventional measurements
(p>0.05) whereas K values were significantly higher in flow MR results. However,
despite the K values higher in flow MR results, there was a positive and significant
correlation (p<0.05) between the two measurements confirming that the system was
working properly but the pressure measurement error needs to be corrected to get an

equal number from both methods.

Keywords: Benchtop magnetic resonance imaging (MRI); flow; velocity profile;

rheology
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REOLOJIK KARAKTERIZASYON ICIN SUREKLI AKISLI MANYETIK
REZONANS SISTEMI TASARIMI

Bélikkaya, Zikrullah
Yuksek Lisans, Gida Miihendisligi
Tez Yoneticisi: Dog. Dr. Mecit Halil Oztop
Ortak Tez Yoneticisi: Prof. Dr. Behi¢ Mert

Aralik 2022, 91 sayfa

Gida proses miihendisliginde, seyreltik ve viskoz sivilarin, emiilsiyonlarin
slispansiyonlarin  tasinmasi, pompalanmasi, ekstriizyonu, iiretim ag¢isindan
onemlidir. Manyetik Rezonans Goriintiileme (MRI), farkli sivilarin reolojik
ozelliklerini tahribatsiz bir modda G6lgme olanagi saglayan ve akistaki yapisal
degisiklikleri veya i¢ tasima siireglerini 6n hazirlik gerektirmeden sunan bir tekniktir.
Bu calismada, 24.15 MHz (~0,50 T) frekansinda ¢alisan ve 10 mm'lik bir radyo
frekans bobini ile donatilmis bir masa iistii Manyetik Rezonans Goriintiileme sistemi,
bir akig-MR sistemine veya diger bir adla MR-Viskozimetre’ye doniistiiriilmiis ve
Newtonian/Newtonian olmayan akigskanlarin reolojik sabitleri hesaplanmgtir. Ilk
adim olarak sistem Ol¢iilerinin, baglanti elemanlarinin belirlenmesi ve sisteme basing
transdiiserinin entegre edilmesi i¢in mekanik enerji hesaplar1 yapilmigtir. Sistemde
peristatik pompa kullanilmasina karar verildiginden, MR hiz goriintiilerinde 'darbe’
sorunu ile karsilasilmistir. Bu nedenle uygun hesaplamalar yapilarak sisteme darbe
soniimleyici eklenmistir. Tasarim hesaplamalar1 tamamlandiktan ve sistem
kurulduktan sonra, sistemi test etmek i¢in deneysel denemeler yapilmigtir. Badem
sutll ve tam yagli siit, sistemin diizgiin ¢alisip ¢alismadigini kontrol etmek igin farkli

pompa akis hizlarinda test edilmistir. Badem siitii kayma inceltici bir siv1 iken

Vil



(K=0.0254 Pa.s, n =0.783), tam yagh siit beklendigi iizere Newtonian 6zellik
gostermistir (u=0.0032 Pa. s). Teorik ve deneysel basing farklar1 arasindaki hata tam
yagli siit i¢in %31-40, badem sitl igin %23-45 arasinda bulunmustur. Farkli akis
hizlarinda deneysel ve teorik basing farklari arasinda anlamli ve pozitif bir
korelasyon (r=0.99, p<0.05) oldugu goézlenmistir. Bu durum basing Gl¢limleriyle
iligkili 'dogal' bir hata oldugunu gostermistir. Diisiik debilerde tam yagl siitiin hata
oranlarinin daha yiiksek olmasi1 duvardaki kayma hizlarinin yiiksek olmasi, badem
sitiinde yiiksek debilerde hatanin yiiksek olmasi ise darbe soniimleyicisindeki
yliksek basing ile agiklanmistir. Metil seliiloz ¢ozeltileri ile de dlgiimler yapilmis ve
reolojik sabitler geleneksel reometre deneyleriyle karsilastirilmistir. Akis MR ve
konvansiyonel élcumler igin 'n' degerleri farkli bulunmazken (p>0,05), akis MR
sonuclarinda K degerleri anlamli derecede yiiksek bulunmustur (p<0,05). Akis MR
sonuclarinda K degerleri daha yiiksek olmasina ragmen 2 6l¢iim arasinda pozitif ve
anlamli bir korelasyon (p<0.05) olmas1 sistemin diizgiin c¢alistigin1 ancak basing

Ol¢ciim hatasinin diizeltilmesi gerektigini dogrulamaktadir.

Anahtar Kelimeler: Masausti Nikleer Manyetik Rezonans Goruntiileme; Sirekli
Akis MRG; TD NMR;Akis; Reoloji
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CHAPTER 1

INTRODUCTION

1.1 Magnetic Resonance Imaging (MRI)

The employment of radiofrequency range pulses to obtain information on the internal
architecture of human tissues gave rise to the magnetic resonance imaging (MRI)
method, which has been traditionally employed in medical applications to analyze
the structure of soft tissue as a tool for clinical diagnosis. However, because of its
precision and adaptability, MRI has demonstrated to be a powerful analytical tool

for engineering study as well (Kirtil & Oztop, 2016b).

The signal acquired in MRI is obtained through the action of the radiofrequency (RF)
pulses. RF waves is a type of the electromagnetic waves as seen in Figure 1.1. The
radio frequency spectrum contains a set of frequencies of the electromagnetic
spectrum including radiofrequencies (RF) extending from 30 kHz to 300 GHz, which
includes MRI in between 1 to 100 MHz. In order to understand how signal is

generated in NMR, it is important to understand some of the basic concepts.



Types of Electromagnetic Radiation
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Figure 1-1. Electromagnetic spectrum (The Editors of Encyclopedia Britannica,
2022)

111 Nuclear Spins and Precession

Nuclear spin refers to the magnetic characteristics of hydrogen atoms (protons)
(Figure 1.2). These spins, which are represented by vectors, behave like small
revolving magnets. Net magnetization is the total of all the tiny magnetic fields of
each spin. These vectors' directions are often distributed at random. The result is a
null net magnetization when all the spins are added together. Nuclear spins align
with the external field in the presence of a strong external magnetic field (referred to
as B0). Some of the spins are parallel to the field while others are antiparallel to the

field (anti-parallel).



Figure 1-2. Nuclear spin

Figure 1-3. Alignment of spins with magnetic field

Not often do the protons face the external magnetic field directly. Instead, they create

a motion known as precession that resembles a spin top, shown in Figure 1.4.



Spinming at
\ Larmor frequency
\ (®)

Figure 1-4. Schematic depicting the precessional motion of protons

The following relation explained with the frequency of this circular motion
(Griffiths, 1997) ;
w = yB, where;

e  =angular precessional frequency of proton,

e y =gyromagnetic ratio and

e By = strength of the external magnetic field.

1.1.2 Signal Acquisition

When the longitudinal magnetization is disturbed by a RF pulse of the same
frequency, the system becomes ‘on resonance’ and magnetization is flipped to the

Xy plane.



The electromagnetic RF pulse only affects protons whose spin frequency is the same
as the electromagnetic RF pulse. Excitation is the alteration of the spin-equilibrium
state and the electromagnetic energy absorption by atomic nuclei (Griffiths, 1997).
When the system returns from this state of imbalance to equilibrium (relaxation),
electromagnetic energy is emitted. Excitation modifies energy levels and spin
phases. A single proton goes to a higher energy state at the quantum level (from
parallel to anti-parallel). A spiral movement down to the XY plane is the result on
the macroscopic net magnetization vector (Gladden & Sederman, 2017).

The net magnetization vector can be divided into two parts: a transverse part that is
on the XY plane and a longitudinal part that runs along the Z axis and is aligned with
BO.

longitudinal longitudinal
magnetization plane

A

before after
resonance resonance
B
______ flip angle 90°
C - 1>
transverse plane transverse magnetization

Figure 1-5. Schematic representation of the longitudinal/transverse magnetization
(Westbrook & Talbot, 2018)

With the exception of a 180° flip angle, longitudinal magnetization diminishes
during excitation and a transverse magnetization emerges. Recovery rate of

longitudinal magnetization is described as T1 (spin- lattice) relaxation time, whereas



decay of transverse magnetization is known as T2 (spin-spin) relaxation time. The
disparity between the number of spins in parallel and anti-parallel states is what
causes longitudinal magnetization. Spins entering phase coherence is what causes

transverse magnetization.
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Figure 1-6. Longitudinal and transverse relaxation curves

An overview of the signal acquisition is also summarized in Figure 1.7.

% RF Pulse

1\.1 |[ . '.
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Sample Magnet | Si.‘g_l;;l

Figure 1-7. Schematic representation of acquiring signal from a sample



1.1.3 Image Acquisition

The simple NMR signal obtained with the RF pulse, T1 recovery and T2 relaxation
give information from the sample as a whole and do not provide spatial information.
To assign a position to the various signals in imaging, spatial data must be added
to the signal. Gradients are used to encode the NMR signal's spatial information.
Gradients are essentially wire loops or thin conductive sheets mounted on a
cylinder that is just inside the bore of an MRI scanner (Harmonay, 2018).
Whenever an electrical current flows through these coils, a secondary magnetic
field is created. The main magnetic field is slightly but predictably distorted by this
gradient field. The primary purpose of a gradient coil is to predictably regulate the
main magnetic field in space, changing the spins' Larmor frequencies according to
their positions (Winkler et al., 2018). Thus, enabling spatial encoding of the MR

signal. A simple representation of the gradients is shown in Figure 1.8.

Gradient

Gradient
Figure 1-8. Representation of a gradient in an MRI system (IMAIOS, 2019)

Spatial encoding is based on application of different magnetic field gradients to a
sample. The volume of interest is first chosen using a slice selection gradient

(SSG). The position of each point within this volume is then encoded vertically,



horizontally, and using a phase encoding gradient (PEG) and a frequency encoding
gradient, respectively (FEG). Although the various gradients used for spatial
localization have the same characteristics, they are applied at various points and in

various directions.

Slices can be chosen on any spatial plane because of gradient equivalence in all

three spatial dimensions; axial, sagittal, coronal.

Figure 1-9. Representative imaging planes for persimmon fruit

An image is acquired by applying; 90, 180° pulses and by applying gradients within
the MRI system. The coherent application of the pulses and the gradients are known



as a pulse sequence and the simple and most commonly used pulse sequence is the

Spin Echo sequence (SE).

Spin Echo

TR
Figure 1-10. Summary of the spin echo (SE) sequence

1.1.3.1  Slice Selection Gradients (SSG)

The first step of spatial encoding is selection of a slice. To do this, the Slice Selection
Gradient (SSG), a magnetic field gradient, is applied perpendicular to the chosen
slice plane. The protons' resonance frequency varies in proportion to SSG when this
is added to BO (Larmor equation). The frequency of the protons in the chosen slice
plane is the same as the frequency of the RF pulse that is simultaneously applied.
Only the protons on this plane experience a change in their magnetism as a result.
The hydrogen nuclei outside the slice plane are not excited, hence they won't provide
a signal. The term "selective pulse" refers to the RF pulse that is connected to the
slice selection gradient and the modified resonance frequency. The magnetic field
gradients will once more trigger these protons in the slice plane to encode their

position in both the horizontal and vertical directions (Hashemi et al., 2010).



An RF pulse does not have single frequency alone since, it covers a certain
bandwidth, which depends on the shape and duration of the pulse. In order to change
the slice thickness either the bandwidth or the gradient strength should be changed
(IMAIOS, 2019):

Bandwidth
V.SSg

Slice thickness = (1.1)

e By varying the selective pulse's bandwidth and the slice selection gradient's
amplitude, the thickness of the slice can be changed

e The broader the bandwidth, the more protons are stimulated, and the thicker
the slice are for a fixed amplitude gradient

e The larger the gradient, the greater the fluctuation of precession frequency

in space, and the thinner the slice are true for a fixed bandwidth

As seen in Figure 1.10, SSG is applied during the pulses and after 90° in negative
direction. Due to the resulting dispersion in the resonance frequency, the SSG will
experience spin dephasing in the case of an RF pulse at an angle lower than 180
degrees. To counteract this effect, a second gradient lobe is applied immediately
after the selective RF pulse (concomitant with the gradient), along the same axis
but in the opposite direction, and with a surface (amplitude x time) equal to half
that of the first gradient lobe. Since the dephasing effects in the case of a 180° pulse
neutralize symmetrically with regard to the RF pulse's center, no rephasing lobe is
necessary. On the other hand, Since the slice profile is not ideal, a 180° rephasing
pulse that simply inverts the stimulated spins' magnetization will also create a shift
in the undesirable spins at the slice's edge (IMAIQOS, 2019). On either side of the
180° pulse, two identical gradient lobes can be inserted to prevent this problem:

e These lobes will have an equal impact on the magnetic field before and after

the 180-degree pulse and will cancel each other out
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e The second additional gradient lobe will have the opposite effect of the 180°

pulse, canceling off the magnetization near the edge of the slice.

1.1.3.2  Phase Encoding Gradients (PEG)

The 2" step in spatial encoding is to apply a phase encoding gradient which is
usually applied in the vertical direction. The phase encoding gradient (PEG) is
applied for a limited time period. It alters the spin resonance frequencies as it is
being applied, causing dephasing that lasts even after the gradient is stopped. All
of the protons as a result precess in various phases but at the same frequency. The
same phase will be shared by all of the protons in a row that is parallel to the
gradient direction. Up until the signal is recorded, this phase difference is present.
Each row of protons will be slightly out of phase when the signal is received. This
is equivalent to their signals being slightly out of phase (Westbrook & Talbot,
2018). The gradient is used with distinct, routinely incremented values to carry out
the various phase encoding stages. It is bipolar, which means that positive and

negative values that are symmetrical to 0 are employed as gradients.

The several, regularly incremented dephased acquisitions must be multiplied in
order to produce an image. We perform « n » acquisitions with a distinct phase

encoding gradient for a spin echo sequence with « n » rows.

1.1.3.3  Frequency Encoding Gradients (FEG)

Setting a frequency encoding gradient when the signal is received completes the
spatial encoding process. Throughout the time it is applied, this alters the Larmor
frequencies in the horizontal direction. As a result, it generates proton columns that
are all the same Larmor frequency. The frequency data are provided as this gradient

is applied instantly upon receiving the signal (Hashemi et al., 2010).
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1134 Duration of an Imaging Experiment

The main parameter that determines the duration of the imaging are listed as

following:

e TR = Repetition time (the time until the application of the second 90° pulse
from the beginning)

e Np = Number of phase encoding steps

e Nex= Number of excitations (number of times that the spin echo sequence is

repeated)
Duration is represented as:

Duration = TR * Np x Nex (1.2)

1.1.35  Summary of the Imaging Gradients

Each gradient has a unique strength (a higher or lesser fluctuation in the field for a
given unit of distance), direction, and moment and time of application (Bernstein
et al., 2004).

e The protons' precession frequency is altered by the slice selection gradient,
causing them to shift in response to an RF pulse of the same frequency

e All of the RF pulses are concurrently subjected to_the slice selection gradient.

e Slice thickness and profile are determined by RF pulse bandwidth and

waveform.

e Each phase encoding step functions as a sort of sieve, enabling horizontal

signals with uniform spacing.
e Without phase encoding, the signal will originate from the entire slice.

e For this reason, it takes several phases of phase encoding to gather enough
information to rebuild the image.
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e An image can be recreated by evaluating the signals obtained with a large
number of distinct profiles, or fine combs.
e The signal is digitalized at regular time intervals when freguency-encoding

gradient is used.
e Every signal sample is equivalent to a specific accumulation of the gradient

impact on the entire splice signal: the longer the period, the longer the gradient
effect on the spins, and the bigger their phase alteration.

o While phase spatial encoding requires repeating the imaging process,
frequency spatial encoding simply requires a few milliseconds of signal
reading. A single-phase encoding step is carried out throughout each repetition
period (TR) in a traditional spin echo sequence. Phase encoding takes
substantially longer to complete than frequency encoding since TR values can
last up to 3 seconds.

e Animage of the slice plane is created by processing all the signals from the
same slice after they have been captured in k-space.

1.14 Image Construction

A mixture of RF pulses with varying amplitudes, frequencies, and phases that carry
spatial information make up the signal obtained from an MR signal. Raw data from
this signal are converted to digital form and written into the k-space data matrix.
Use of a 2D inverse Fourier Transform is required to convert k-space data to a
picture. The spatial frequency information of an object in two or three dimensions
is represented by the k-space. The area covered by the phase and frequency

encoding data serves as the definition of the k-space (Moratal et al., 2008).

To understand k space better, let us first look at very simply the Fourier Transform
which is the most important mathematical transformation that is used in MRI

(Figure 1.11). An MR signal can be divided using the Fourier transform, a
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mathematical method, into a collection of sine waves with various frequencies,
phases, and amplitudes. Since spatial encoding in MR imaging involves
frequencies and phases, it is best analyzed by Fourier techniques (Bracewell R,
1986).

FT
—

Time Domain

s(t)

Frequency Domain
S(w)

Figure 1-11. Basic representation of FT

Fourier transformation is the mathematical procedure connecting s(t) and S(w). If

s(t) is specified, S(w) may be computed, and vice versa.

Fourier Transform: S(w) = ffooo s(t)e ttdt (1.3)

Inverse Fourier Transform: s(t) = iffomS(w)ei“’tdw (1.4)

Every "star" in k-space represents a data point that was obtained from the MR signal
(Figure 1.12). Each star's brightness indicates how much of its particular spatial
frequency contributed to the final image (Moratal et al., 2008). k-space cells are often

shown on a rectangular grid with the primary axes kx and ky. The image's x- and y-
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axes are represented by the kx and ky axes of k-space, respectively. The k-axes,
however, represent spatial frequencies in the x- and y-directions rather than
positions. Individual pixels (x, y) in the image do not match up exactly with
individual points (kx, Ky) in k-space. The spatial frequency and phase data for each
pixel in the final image are contained in each k-space point. On the other hand, every
pixel in the image maps to each and every point in k-space (Hashemi et al., 2010).

The k-space representation of the MR image is very similar diffraction patterns

generated by x-ray crystallography, optics, or holography.

Figure 1-12. k-space is the Fourier transform of the MR image (Moratal et al., 2008)

1.15 Flow Imaging

Conventional rheological measurements may not be sufficient to obtain detailed
information about the flow field generated by the device that are used to induce
deformational flow. In addition, visualizing, in real time, strain-rate heterogeneity
and discontinuity, fracture and wall slip may not be possible (Callaghan, 2006).
While optical methods, such as laser Doppler velocimetry(Shapley et al., 2004) or
ultrasound velocimetry (Manneville et al., 2004), can be highly effective flow
visualization tools, they both require scattering from refractive index or density

heterogeneity and they both suffer from some limitation in the available geometry.
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In the case of light scattering applications, optical transparency requirements are the
main limiting factors. In contrast, NMR velocimetry (Callaghan, 2006, 2012;
Callaghan et al., 1988) suffers no transparency constraints and full three-

dimensional velocity fields may be determined in any geometry whatsoever.

Nuclear Magnetic Resonance (NMR) provides the opportunity to conduct
measurements in situ and online that are non-invasive, non-destructive, and highly
selective in order to examine the structure, structural changes, or inner transport
processes in flowing materials without the need for preparations (Gotz & Zick,
2008). Use of NMR for rheological characterization is also known as Rheo-NMR
(Callaghan, 2006, 2012; Gtz & Zick, 2008). All NMR applications including flow
behavior, flow-induced structural changes, and NMR data are collectively referred
to as rheo-NMR. Rheo-NMR enables;

-to conduct flow experiments (viscometric flows: tube flow, Couette flow, plane
shear flow, plate/plate, cone/plate) in NMR devices to determine the corresponding
velocity profiles (Giitz et al., 1994; Pope & Yao, 1993); to derive the corresponding
viscosity- and wall slip functions; to study and quantify flow induced structural
changes by means of appropriate NMR experiments (Callaghan, 1999; Nakatani et
al., 1990; Xia & Callaghan, 1991); to arrive at correlations between macroscopic
rheological material characteristics and microscopic NMR data. By using an online
determination of practice-relevant values, these correlations could be very

beneficial for an efficient process and quality control (viscosity, molar mass).

Velocity imaging by MRI could be performed using different approaches. Three

categories of flow imaging techniques exist (Pope & Yao, 1993):

e Using inflow/outflow techniques, track alterations in signal strength brought on

by spins moving into or out of the chosen slice;
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e By frequency encoding the displacements of the various velocity components
during the imaging sequence, time-of-flight algorithms may distinguish between
them

e Phase-encoding techniques use flow-dependent phase shifts to directly

communicate velocity information

In this study, phase encoding methods have been used to obtain velocity image.
Pulsed gradient spin-echo (PGSE) pulse sequence is most commonly used for that
purpose (Arola, Barrall, Powell, Mccarthy, et al., 1997; Callaghan, 1999, 2006, 2012;
Xia & Callaghan, 1991). In PGSE sequence, using an applied G gradient and a 90°
radio-frequency (RF) pulse, spins in a plane perpendicular to the flow direction are
excited. After excitation, the first G, gradient pulse causes a spatially dependent
phase shift in the spins, which is then reversed by a 180° RF pulse. The second G,
gradient imposes a net phase proportional to the final position. The net phase is
proportional to the distance traveled during the time interval, T. Applying a gradient
upon signal acquisition, Gx or Gy vyields position-dependent displacement
measurements (Arola, Barrall, Powell, Mccarthy, et al., 1997). A typical velocity
image is shown in Figure 1.13. In order to have a proper velocity image; flow should
be in laminar region and pump should pump the fluid without pulsation. The other
important requirement is the ‘shear rate’ range. Depending on the flow rate; a
preliminary ‘shear’ rate information should be provided to the system so that velocity
sweep width could be adjusted. Velocity sweep with is directly related with the
encoding range in the image. If not set properly, velocity is wrapped in the image

and image quality is affected adversely.

17



Figure 1-13. A typical velocity image

Once the image is obtained; velocity profile is set to a 3™ or 4" order polynomial
(Choi et al., 2005; Tozzi et al., 2014). A set of shear rates y(r) is obtained by

differentiation of the velocity profile. The corresponding shear stresses are computed
as a function of the radius as 7(r) = % where ATP is the pressure drop per unit length

(L is the length of the pipe). Using, shear stress/shear rate data, viscosity or non-

Newtonian constants are calculated.

When the fluid has a yield stress, velocity also shows a difference. In Figure 1.14, a

velocity image of a delignified cellulose solution is given.
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Figure 1-14. Velocity image of a fluid with yield stress (Lavenson et al., 2011)

The presence of a yield stress in the flowing material is implied by a velocity profile
with zero velocity gradient. In such a flow, the suspension travels as an unyielding
"plug” of material. The velocity profile is fitted to the expected value using a
Herschel-Bulkley rheological model to get the plug radius (de Freitas Maciel et al.,
2013). To calculate the yield stress, the plug radius and pressure drop are combined
(Lavenson et al., 2011).

_ APRplug
2L

(15)

Oo

Yoghurt (Yoon & McCarthy, 2002), carboxymethyl cellulose (Arola, Barrall,
Powell, Mccarthy, et al., 1997), low density polyethylene melt (Uludag et al., 2001),
chocolate melt (Wichchukit et al., 2006), tomato concentrates (Lee et al., 2002) have
all been evaluated by MRI systems. But none of those studies utilized a bench top

MRI system integrated with a small peristatic pump.

In this study, a flow assisted MRI system was designed mechanically and later
almond milk, whole milk, methylcellulose solutions were tested for rheological

characterization of different fluids.

19



1.1.6 Objective of the Study

In this thesis, the goal is to convert a bench top MRI system to an MR Rheometer to

investigate the flow behavior of different fluids nondestructively, in continuous

mode. Under this goal, the specific objectives of the thesis are defined as follows;

Design the hardware of the flow system by engineering design calculations;

Integrate a peristaltic pump to the system so that the system could later be used

for systems like ‘digestion simulation’ and solve the ‘pulsation’ problem of the
peristaltic pump using engineering approaches;

e Test the system on Newtonian/Non-newtonian fluids to obtain velocity images
and test the parameters to improve the signal to noise ratio of the velocity
images;

e Calculate rheological constants from the velocity profiles and compare the

results with conventional rheometer results.
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CHAPTER 2

MATERIALS AND METHODS

In this thesis; an MR-assisted continuous flow system for rheological
characterization of Newtonian/Non-Newtonian fluids was designed from basics and

run for rheological measurements.

A flow system has been integrated into a benchtop MR system to let the acquisition
of a flow image which was further used for rheological characterization. Teflon
tubing, T pipes, elbows, pressure transducers, and a peristaltic pump were used to

construct the system as described later.

Two pressure transducers were used (Model, DMS300, IMENS Control
Technologies, Istanbul, Turkiye) to record the inlet and outlet pressure to the radio
frequency coil. A data transmitter (LabJack T7i, California, USA) was used to
connect pressure sensors to the software. A MATLAB code was created to convert
the LabJack output of the the transducers to pressure values. The specifications of
the transducers were used to convert the voltage to pressure values. Pressure
transducers report an average of the 20 readings as an input to flow image
acqusitions. The code is available in Appendix B.2.
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2.1  Engineering Design

2.1.1 Draft Design

As the 1% step, a draft design was sketched (Figure 2.1) to decide on the initial
parameters and see what assumptions are needed for the design.

A B

Figure 2-1. An initial sketch of the planned design. A: fluid level in the reservoir, B:
peristaltic pump, C: lower pressure transducer, D: Magnetic Resonance Imaging
(MRI) instrument, E: upper-pressure transducer, and F: fluid in the upper reservoir

2.1.2 Energy Balance Calculations
Assumptions were made to proceed with the engineering calculations. The
assumptions are listed below:

e Fully developed flow
e Newtonian fluid

e Steady state
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e Incompressible fluid
e No slip-on pipe wall

e Laminar flow

Considering the size of the MR system to be used and its location in the laboratory,

4 90° elbows, and 2 T pipes were planned to be installed initially.

The mechanical energy equation used in the design calculations is shown in Equation
2.1 (Cengel & Cimbala, 2010).

P,—P;

St [Py = VD) + (22 = 2) + W +EF = 0 (21)

The pump purchased for the system is a peristaltic pump (SHENCHEN
LABS3/UD15, China) and has the option to adjust the ‘rpm’ of the pump. To convert
the ‘rpm’s to velocity values a calibration was established for the tube diameter of
8mm. The calibration plot is given in Figure 2.2. Distilled water was used as the
model fluid for design calculations at 20°C (p=998.23 kg/m?) (Sahin et al., 2016).
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Figure 2-2. Pump calibration curve
2.1.3 Determining the Parameters for a Fully Developed Flow in a Pipe

A fully developed flow is needed to have correct rheological calculations. It is
observed, when a straight pipe's length is traversed by a fluid with a fully developed
velocity profile as a result of the viscous effects caused by the shear stress between
the fluid's particles and pipe wall (White, 1991). Each fluid particle flows along a
streamline with a constant axial velocity in fully developed laminar flow (Figure
2.3), and the velocity profile v(r) is unaffected by the flow direction. The velocity
component in the direction normal to flow is O everywhere because there is no
motion in the radial direction (Poole & Ridley, 2007).

Calculations were made at different flow rates for 3 different pipe diameters and the

results are given in Table 2.1. Reynolds number was calculated as;

Re =22 (2.2)
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Viscosity and density of water at 20 °C was used for Re number calculations.

Table 2.1. Reynolds number and velocity calculations for different flow rates and
different pipe diameters

V (mm/s) Re (D=8 mm) Re (D=6 mm) Re (D=4 mm)
1.00 7.94 6.00 3.97
5.00 39.72 29.66 19.86
10.00 82.00 60.20 39.98
30.00 240.00 180.05 119.68
60.00 479.25 360.10 239.63
160.00 1277.57 960.27 638.65
330.00 2641.20 1997.03 1317.00
500.00 3991.57 2997.00 1996.45

In the flow systems, the inlet region is the region where the fluid in the pipe cannot
completely form the full flow profile (Figure 2.3). In this region, the velocity still
changes in the axial direction (Cengel & Cimbala, 2010). This is not desired in an
MR system since the MR image quality is affected adversely otherwise. For this
reason, the length of the entrance area was calculated first. This information was also
important to determine the positions where the MRI system and pressure sensors

would be placed in the final model.
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Figure 2-3. Hydrodynamic entrance length

In many MR flow imaging studies conducted by other researchers, it was stated that
laminar flow was required (Arola, Barrall, Powell, McCarthy, et al., 1997; McCarthy
et al., 1992; McCarthy & Kerr, 1998). For systems with laminar flow, the entrance

region length is calculated with the following equation (Durst et al., 2005);

=€ = 0.06 * Re (2.3)

where L, is the entrance length, D is pipe diameter, and Re is the Reynolds number.
As seen in Equation 2.3, Reynolds number and pipe diameter are the two parameters
that affect the inlet zone length. In Table 2.1., Re number less than 2100 indicates
laminar flow, and from the table can be seen that in the flow velocity range which is
restricted by MRI capability. With MRI, flow velocity less than 0.65 m/s was found
to be measurable (Lew et al., 2007). The flow is in laminar region mostly. Hence,

pipe diameter is relatively negligible in this flow behavior circumstance.
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At this point, it was decided that any pipe diameter that keeps the system operating
in the laminar region is suitable for the system. And since our goal is to design an
MR Imaging flow system with high quality images, it has been deemed appropriate
to choose the maximum pipe diameter that will increase the signal aspect ratio.
Figure 2.4 shows the relationship between Reynolds number and inlet zone length

for a pipe diameter of 8 mm.

1.000

0.500

Entrance Length, Le (mm)
©

o

0.000 @ @
0 1000 2000 3000 4000

Reynold number

Figure 2-4. Relationship between Reynold number and inlet zone length for the
selected pipe diameter (8mm)

As can be seen in Figure 2.4, to operate the system at different flow rates, to stay
within the laminar zone boundary (Re=2100) for water where one of the toughest
fluid due to low shear rate, the system needs at least 1-meter-long inlet zone. This
value has also been considered in the future placement of the MRI system and

pressure sensors.
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214 Selection of the Proper Tubing and Diameter

One of the most important requirements of performing quantitative analysis in MRI
is the requirement of high ‘Signal to Noise Ratios’ (McCarthy & Kerr, 1998). Signal-
to-noise ratios > 100 is usually looked for in quantitative image analysis. The higher
this ratio, the more reproducible the data received from the signal. To increase this
value, the sample measurement area should be used at the maximum dimensions in
the radio frequency coil of the MRI system. The inner diameter of the rf coil in the
MRI device that is used in this study is 10 mm. One of the limitations of the tubing
selection is usually the inner diameter of the commercially available tubing. Since
the designed system is preferred to be used for food applications, it was desired to
have a tubing material that is acid resistant. Hence, ‘Teflon’ was selected as the
proper material. The wall thickness (the difference between the pipe outer diameter
and the inner diameter) of the Teflon pipes that are commercially available is mostly
around 2 mm. For this reason, the pipes through which the flow will be provided can

have a maximum internal diameter of 8 mm.

2.15 Design of a Pulsation/Pressure Dampener

In the design of the system a peristaltic pump was used. One of the problems
associated with the use of a peristaltic pump in MR imaging is the ‘pulsation’ of the
pump. This pulsation effect caused a blur in the images and prevented the
development of laminar flow. A representative MR image with and without pulsation
is given in Figure 2.5. As seen in the figure, flow is affected adversely due to the

pulsation.
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Figure 2-5. Flow MR images in the absence (a) /presence (b) of dampener

The pressure fluctuation created by the peristaltic pump in the pipe can also be seen
in Figure 2.7 with the use of a flow dampener (McComb, 2014).
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Figure 2.6. Pulsation dampener with pipe system in low pressure state and in high
pressure state
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Figure 2-7. In-pipe hydrodynamic pressure change — (=) without pressure
dampener and (—=) with pressure dampener (McComb, 2014)

To overcome the pulsation effect, usually flow/pulsation dampeners are used. The
purpose of the pulsation dampener is to stabilize the discharge flow and pressure and

lessen the pulsation produced during operation.

The dampener can be thought of as a reservoir located just at the outlet of the pump,
to absorb the sudden intra-pipe pressure created by the pump and to stabilize the flow
rate by completing the gap in the flow when the pressure drops. One of the most
important challenges of the dampener design is the correct adjustment of the volume
of the reservoir and the pressure to keep the flow rate constant. If the pressure
difference is higher than it should be, the space will be filled with more liquid, which
will increase the flow rate. On the other hand, if the amount of liquid accumulated

in the reservoir is low, sufficient damping will not be provided.
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As can be seen from Figure 2.7, the peristaltic pump working with a flow dampener
can provide mostly constant pressure and flow. Calculations to determine the volume
of dampener required were made by considering the following assumptions and
equations (McComb, 2014).

Assumptions:

e Isentropic process
e 80% air-filled flow damper
e Pump factor constant: 0.73 (from the pump specification manual)

Volume formula of flow damper with known minimum and maximum pressure;

1
Vp fd*(ﬁ_i)n

Vpr*<(§_i)%_1>

Vg = (2.4)

Pressure formula with pump constant and volume of flow dampener;

n

Va*Vpr—Vp*fa

P1: minimum pressure in the flow dampener (Pa)
P2: maximum pressure in the flow dampener (Pa)
Fq: Pump factor fixed

Vpr: air fill (%)

Vq: flow dampener volume (ml)

Vp, (dosage volume, ml)

n: gas constant used

Calculations started with the assumption of a flow rate of 500 ml/min. P1 value is the
hydrodynamic pressure of the liquid in the pipe in the system. This is the lowest
pressure value that can be obtained while the pump is dosing. For the calculation of
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the P: value, the points between the entry point to the flow dampener and the
collection unit were selected, and P1 pressure was calculated using the mechanical
energy equations (2.1) in this interval. The mechanical energy balance is set between
inside the dampener and the surface of collection tank. The pressure at the point
where it reaches the collection unit is the atmospheric pressure (Figure 2.8). In
addition, considering that, the volumetric flow rate does not change and taking the
friction factor loss from its connections into count, the P1 pressure is calculated as
113,600 Pa.

Peristaltic Pump

Figure 2-8. MRI flow system with pulsation dampener

After this step, the two unknowns in the flow damper equations V4 (dampener
volume (ml) and P> were found as follows by ‘the trial-and-error method (Table
2.3).
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Table 2.2. Parameter values used in flow dampener calculation

Parameters Values

Q (ml/min) 500
Pump factor constant, fq 0.73

Vp, (pulse volume, ml) 3.382

Vpr, percent fill (%) 0.80, 0.85, 0.90
P1 (Pa) 113600

P2 (Pa) 120000
(P2/Py)m 1.04

Table 2.3. Flow dampener volume calculations

Dampener Volume (ml)

Flow rate Flow rate Flow rate
Vpr (% fill) 100 ml/min 500 ml/min 800 ml/min
80 80.4 80.4 80.4
85 75.6 75.6 75.6
90 714 71.4 71.4

Theoretically, the volume of the flow dampener was found to be approximately 80

ml when the system is assumed to be 80% air filled (Vpr).

2.2 3D Design of Flow MR System

According to calculations, the drawings to physically position the flow assisted MRI
system were made using the KeyCreator software version 2015 (Kubotek
Corporation, Japan), so that a realistic approach could be obtained. The design is

given in Figure 2.9. Photo of the real system is also provided in Figure 2.10.

33



Controller

Computer

Shake Water Bath
v

Pulsation Dampener “Peristaltic Pump

Figure 2-9. 3D model of the flow assisted MRI system

Figure 2-10. The lab scale assembled flow assisted MRI System
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2.3  Preparation of Test Samples for the Flow MR System

All design calculations were done by using ‘distilled water’ as the fluid of interest.
Later the system was tested for whole cow milk (MiS SUT, Sakarya, Tiirkiye) as
Newtonian fluids and almond milk (Alpro, Kirlareli, Tiirkiye) and methylcellulose
(Sigma-Aldrich, U.S.A.) solutions at different concentrations as non-Newtonian
fluids. Methylcellulose was selected because it is highly abundant and used as a
thickener for many different food formulations. Methylcellulose was tested at four
different concentrations 0.1, 0.5, 1.0, and 2.0 (w/w)%. Methylcellulose was
dissolved in distilled water under vigorous stirring with magnetic stirrer overnight
(Nasatto et al., 2015).

24 Determination of Time Domain NMR Parameters

In addition to flow imaging experiments, relaxation times (T, T2) and self-diffusion
coefficient measurements (D) were also made. The sequence and parameters are
givenin Table 2.4, 2.5, and 2.6. TD-NMR parameters were also associated with the

flow parameters as discussed in the next section.

Table 2.4. T1-Saturation recovery experiments parameters

Parameters Values
Number of points 20
Number of averages 1
Delay time 2500-2800
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Table 2.5. T>-CPMG experiments parameters

Parameters Values
Estimated T> (ms) 180-2400
T, Estimated min (ms) 10

T, Estimated max(ms) 200-2500
Number of averages 2

TR (ms) 1000-12500

Table 2.6. Pulse gradient spin echo experiments (PGSE) for self-diffusion
coefficient measurements

Parameters Values
Number of points 15
Echo time (ms) 20
Delay time 2800

2.5  Acquisition of MR Image

A benchtop MRI system (Pure Devices GmbH, Germany) operating at the H
frequency of 24.15 MHz, equipped with gradient amplifier (Grad x: max 1.229 in
T/m, Grad y: max 1.230 in T/m, and Grad z: max 1.515 in T/m) and rf coil of 10 mm
was used. Images were acquired using a Pulsed Gradient Spin Echo sequence with
the following parameters. MATLAB (Mathworks Inc, Version 2022a, U.S.A.) based
user interface VISCO_MR3 (McCarthy Engineering, Davis, U.S.A) was used for
image acquisition. The following parameters needs to be entered to the software for

image acquisition:

e Predelay (ms): Predelay is set based on the T1. The longer the predelay the

greater the T recovery time.
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Velocity encoding steps: Affects the resolution of the image. The higher

encoding steps, the longer the experiment time and the better the resolution
is.

# Averages: Directly affects the signal to noise ratio. The higher the average
the longer acquisition time is and higher quality images are obtained.

Shear rate (s1): Correct shear rate value that is observed in the flow should

be entered to construct the correct velocity profile. But for unknown samples,
it is hard to calculate and not applicable. Hence, shear rate is calculated from
the flow rate which is correlated with rpm and corrected in the system by
checking the quality of the image.

Table 2.7. Shear rate reference table according to rpm of the pump in the flow

system

RPM Shear rate (1/s)
10 7.11
20 14.66
30 22.15
40 30.67
50 36.92
60 43.34
70 52.46
80 58.63
90 62.29
100 73.83
110 79.74
130 90.61
150 104.92
200 128.61
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Procedures to Follow in MR Imaging

Following the loading of sample to the system and setting up the parameters

described above, MRI system is ready to run. The steps for conducting a full flow

imaging experiment are described as follows:

2.5.2

Setup: The tubing system should be filled with the fluid sample that is going
to be tested. Pressure sensors (pressure transducer) should be checked
thoroughly for presence of air bubbles on the sensor.

Measure offset: The pressure transducer might have some shifted results.
When the flow system is filled up, Transducer Offsets should be measured.
Calibration of the magnet: Calibration should be made when the pipe is full
of fluid, and the pump is turned off. Calibration time depends on the T of
the sample. Magnetic field homogeneity, frequency and rf pulse durations are
determined.

Flow Parameters Input: Capillary diameter, distance between pressure
transducers, fluid density, and flow orientation (H — horizontal; V — vertical)

are entered to the system.

Processing of MR Data

The image generation is made by following steps following the data acquisition:

o ~ W e

Image data is zero-filled twice to increase the matrix size;

Gaussian filtering is applied to decrease the noise;

Fourier transformation is applied to the data set;

Image is constructed (Fig. 2.11)

Velocity profile is extracted from the image data by selecting the pixels with
the maximum intensity in the velocity direction for each radial value (Figure
2.11.). Any amplitude value below 10% of the maximum image intensity is

disregarded.
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Figure 2-11. Output of the velocity image of water
253 Processing of Velocity Profile

To make quantitave analysis on the velocity profiles, procedures in similar studies
were followed ((Arola, Barrall, Powell, Mccarthy, et al., 1997; Tozzi et al., 2014;
Wichchukit et al., 2006; Yoon & McCarthy, 2002). The velocity profile obtained in

previous steps was fit to a 4™ even-order polynomial.

vir) =ar*+br3+cri+dr+e (2.6)

where v(r) is velocity as a function of r; a, b, ¢, d, e are constants and r is radius. 1%

derivative of the polynomial is taken along the r variable and shear rate is obtained.

% =Y =4ar®+3br? + 2cr +d (2.7)
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where Y is shear rate. Shear stress data are calculated for each radial position from

the pressure drop.

_ (AP)R
Y)

(2.8)

Shear viscosity that is calculated by dividing shear stress by shear rate is also plotted
in the rheogram (Figure 2.11). Then, the rheogram is fit to an appropriate model such
as the power law model. A MATLAB code was used to analyze the data. The code

is provided in Appendix B.2.

2.6 Determination of Rheological Properties by Using the Conventional
System

The rheological behavior of all solutions was also determined using a bob (25mm
stainless steel) and cup rheometer (stainless steel) (KINEXUS, Malvern Instruments,
UK). Samples are measured at 20°C. Shear stress and shear rate values are used to
determine the rheological behavior of the fluid.

2.7  Determination of Density

Density of the samples are measured using a pycnometer (Brand Blaubrand,

Germany).

40



CHAPTER 3

RESULTS AND DISCUSSION

In this section, quality of an MR image was discussed, results obtained with the
designed system were examined and compared to the conventional rheometer results.
The rheology results were also compared with the Time Domain NMR parameters
(T1, T2 relaxation times and Self-diffusion Coefficient). In addition, challenges of the

MRI assisted flow system were discussed.

3.1 Data Quality

A good quality image cannot be obtained just by entering the theoretical parameters
to the software. Trials should be performed to get the perfect velocity profile. It is
likely that a high SNR image could not yield good rheology data or vice versa.

radial posinm

radalposinm

002 0.01 001 02
velocity in m/s x16°
velocity in mvs

Figure 3-1. Example flow images -yielding different ‘quality’ rheology data

For instance, the images in Figure 3.1 are good enough for velocity data even though
the right one has less signal-to-noise ratio. To have a good transition from the image

to the velocity profile; seeing the edges of the flow signal (red dashed region in
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Figure 3.1) is a necessity. Imaging artifacts that occur due to incorrect parameter
settings can also lead to improper velocity profiles. Examples are given in Figure
3.2.
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Figure 3-2. Example flow images yielding different ‘quality’ rheology data and their
corresponding velocity profiles; a) proper image, b) image with aliasing
(wraparound) artifact ¢) another artifact

The proper flow image is the one shown in Figure 3.2a. The artifact in Figure 3.2b
is the image processing artifact that is also called aliasing. Aliasing is caused by
miscalculation of data outside of FOV (Field of View) after the maximum phase
encoding gradient. Then, for the part outside of FOV, it is assumed as the lowest
frequency field and added to the beginning part of the image. That occurs when the
estimated shear rate is too low and can be solved if it is increased. The artifact in
Figure 3.2c is likely to have been caused be by a high shear rate value. Hence, it

should be decreased.

3.2 Testing the MR System for Flow Measurements

The design of the MR system was performed as described in Chapter 2. To test

whether the system is working properly or not; whole milk as a Newtonian fluid,
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almond milk, and methylcellulose solutions at different concentrations were used as

non-Newtonian fluids.

One of the most important challenges of the MR flow systems is the deviations
observed with the conventional rheometer measurements. Viscosity values,
consistency index, and flow behavior indexes show differences between MR and
conventional rheometers. To understand these deviations preliminary trials were
performed and compared with the expected results. In that scope, initially the test of
the system was done with almond and whole milk samples. Rheological
characterization of the samples was performed using a conventional rheometer first
and later the samples were run through the MR system at different condition and
comparison with the theoretical calculations were done and the deviations of the

design systems were reported.

3.2.1 Conventional Rheometer Measurements of Milk Samples

Shear stress/shear rates (for 10 samples) and shear viscosity/shear rate (a
representative sample) plots of the milk samples are provided in Figure 3.3 and
Figure 3.4 respectively. As can be seen in Figure 3.4, as expected, whole milk
showed Newtonian behavior whereas almond milk exhibited a shear thinning
behavior. K and n values for the ‘power law’ fitting confirmed that whole milk is
Newtonian (n~1) whereas almond is non-Newtonian (n<1) (Table 3.1). ‘K’ value of
whole milk which is equivalent to the Newtonian viscosity was consistent with the

previous studies (Alhamdan, 2002).

As seen in Figure 3.4, almond milk differentiated itself from regular milk samples as
exhibiting a typical shear thinning behavior. Consistency index (K) was 10 times
larger than whole milk and n value was found as 0.783 (Table 3.1). In the product
label, it is stated that almond milk includes locust bean gum and gellan gum as

stabilizers. Fat content is also reported as ~1.1%. Despite the lower fat content values
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than whole milk, higher consistency values were observed. This was explained by
viscosity enhancing effects of the used hydrocolloids. In Figure 3.4, it is seen that
there are absurd jumps in data between shear rate 60 — 65 (1/s). This trend of jump
in every measurement for different samples as well, and when we check the fitting
R?, it is approximately 0.99. Thus, that is assumed instrumental error and since it

does not change the fitting, it is neglected.

0.1 -

Shear Stress (Pa)

0.01

Shear Rate (1/s)

Figure 3-3. Shear stress vs. shear rate data of skim 10 milk (e), whole milk (e), and
almond milk (=) samples
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Figure 3-4. Representative shear viscosity vs. shear rate plots for whole milk, and
almond milk

Table 3.1. Power law fitting values of milk samples*

Sample Name K (Pa.s") n
WM 0.0032+0.00012 1.019+0.0062
ALM 0.0254+0.0005° 0.783+0.004°

*Lower case letters denote significant difference at 95% confidence level.

Hussain et al (2017) showed that 1% locust bean gum (LBG) solution had ~0.3 Pa.s
apparent viscosity at 10 s shear rate indicating that gum concentration in almond
milk was much less than 1% (Hussain et al., 2017). The other common hydrocolloid
that is used in almost all plant-based milk is the gellan gum. Gellan gum is an
extracellular polysaccharide secreted by the microorganism Sphingomonas elodea
(ATCC 31461) previously referred to as Pseudomonas elodea (Sworn & Stouby,
2021). Commercially it is manufactured by a fermentation process. Gellan gum’s
properties make it ideal to be used as a thickener, suspension agent and stabilizer in

many food and beverage products. Gellan gum can keep the beverage’s ingredients
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stable and suspended and prevents sediment formation at the bottom of the beverage.
In a previous study where effect of temperature, shear rate and NaCl was investigated
on gellan gum, it was shown that at the shear rate of 10 s, it had an apparent
viscosity of 200 cP at the concentration of 1 g/L. In almond milk case, the apparent
viscosity was found to be 14 cP. Thus, gellan gum concentration was used less than
1% like LBG.

3.2.2 Preliminary Trials for the Operability of the MRI System

Since the system was set up from the basics, to determine the operating conditions
of the flow tests, trials were conducted at different ‘rpms’ of the pump. Almond milk
and whole milk were used as the test fluids. As detected in the conventional
rheometer experiments, whole milk showed Newtonian whereas almond milk

showed non-Newtonian behavior.

To test whether the MR flow system is working properly, at first, flow trials were
tested at different ‘rpm’ values of the pump. Flow images of whole milk and almond
milk, obtained at different ‘rpm” values and the corresponding velocity profiles are
given in Figure 3.5, 3.6 and Figure 3.7, 3.8 respectively. The ‘rpm’ trials (20, 30,
40, 50, 60) were just tested once to confirm the ‘operability’ of the physical system.
That is why there is one measurement at each flow rate. As discussed later, at a
selected rpm for all milk samples, measurements were also conducted in three

replicates.

As described in the previous sections; a velocity image is constructed by a Pulse
Gradient Spin Echo Sequence and it is important to enter the ‘correct’ shear rate
value for the proper image. For the correct shear rate value, the reference table in
Section 2 (Table 2.7) was used as a starting point and depending on the image quality

and the velocity profile, it was adjusted. The imaging protocol was designed such
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that the gradient strength in the sequence was adjusted based on the shear rate. If the
maximum shear rate in the pipe is higher than the entered value ‘ladder shaped’
profiles are obtained, and this causes misinterpretation in the MRI data. The crucial
point is to obtain a smooth parabolic curve for the velocity profile.

One of the first points that needs to mentioned is the presence of artifacts in the
velocity images (Figure 3.5, 3.7, 3.9). Since the signal to noise ratio in the flow edges
were sufficiently high, artifacts did not cause the problems that were described
before and thus images were used to acquire the velocity profiles.

In order to check whether the system was operating correctly; the average velocity
values obtained from the flow images were used to calculate the theoretical pressure
difference for whole and almond milk. For whole milk (as being Newtonian) the

following equation was used,

__8uL93,
="

+ pgz (3.1) (Sahin etal., 2016)

For almond milk the pressure drop equation for power law fluids were used
(Goloshevsky et al., 2005) (Equation 3.2)

1
2KL 1

AP=(R)*(19av*Z%3)E+ pgz;z =-— (3.2)

n

Parameters used in Equation 3.1 and 3.2 are listed in Table 3.2. For the viscosity and
power law constants, conventional rheometer results obtained in the previous section

were used. Density values were obtained experimentally as described in Section 2.7.
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Table 3.2. Parameters used for the theoretical calculation of the pressure drop (AP)

Parameter Value Unit
Lwhole milk 0.0032 Pa.s
Consistency index for almond milk (K) 0.0254 Pa.s
Flow behavior index for almond milk (n) 0.783 -
9av—whole milk 0.0099-0.0306 m/s
9av—almond milk 0.0095-0.0281 m/s
R 4.00E-03 mm
Pwhole milk 1082.4 kg/m?
Palmond milk 1064.0 kg/m?
g 9.80655 m/s?
L 0.77 m

Table 3.3. Comparison of the theoretical and experimental pressure measurements
for almond & whole milk

Whole Milk
rpm AP Theory AP Experimental
Yo error 1/2 RMSE
(Pa) (1) (Pa) (2) ’
20 7827.53 5352 31.63 1.46 1.2
30 7834.18 5128 34.54 1.53
40 7839.978 4984 36.43 1.57
50 7844 .41 4945 36.96 1.59 l
60 7853.03 4681 40.39 1.68
Almond Milk
pm AP Theory AP Experimental
% error 1/2 RMSE
(Pa) (1) (Pa) (2)
20 7875.4 6020 23.56 1.31 3.8
30 7903.46 5616 28.94 1.41
40 7924.18 5178 34.66 1.53
50 7939.84 4722 40.53 1.68 l
60 7955.74 4344 45.4 1.83
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As seen in the Table 3.3, % error in pressure measurements were in the range of 23-
45%. The error rate was quite high, and it was explained by the inherent error due to
‘pressure transducers’ and the manually built dampener. However, it was quite
interesting to note that the correlation between theoretical and experimental pressure
values were significantly correlated (p<0.05, r>0.99). The two independent data set
with high correlation indicated that ‘a transducer/dampener’ correction factor could
decrease the discrepancy between the data sets. Relation between experimental and
theoretical pressure values were also expressed by a linear relationship as seen in
Figure 3.10. Linear expressions had a regression coefficient ~0.98 with slopes of -
0.0391 and -0.0464 for whole and almond milk respectively. In addition, root mean
square error values are given in Table 3, where it is used to measure the differences
between predicted values and theoretical values. The less the RMSE is, the more
accurate the approximation is. For both whole milk and almond milk, RMSE’s are
1.2, and 3.8 so it is counted as reliable model since those are small numbers
compared to actual values(Ali et al., 2023). Figure 3.5 shows residual distribution
for the plots in Figure 3.10. The residuals are distributed around zero axis

homogeneously.

49



Residual Plot

Whole Milk
0 1 2 8 a 5 6 e Almond Milk

Residual
(e)

Observation Order

Figure 3-5 Residual plot of fitting

As illustrated by the conventional rheometer experiments, almond milk had higher
viscosity values them whole milk. It was interesting to note that when the ‘pump’
rpm values were lower than 50; error rates of the pressure difference in almond milk
were lower in magnitude compared to whole milk. To explore this better, velocity
values at the wall were extracted from the images to see whether slip was more
prominent in the low viscosity milk sample. As seen in Table 3.4, velocity values
were not available for the almond milk at the wall indicating low signal and almost
zero velocity, whereas velocity values at the pipe wall were observable for whole
milk samples indicating that slipping could have contributed to the high error rates

at lower rpm values.
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Table 3.4. Comparison of wall slip velocity at different rpm for almond and whole
milk

Wall Velocity (m/s)

rpm Whole Milk Almond Milk
20 0.0018 -

30 0.0027 -

40 0.0044 -

50 0.0038 0.0021

60 0.0041 0.0029

The reason for higher error rates in almond milk above 50 rpm was explained with
the higher pressures created in the dampener with increased ‘rpm’ values and

possible ‘air bubbles’ in the transducer.

The experiment results in this section confirmed that the system is working as

planned, but there is an inherent error on the system due to the dampener and the

pressure transducer and the reported value of pressure difference should be corrected
to find the ‘correct’ rheological parameters. To find a correction factor, it was
hypothesized that more samples should be tested and a relationship between the

corrected and theoretical values should be calculated.
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Figure 3-6. Velocity images of whole milk vs. radial position at different rpms of the
pump a) 20 rpm b) 30 rpm ¢) 40 rpm d) 50 rpm e) 60 rpm, and f) 70 rpm
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Figure 3-7. Velocity distribution for whole milk: — 20 rpm (0.0099 m/s), — 30
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Figure 3-9. Velocity profile of almond milk obtained at different rpm values of the
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Figure 3-10. Relation between theoretical vs experimental pressure values; —
whole milk; —almond milk

3.2.3 Examining the Flow System with Another Sample Set: Methyl

Cellulose Solutions

The inherent error in the pressure measurements was confirmed in the previous

section. In this part of the study, methyl cellulose solutions were prepared in
replicates and flow measurements were performed. This time, experiments were
performed at a fixed rpm. Preliminary trials showed that good quality images for MC
solutions were acquired at 40 rpm. Thus at 0.1, 0.5, 1 and 2% concentrations of the
MC, experiments were performed. In order to calculate the deviations in pressure
measurements as performed for milk samples; rheological constants of MC solutions
were required. Thus, as in the case of milk samples rheological characterization of

the MC samples were first done by using a conventional rheometer.
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3.23.1  Rheological Parameters of Methyl Cellulose Solutions Using a

Conventional Rheometer

Shear stress/shear rates plots for the MC solutions at four different concentration are
given in Figure 3.10. Shear viscosities are given in Figure 3.11 and power law fittings
are also provided in Table 3.5. Shear thinning behavior was much less at
concentrations of 0.1 and 0.5%. Behavior was consistent with the studies of previous

researchers (Morozova et al., 2018).
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Figure 3-11. Shear stress (Pa) vs shear rate (1/s) of methyl cellulose; = 0.1% MC
(w/w), m 0.5% MC, m 1% MC, and m 2% MC
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Table 3.5. Power law fitting values of ‘MC’ solutions

MC Concentration (%) K (Pa.s") n R?

0.1 0.0059+0.0005¢ 0.85+0.02° 0.99
0.5 0.0349+0.0162° 0.91+0.042 0.99
1.0 0.3031+0.0281° 0.80+0.01°¢ 0.99
2.0 4.8338+0.5900? 0.60+0.02¢ 0.99
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Figure 3-12. Shear viscosity (Pa.s) vs Shear rate (1/s); © 0.1% (w/w) MC, ® 0.5%
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3.2.3.2 MR Flow Tests for the MC Solutions

Average velocities of the MC solutions were also calculated as in the milk samples
(Figure 3.12).

This time for each concentration three replicates were run. Theoretical pressure
differences were calculated using Egn. 3.2 and the K and n values obtained from the
conventional rheometer. Results are given in Table 3.6. MC MR flow experiments
were performed at the pump rpm of 40. As seen in the table, % error differences
changed in the range of 25-30% except 2% MC solution which was significantly
almost 15-20 more viscous than the other solutions. During these measurements the
dampener used for previous measurements leaked out and reconstructed. But still the

results deviated more compared to other concentrations.
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Table 3.6. Comparison of the theoretical and experimental pressure measurements
for methylcellulose solutions at different concentrations

AP _Theory  AP_Real % Error AP _Theory/AP_Real

Sample  Vay (M/s) (Pa) (Pa)

MC-0.1  0.0266 9559.26 6663 30.29 1.43
MC-0.1  0.0261 9560.61 6700 29.92 1.43
MC-0.1  0.0276 9563.88 6773 29.18 1.41
MC-0.5 0.0193 9752.81 7200 26.18 1.35
MC-0.5  0.0266 9861.84 7300 25.98 1.35
MC-0.5  0.0228 9822.06 7271 25.97 1.35
MC-1.0  0.0227 11438.34 8100 29.19 141
MC-1.0 0.0221 11206.63 8188 26.94 1.37
MC-1.0 0.0224 11454.37 8288 27.64 1.38
MC-2.0  0.0117 20592.23 9897 51.94 2.08
MC-2.0  0.0066 18277.46 9300 49.12 1.97
MC-2.0  0.0135 20552.55 9600 53.29 2.14

A linear relation was also observed for between the theoretical and calculated values

and results are plotted in Figure 3.14. As seen in the plot, 2% solution deviated

significantly from other concentrations (red circle). Since theoretical and real data

are compared, RMSE value gives comparable value regarding to the degree of the
model fit. In Figure 3.14, RMSE value of the fit is found to be 211.9, which looks
big compared to the ones for the milk samples but when we think of the magnitude

of the AP that is obviously bigger than the AP of the milk samples. On the other

hand, 211.9 is small compared to AP so it can be counted as reliable model.
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3.24 Evaluation and Interpretation of the MR Flow Data

Results until now showed that;

Imaging system works perfectly and yield good quality velocity images. But the
pressure transducer/dampener causes an inherent deviation in the pressure
difference values, which in turn would affect deviations from calculation of the

rheological constants. Thus, what could have been done?

As the first step, K and n values were calculated from the velocity profiles using the

approach in Section 2. R? values for the flow MR fittings were also above 0.99.

K values obtained from flow MR system were obviously higher than the
conventional ones. When ANOVA was conducted on the n values for conventional
and flow MRI methods for the ‘n’ values, no significant difference was detected
(p>0.05) (Appendix, Table A.6). For almond milk samples n values were also same

whereas for whole milk samples n values were lower n flow MRI (p<0.05).
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Figure 3-14. Relation between theoretical vs experimental pressure values for
methylcellulose at different concentrations

Table 3.7. Parameter comparison of conventional and MR rheometers

Conventional Rheometer (CR) Flow MRI
Sample K (Pa.s) n K (Pa.s) n
MC-0.1 0.0059+0.0005%  0.85+0.02°  0.258+0.007% 0.92+0.01°
MC-0.5 0.0349+0.0162°  0.91+0.04*  0.456+0.081° 0.84+0.01°
MC-1.0 0.3031+0.0281°  0.80+0.01°  0.671+0.026° 0.90+0.02?
MC-2.0 4.8338+0.5900°  0.60+0.02¢  2.495+0.460¢ 0.63+0.01°

Whole Milk ~ 0.0032+0.0001® 1.019+0.006* 0.035+0.006® 0.93+0.02*
Almond Milk  0.0254+0.0005" 0.783+0.004® 0.784+0.008* 0.76+0.02%

*Milk and MC samples, CR and Flow MRI data were examined separately for ANOVA. K and n values were also analyzed
separately. Lower, upper-case letters denote significance difference at 95% confidence level (at different rows). Comparison
of ‘n’ values for CR and Flow MRI for MC samples is provided in Table A.6.
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Only whole milk samples having a different ‘n’ value was explained by the non-zero
wall velocities. The difference in K values was due to the different ‘inherent error’

on the pressure measurements as explained before.

Pearson correlation analysis was carried for all samples (MC + milk) between ‘K’
values obtained conventionally and from flow MRI system. Results showed a
significant positive correlation with a correlation coefficient of 0.97 (p<0.05).

However, a linear relationship was not obtained.

Hence, the current flow MR system was good at predicting flow behavior of fluids.
However, deviations occurred especially for Newtonian fluids due to the violation

of the ‘no slip’ condition.

The manually built-in dampener and the pressure transducer error rate were quite
high but had a positive correlation between the theoretical pressure difference values.
A correction factor could not be calculated for the overall system since; the

susceptibility of the transducer and the dampener to different fluids were different.

However, the current design could be used to make a rheological comparison for

different liquid systems.

3.25 Comparison of Rheological Data with the Time Domain NMR

Parameters

Investigation of the rheological parameters with the TD-NMR Relaxation times is
frequently explored (Alacik Develioglu et al., 2020; Dekkers et al., 2016; Kirtil &

Oztop, 2016a). Relaxation times and self-diffusion coefficient of the samples were

64



all measured, and results are given in Table 3.8. As seen in the Table 3.7, methyl
cellulose concentration had a significant effect on the relaxation times. Both T1 and
T times decreased with increasing methyl cellulose concentration (Kirtil & Oztop,
2016a). Higher solute concentration and polymer entanglement thus trapping of

water within the polymer chains resulted in shorter relaxation times.

The decrease in relaxation times was much more prominent for T, values whereas
for T1 even at 2% concentration T1S were ~2.5s. For dilute systems, it is known that
T is strongly correlated with the water content (Kirtil & Oztop, 2015) and results
confirmed this observation. Increase in solute concertation resulting in shorter
relaxation times is not only observed in polymers but even for simple molecules like

sugars the same trend was observed (Tas et al., 2022).

However, for milk samples the opposite behavior was observed. Almond oil a shear
thinning and more viscous fluid compared to whole milk had significantly longer
relaxation times (p<0.05). It seems that rather than the effect of the hydrocolloids,
we see the effect of the fat content which was ~1.1% compared to 3% in whole milk.
The other reason could be the milk proteins being better at decreasing the mobility
of the water and emulsifying the fat in the system.

Relation between the consistency index and viscosity values were also explored
(Table 3.9). For methyl cellulose samples, a positive and significant correlation was
detected between the T1, D and ‘k’ values whereas for milk samples this was not the
case. A similar case was observed in the study of Kirtil et al (2016) where the
emulsions produced by xanthan gum despite higher viscosity had longer relaxation
times. So, in this study, it was also confirmed that the dependency of viscosity to

relaxation times could be violated in emulsion systems.
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Table 3.8. Time Domain NMR parameters for the MC solutions and milk samples

Sample T1 (ms) T2 (ms) Diffusivity (m/s?) x 10°
MC-0.1 2890.5+18.4*  2402.3+17.22 2.499+0.0142
MC-0.5 2795.6+6.9° 2093.8+18.9° 2.437+0.020°
MC-1.0 2722.9+40.3° 1727.0+32.8° 2.424+0.011°
MC-2.0 2510.1455.1°  1183.3+19.9¢ 2.319+0.019°
Whole Milk 1547 .4+2.48 184.0+3.28 1.920+0.0618
Almond Milk 1623.2+14.47 551.7+1.37 2.302+0.007A

*Milk and MC samples were examined separately for ANOVA. Lower, upper case letters denote significance difference at 95%
confidence level (at different rows).

Table 3.9. Pairwise Pearson Correlations for MC samples

Sample 1 Sample 2 Correlation 95% CI for p p-Value
T T1 0.759 (-0.747, 0.995) 0.241
Diffusivity T 0.992 (0.677,1.000)  0.008*
k-MRI T -0.962 (-0.999, -0.012) 0.038*
Diffusivity T 0.798 (-0.700, 0.996) 0.202
k-MRI T> -0.875 (-0.997, 0.542) 0.125
k-MRI Diffusivity -0.953 (-0.999, 0.093) 0.047*
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CHAPTER 4

CONCLUSION AND RECOMMENDATIONS

In this thesis, a bench top MRI system working at a field strength of 0.5 Tesla was
converted to an MR Flow device (MR Viscometer/Rheometer) to make online
rheological measurements. The physical setup was designed by performing
engineering calculations. In most flow MR systems, either syringe pumps or transfer
pumps are used. However, since this system would later be used for investigating
the rheological changes in digestion fluids, a peristatic pump was selected. However,
the ‘pulsation’ nature of the peristatic pump introduces distortion in the velocity
image and thus affects the velocity profile. For that reason, a manual pulsation
dampener was designed. When the flow experiments were tested, it was observed
that the difference between theoretical and experimental pressure calculations were
significantly high for high viscous fluids. That indicated that the designed dampener
was not ideal for the high viscosity fluids. To overcome that problem the best

solution would be to use a real dampener that can tolerate high pressures.

In the study, to test whether the design of the systems is matching with the theoretical
calculations; theoretical and calculated pressure differences were calculated.
Almond milk and whole milk were run at different flow rates and as the pressure in
the dampener increased, the error rate of the calculated pressure difference increased.
Afterwards, methyl cellulose solutions at different concentrations were also tested.
Nevertheless, for different fluids, the relation between theoretical and calculated
pressure differences were linearly related until the fluid becomes significantly

viscous (methyl cellulose at 2% concentration).
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Velocity profiles obtained from the images were used to calculate the flow
characteristics of the fluids. Flow behavior indices, ‘n’ of the fluids was not different
(p>0.05) for the two measurement methods however there were order of magnitude
difference in the K values but with a positive and significant correlation (p<0.05).

Throughout the study, a bench top MRI system was converted to a flow MR system
that is operating with a peristatic pump successfully for differentiation rheological
parameters. The main challenge that was faced was the manually built-in pulsation
dampener. Once it is replaced with a real one; the pressure difference error is

expected to decrease and the discrepancies in the ‘K’ values would diminish.

For future study, a fluid having a yield stress and a multiphase system liken an
emulsion will be tested in the system and rheological characterization will be

performed.
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APPENDICES

A. Statistical Analysis (ANOVA)

Table A.1. ANOVA Tables for the ‘K’ and ‘n’ values of Whole Milk and Almond

Milk solutions — Conventional Rheometer

WORKSHEET 1
General Linear Model: K versus Samples

Method

Factor coding (-1, 0, +1)
Factor Information

Factor Type Levels Values
Samples  Fixed 2 ALM, WM

Analysis of Variance

Source DF AdjSS AdjMS F-Value P-Value
Samples 1 0.002335 0.002335 16695.52 0.000
Error 17 0.000002 0.000000

Total 18 0.002337

Model Summary

S R-sq R-sq(adj) R-sq(pred)

0.0003740 99.90% 99.89% 99.87%
Coefficients

Term Coef SE Coef T-Value P-Value VIF

Constant  0.014321 0.000086 166.69 0.000

Samples

ALM 0011101 0.000086  129.21 0.000 1.00
Regression Equation

K = 0.014321 + 0.011101 Samples_ALM - 0.011101 Samples_WM

Comparisons for K
Tukey Pairwise Comparisons: Samples
Grouping Information Using the Tukey Method and 95% Confidence

Samples N Mean Grouping
ALM 9 0.0254222 A
WM 10 0.0032200 B

Means that do not share a letter are significantly different.

General Linear Model: n versus Samples
Method

Factor coding (-1,0, +1)
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Factor Information

Factor Type Levels Values
Samples  Fixed 2 ALM, WM

Analysis of Variance

Source DF AdjSS AdjMS F-Value P-Value
Samples 1 0.262684 0.262684 12034.50 0.000
Error 17 0.000371 0.000022

Total 18 0.263055

Model Summary

S R-sq R-sq(adj) R-sq(pred)

0.0046720 99.86% 99.85% 99.82%
Coefficients

Term Coef SE Coef T-Value P-Value VIF

Constant 0.90115 0.00107 839.59 0.000

Samples

ALM -0.11775 0.00107 -109.70 0.000 1.00

Regression Equation

n = 090115 -0.11775 Samples_ALM + 0.11775 Samples_WM
Fits and Diagnostics for Unusual Observations

Obs n Fit Resid Std Resid
1 1.00970 1.01889 -0.00919 -2.07 R

R Large residual

Comparisons for n
Tukey Pairwise Comparisons: Samples
Grouping Information Using the Tukey Method and 95% Confidence

Samples N Mean Grouping
WM 10 1.01889 A
ALM 9 0.78340 B

Means that do not share a letter are significantly different.

Table A.2. ANOVA Tables for the ‘K’ values of methylcellulose solutions —

Conventional Rheometer

General Linear Model: K versus Concentration
Method

Factor coding (-1,0, +1)
Factor Information

Factor Type Levels Values

Concentration Fixed 4 MC_0.1, MC_0.5, MC_1, MC_2
Analysis of Variance

Source DF AdjSS AdjMS F-Value P-Value
Concentration 3 111022 0.370072 333452 0.000
Error 8 0.00089 0.000111

Total 11 1.11110
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Comparisons for K
Tukey Pairwise Comparisons: Concentration

Grouping Information Using the Tukey Method and 95% Confidence

Concentration N Mean Grouping

MC_0.1 3 167114 A

MC_0.5 3 1.39882 B

MC_1 3 112714 C
MC_2 3 0.85485 D

Means that do not share a letter are significantly different.

Notes

Original K values did not satisfy the normality of the residuals. That is why Box-Cox
transformation was applied to the data set. Box-Cox transformation yielded a value
’-0.1". Reported ANOVA values belong the data of K.

Box-Cox Plot of K

Lower CL Upper CL
09 1] A
! (using 95.0% confidence)
0.8 Estimate -0.10
Lower CL -0.35

07 / Upper CL 0.6

Rounded Value ~ 0.00
0.6

0.5

StDev

04 ¢

03 \ !
.

0. T - Limit

0.0

Table A.3. ANOVA Tables for the ‘n’ values of methylcellulose solutions-
Conventional Rheometer

General Linear Model: n versus Concentration
Method

Factor coding (-1,0, +1)
Factor Information

Factor Type Levels Values
Concentration  Fixed 4 MC_0.1, MC_0.5, MC_1, MC_2

Analysis of Variance

Source DF AdjSS AdjMS F-Value P-Value
Concentration 3 0.167667 0.055889 394.51 0.000
Error 8 0.001133 0.000142

Total 11 0.168800
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Comparisons for n
Tukey Pairwise Comparisons: Concentration

Grouping Information Using the Tukey Method and 95% Confidence

Concentration N  Mean Grouping

MC_0.5 3 0.910000 A

MC_0.1 3 0.853333 B

MC_1 3 0.800000 C
MC_2 3 0.596667 D

Means that do not share a letter are significantly different.

Table A.4. ANOVA Tables for the ‘K’ values of methylcellulose solutions- Flow
MR system

General Linear Model: K versus Sample
Method

Factor coding (-1,0, +1)
Rows unused 2

Factor Information

Factor Type Levels Values
Sample Fixed 4 0.1-MC, 0.5-MC, 1-MC, 2-MC
Analysis of Variance

Source  DF AdjSS AdjMS F-Value P-Value
Sample 3 46.0019 15.3340 115.25 0.000
Error 5 06652 0.1330

Total 8 46.6671

Tukey Pairwise Comparisons: Sample

Grouping Information Using the Tukey Method and 95% Confidence

Sample N Mean Grouping
0.1-MC 2 6.66817 A

0.5-MC 2 3.06939 B

1-MC 3 175223 C
2-MC 2 0.28613 D

Means that do not share a letter are significantly different.

Notes

Original K values did not satisfy the normality of the residuals. That is why Box-Cox
transformation was applied to the data set. Box-Cox transformation yielded a value
'-1.40". Reported ANOVA values belong the data of K40,
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Box-Cox Plot of K_MRI

Lower CL Upper CL
0.7 N
(using 95.0% confidence)
Estimate -1.40
0.6
Lower CL -2.48
Upper CL -0.35
0.5 Rounded Value  -1.00
>
[
2 04 »
v /
03
0.2
: Limit
01
5 4 3 -2 1 0 1 2

Table A.5. ANOVA Tables for the ‘n’ values of methylcellulose solutions- Flow
MR system

General Linear Model: n_MRI versus Sample
Method

Factor coding (-1, 0, +1)
Rows unused 2

Factor Information

Factor Type Levels Values
Sample Fixed 4 0.1-MC, 0.5-MC, 1-MC, 2-MC
Analysis of Variance

Source DF AdjSS AdjMS F-Value P-Value
Sample 3 0.035944 0.011981 197.60 0.000
Error 5 0.000303 0.000061

Total 8 0.036247

Comparisons for n_MRI
Tukey Pairwise Comparisons: Sample

Grouping Information Using the Tukey Method and 95% Confidence
Sample N Mean Grouping

0.1-MC 2 -0.036238 A

1-MC 3 -0.047411 A

0.5-MC 2 -0.075751 B
2-MC 2 -0.200714 C

Means that do not share a letter are significantly different.

Notes

Original n values did not satisfy the normality of the residuals. That is why log
transformation was applied to the data set.
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Table A.6. ANOVA Tables for the comparison of ‘n’ values of
methylcellulose solutions by Conventional and Flow MR systems

General Linear Model: Flow Behaviour Index versus Measurement Method,
Sample Name
Method

Factor coding (-1,0, +1)
Rows unused 4

Factor Information

Factor Type Levels Values

Measurement  Fixed 2 CR, MRI

Method

Sample Name  Fixed 4 0.1-MC, 0.5-MC, 1-MC, 2-MC

Analysis of Variance

Source DF AdjSS AdjMS F-Value P-Value
Measurement 1 0.006422 0.006422 434 0.058
Method

Sample Name 3 0.207319 0.069106 46.70 0.000
Error 13 0.019236 0.001480

Lack-of-Fit 3 0.017319 0.005773 30.12 0.000
Pure Error 10 0.001917 0.000192

Total 17 0.232978

Table A.7. ANOVA Tables for the T; values of MC solutions

General Linear Model: T1 versus Samples

Method

Factor coding (-1,0, +1)
Factor Information

Factor Type Levels Values
Samples  Fixed 4 0.1-MC, 0.5-MC, 1-MC, 2-MC
Analysis of Variance

Source DF AdjSS AdjMS F-Value P-Value

Samples 3 235451 78484 62.33 0.000
Error 8 10074 1259
Total 11 245525

Comparisons for T+
Tukey Pairwise Comparisons: Samples

Grouping Information Using the Tukey Method and 95% Confidence
Samples N Mean Grouping

0.1-MC 3 2890.50 A

0.5-MC 3 2795.60 B
1-MC 3 272297 B
2-MC 3 2510.07 C
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Means that do not share a letter are significantly different.

Table A.8. ANOVA Tables for the T, values of MC solutions

General Linear Model: T, versus Samples
Method

Factor coding (-1,0, +1)
Factor Information

Factor Type Levels Values
Samples  Fixed 4 0.1-MC, 0.5-MC, 1-MC, 2-MC
Analysis of Variance

Source DF AdjSS AdjMS F-Value P-Value
Samples 3 2472205 824068 1580.13 0.000
Error 8 4172 522

Total 11 2476377

Comparisons for T:
Tukey Pairwise Comparisons: Samples

Grouping Information Using the Tukey Method and 95% Confidence
Samples N Mean Grouping

0.1-MC 3 2402.30 A

0.5-MC 3 2093.79 B

1-MC 3 1727.03 C
2-MC 3 1183.30 D

Means that do not share a letter are significantly different.

Table A.9. ANOVA Tables for the D values of MC solutions

General Linear Model: D versus Samples
Method

Factor coding (-1,0, +1)
Factor Information

Factor Type Levels Values
Samples  Fixed 4 0.1-MC, 0.5-MC, 1-MC, 2-MC

Analysis of Variance

Source DF AdjSS AdjMS F-Value P-Value
Samples 3 0.050206 0.016735 62.43 0.000
Error 8 0.002145 0.000268

Total 11 0.052351

Comparisons for D
Tukey Pairwise Comparisons: Samples

Grouping Information Using the Tukey Method and 95% Confidence

Samples N Mean Grouping
0.1-MC 3 249900 A
0.5-MC 3 243667 B
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1-MC 3 242400 B
2-MC 3 2.31900 C

Means that do not share a letter are significantly different.

Table A.10. ANOVA Tables for the Ty values of milk samples

General Linear Model: T; versus Samples
Method

Factor coding (-1, 0, +1)
Factor Information

Factor Type Levels Values
Samples_1 Fixed 2 ALM, WM

Analysis of Variance

Source DF AdjSS AdjMS F-Value P-Value
Samples_1 1 6900.8 6900.83 94.09 0.002
Error 3 220.0 73.34

Total 4 71209

Comparisons for T4
Tukey Pairwise Comparisons: Samples

Grouping Information Using the Tukey Method and 95% Confidence

Samples 1 N Mean Grouping
ALM 2 1623.20 A
WM 3 1547.37 B

Means that do not share a letter are significantly different.

Table A.11. ANOVA Tables for the T values of milk samples

General Linear Model: T, versus Samples
Method

Factor coding (-1,0, +1)
Factor Information

Factor Type Levels Values
Samples_1 Fixed 2 ALM, WM

Analysis of Variance

Source DF AdjSS AdjMS F-Value P-Value
Samples_1 1 162170 162170 22142.66 0.000
Error 3 22 7

Total 4 162192

Comparisons for T:

Tukey Pairwise Comparisons: Samples

84



Grouping Information Using the Tukey Method and 95% Confidence

Samples 1 N Mean Grouping
ALM 2 551.650 A
WM 3 184.033 B

Means that do not share a letter are significantly different.

Table A.12. ANOVA Tables for the D values of milk samples

General Linear Model: D versus Samples
Method

Factor coding (-1, 0, +1)
Factor Information

Factor Type Levels Values
Samples_1 Fixed 2 ALM, WM

Analysis of Variance

Source DF AdjSS AdjMS F-Value P-Value
Samples_1 1 0.175109 0.175109 70.01 0.004
Error 3 0.007504 0.002501

Total 4 0.182613

Tukey Pairwise Comparisons: Samples

Grouping Information Using the Tukey Method and 95% Confidence

Samples 1 N Mean Grouping
ALM 2 2302A
WM 3 1.920 B

Means that do not share a letter are significantly different.
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B. MATLAB Codes

B.1. Flow MRI Rheology Calculator

Open MATLAB code below is written to calculate the shear rate and shear stress
from velocity image and additional parameters: radial position, velocity profile,
pressure difference, distance between pressure transducers, radius of pipe, density
of sample to analyze. It performs the necessary fitting to obtain Power law model

parameters, n and K.

%% MRI Rheology parameter calculator

%Inputs: radial position,velocity profile, and pressure differance
%constants: distance, (1), between pressure transducers, radious of pipe
and

%and parameters to calculate static pressure p*g*l

%outputs:Power law parameters n and K

%% INPUTS

R = input("Radial position matrix (horizontal vector matrix):");
v = input("Velocity profile(horizontal vector matrix):");

DP = input("Pressure differance (Pa):");

input("Distance between pressure transducers(m):");
input("Density of the sample (kg/m”3):");

9.80665;

qQ T
1}

%% Velocity to Shear rate calculations
% Velocity:v

% Radious: R

x=[ones(size(R')) R' R'.”2 R'.”"3 R'."M];

v=v';

prmtrs=x\v;

Vcal = x*prmtrs;
prmtrs = prmtrs’';

%% Calculate shear rates using the first derivativation

velocity = -(4*prmtrs(1,5)*abs(R).”3+3*prmtrs(1,4)*abs(R)."2 +
2*prmtrs(1,3)*abs(R) + prmtrs(1,2)*abs(R));

shearrate = -(4*3*prmtrs(1,5)*abs(R).”3 + 3*prmtrs(1,4)*abs(R)."2 +
2*¥prmtrs(1,3)*abs(R)); % first derivatives of velocity according to r
direction
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%% Shear stress

static_DP=1*g*p;

DP=DP-static_DP;

sstress = abs(R)*(max(R))*DP./(2*1); % 1: length between pressure
transducers, DP: Pressure differance

%% Power law model fit y = ax + b

x=log(shearrate);
y=log(sstress);

[c,st]=polyfit(x,y,1); %y = (cl)*x + (c2)

n
K

c(1,1); % flow behavior index
exp(c(1,2)); % Consistency index

[yfit, delta]=polyval(c,x,st);

ndata = length(x);
sx=sum(x);
sxx=sum(x.”2);
sy=sum(y);
xbar=sx/ndata;
ybar=sy/ndata;

sxy=sum((x-xbar).*(y-ybar));

ssx=sum( (x-xbar).”2); %% sum of sgaures in x
sse=sum((y-yfit).”2); %% sum of squares due to error
ssr=sum((yfit-ybar).”2); %% sum of squares of the regression
sst=sum((y-ybar).”2); %% total sum of squares

r2=ssr/sst; %% R square

plot(shearrate,sstress);

xlabel("Shear Rate (1/s)");
ylabel("Shear Stress (Pa)");

str = {"n=" "+ n "K=" + K "r2=" + r2};
a = median(sstress);
text(15,a,str);

B.2. Pressure Sensor Data Acquisition MATLAB
The open MATLAB code that is displayed below is created to convert two pressure

sensors signal to pressure reading in the flow system.
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numReadings = 10;

delay = 2;

% Make the LIM .NET assembly visible in MATLAB

1jmAsm = NET.addAssembly('LabJack.LIM");

% Creating an object to nested class LabJack.LJIM.CONSTANTS

t = 1jmAsm.AssemblyHandle.GetType('LabJack.LIM+CONSTANTS");
LIM_CONSTANTS = System.Activator.CreateInstance(t);

handle = ©;

% T7 device, Any connection, Any identifier

[1jmError, handle] = LabJack.LJM.OpenS('T7"', "ANY', 'ANY', handle);
% Any device, Any connection, Any identifier

[1jmError, handle] = LabJack.LJIM.Open(LJIM_CONSTANTS.dtANY,
LIM_CONSTANTS.ctANY, "ANY', handle);

showDeviceInfo(handle)

Setup and call eWriteNames to configure

LabJack T7

AINO and AIN1:
Negative Channel
Range = +/-0.1 V
Resolution index
Settling = 50000
numFrames = 28;
aNames = NET.createArray('System.String', numFrames);
aNames (1) "AINO_EF_INDEX';

aNames(2) "AINO_EF_CONFIG_A';

aNames(3) = 'AINO@_EF_CONFIG D';

aNames(4) = 'AIN@_EF_CONFIG_E';

aNames(5) = 'AIN@_EF_CONFIG C';

aNames(6) = 'AIN® NEGATIVE CH';

aNames(7) = 'AINO_RANGE';

aNames(8) = "AINO_RESOLUTION_INDEX';

aNames(9) = 'AIN@ SETTLING US';

aNames(10) = 'AIN1 RANGE';

aNames(11) = "AIN1_RESOLUTION_INDEX';

aNames(12) = 'AIN2_EF_INDEX';

aNames(13) = 'AIN2_EF_CONFIG A';

aNames(14) = 'AIN2_EF_CONFIG D';

aNames(15) = 'AIN2_EF_CONFIG E';

aNames(16) = 'AIN2_EF_CONFIG C';

aNames(17) = "AIN2_NEGATIVE CH';

aNames(18) = 'AIN2_RANGE';

aNames(19) = 'AIN2_RESOLUTION INDEX';

aNames(20) = 'AIN2_SETTLING US';

aNames(21) = 'AIN3_RANGE';

aNames(22) = 'AIN3_RESOLUTION_INDEX';

aNames(23) = 'AIN12 RANGE';

aNames(24) = 'AIN12 RESOLUTION INDEX';

aNames(25) = 'AIN12 SETTLING US';

aNames(26) = 'AIN13_RANGE';

aNames(27) = 'AIN13_RESOLUTION_INDEX';

aNames(28) = 'AIN13 SETTLING US';

aValues = NET.createArray('System.Double', numFrames);
aValues(1l) = 24;

1

0 (default)

3R 3% 3R R 3R 3R 3R R R ¥ X
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aValues(2)
aValues(3)
aValues(4)
aValues(5)
aValues(6)
aValues(7)
aValues(8)
aValues(9)
aValues(10)
aValues(11)
aValues(12)
aValues(13)
aValues(14)
aValues(15)
aValues(16)
aValues(17)
aValues(18)
aValues(19)
aValues(20)
aValues(21)
aValues(22)
aValues(23)
aValues(24)
aValues(25)
aValues(26)
aValues(27)
aValues(28)
% end
LabJack.L3JM.
% Setup and
numFrames
aNames
aNames (1)
aNames(2)
aNames(3)
aNames (4)
aValues = NE
% numReading
% delay = 1;
% disp(['Per
AIN13 readin
% 'with ' nu
lowerpressur
upperpressur
for i = 1:nu
LabJack.L3JM.
disp([" '
char (aName
char(aName
char(aName
lowerpressur
upperpressur
pause(delay)

NET

3% 3R R X

J
.05
.0
00
5

10; % range by_ziko
0;

50000;

10; % range by_ziko
0;

24;

1;

1.0;

0.0;

60052;

3;

0.1;

0;

50000;

0.1;

0;

10;

16;

50000;

10;

16;

50000;

5
52;

PO ® KRR

eWriteNames(handle, numFrames, aNames, aValues, 0);
call eReadNames to read AINs.

4;

.createArray('System.String', numFrames);
'AINO_EF_READ A';

'AIN2_EF_READ A';

"AINO'; % by_ziko

"AIN1'; % by_ziko

T.createArray('System.Double', numFrames);

S 10

% Delay (in sec.) between readings

forming ' num2str(numReadings)
gs '

m2str(delay) ' second delay between readings:'])

)

etransducer = zeros(numReadings,1);

etransducer = zeros(numReadings,1);

mReadings

eReadNames(handle, numFrames, aNames, aValues, 0);
char(aNames(1)) ': ' num2str(aValues(1)) ' F, '
s(2)) ': ' num2str(aValues(2)) ' F, '

s(3)) ': ' num2str(avValues(3)) 'V, '

s(4)) ': ' num2str(aValues(4)) ' V'])
etransducer(i) = aValues(3);

etransducer(i) = aValues(4);

J

90

' AIN® EF, AIN2 EF, AIN12 and



end

% pressures in Pa

% lowerpressuretransducer & upperpressuretransducer in unit Volt
pressures(:,1) = lowerpressuretransducer*0.25*1075; % by ziko
%pressures(:,1) = 100.*(8.475.*lowerpressuretransducer-4.0)./16.0;
%upstream pressure = lower pressure transducer

%pressures(:,2) = Plower PSI*6894.76;

pressures(:,2) = upperpressuretransducer*e.25*%1075; % by ziko
%downstream pressure = upper pressure transducer
%pressures.Pupper_Pa = Pupper_PSI*6894.75;
display(mean(pressures
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