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ABSTRACT

Fluids are categorized as either simple or complex based on the intricacy of their
structure and material response to deformation. Simple fluids composed of small molecules
subject to deformation, readily flow with linear interaction dynamics with neighboring
molecules. In contrast complex fluids like polymers, micelle solutions, colloidal gels and
suspensions, composed of larger molecules or particulates alter the dynamics of individual
constituents during deformation, requiring complicated constitutive models. Complex fluids are
encountered daily, as they are found in consumer products such as food, pharmaceutical and
personal care products. Knowing flow characteristics of these consumer products and their raw
materials under industrially applicable deformations enables engineers to design efficient
industrial processes and to formulate products to desired qualities. While classical rheology (the
study of the flow and deformation of matter) techniques give good estimation of stress-strain
bulk flow response, it fails to provide local flow information.

Proton nuclear magnetic resonance (LH-NMR) has been used to measure spatially and
temporally resolved velocities of fluids subject to mechanical deformation. This research field is
known as ‘Rheo-NMR’ and is a novel flow measuring technique in that it is non-invasive and
able to quantify three-dimensional velocity fields even of opaque fluids. Velocity responses of
complex fluids like worm-like micelle solutions, yield stress fluids and shear thinning fluids
were studied under varied mechanisms of deformation and were compared to the responses of
simple Newtonian fluids. How local velocities of the fluids change over time when a steady
shear is applied suddenly, how the velocity fields are affected on applying large oscillatory shear
deformations and how using different shearing geometries impacts the local flow response were
explored. Using Rheo-NMR techniques, experimental protocols to study spatio-temporal
velocity fields of complex fluids were developed and data analysis methods for quantifying such
measurements were established.
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CHAPTER ONE

INTRODUCTION

Pre-industrialization when no synthetic material was in existence, limited interest was
paid to naturally occurring complex materials to categorize material used daily as either solid or
liquids [1] [2]. With the onset of the industrial revolution alteration of materials for specific
applications took on a new importance. This sparked the interest of scientists to study the
‘simply’ termed solids and liquids in depth, which by this point was not an adequate description
of how complex materials behaved. The synthesis of new chemicals and desire to achieve
materials with specific qualities using synthetic and natural materials paved the way for the study
of material responses to subject deformations, today known in rheology as ‘everything flows’
[1].

Knowing material properties and classification of these complex materials or fluids via
rheology is central to disciplines of physics, chemistry, engineering and mathematics. Its areas of
application span to diverse industries, a dominant few being: food processing, cosmetics and
personal care products, pharmaceuticals, oil and gas and construction [1, 3, 4]. These fields
typically rely on drag flow rheometry where a fluid sample is suspended between one moving
surface and a second stationary one. If a controlled strain is the chosen form of deformation
applied on the fluids, the resulting stress response is calculated by measuring the amount of
torque the ‘bulk’ of the fluid subjects on the moving surface. Rheology experiments can be
divided into linear and non-linear regimes based on the degree of mechanical deformation
applied to the sample. Linear rheology is a dynamic oscillatory shear experiment where the strain

amplitude of the oscillatory motion is very small, hence termed small amplitude oscillatory shear
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(SAOS) [5]. Here material responses like the storage and loss moduli (G’ and G”) can be found
along with characteristic material relaxation times. Nonlinear rheology takes a steady shear
approach or an oscillatory approach, both of which are substantially important in industrial
applications. The steady shear approach relates information on the material properties, like
viscosity and stress response to incremented shear rates. Dynamic nonlinear oscillatory shear
experiments apply a strain amplitude that probes a material’s nonlinear viscoelastic regime. The
resulting stress responses to such large deformations show effects of structural modifications to
the sample induced by the large strains and identified by the influence of higher order harmonics
of the material moduli [5].

A limitation of rheology is that it relies on viscometric flow assumptions to provide
relations between the macroscopic/bulk characteristics and the material functions over a wide
range of flow regimes. The theory of viscometric flows works well for simple, small molecule
Newtonian fluids, however fails in studying complex fluids that show flow heterogeneities
stemming from hydrodynamic instabilities (worm-like micelle solutions) or transitions in
behavioral response as in yield stress fluids [6]. Given the desire to study complex fluids, such as
wormlike micelle solutions, shear thinning yield stress fluids and purely shear thinning fluids
complementing the bulk flow responses of these materials with spatially resolved velocity
profiles provides a more quantitative approach to the viscometric flow limitation. The velocity
fields imaged using Rheo-NMR (rheo-nuclear magnetic resonance) techniques use a portable and
magneto-safe rheometer capable of inducing mechanical shear on fluid samples in the imaging
region of the NMR magnet. While NMR only has a few atomic nuclei it can study, as it is a

technique that uses the magnetic dipole moment of unpaired protons in strong magnetic fields, it
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provides significant benefits when used in dynamic fluid studies [7]. *H-NMR applied in the
projects of this thesis used the unpaired proton of the hydrogen atom exclusively. *H being the
highest signal generating NMR-sensitive atomic nuclei allows for a range of NMR velocimetry
methods to be applied [8]. Complex fluids generally have a plethora of hydrogen atoms in their
molecular structures facilitating use of 1H-MR. Combining rheology techniques with NMR
velocimetry allows for non-invasive spatio-temporal study of fluids including those that are

opagque.

In the current work, Rheo-NMR velocimetry was employed to measure velocity
distributions of responses of complex fluids under steady state, start-up and oscillatory shear
flows in a cylindrical Couette shear cell. Spatial distribution of velocity reflect local material
responses not detected by bulk rheology measurements of torque to determining shear stress.
Velocity distributions during a large amplitude oscillatory shear (LAOS) motion were measured
by using advancements made to Rheo-NMR equipment [9]. The use of vane measurements to
study yield stress materials is well established while the use of Rheo-NMR in studying yield
stress materials has been established using a standard Couette shear cell [10-12]. New rheometry
fractal vane geometries have been introduced in the recent years and with it a first time analysis

of the fractal vane in place of the concentric cylinder cell in Rheo-NMR s introduced [13].

Outline

Chapter 2 introduces basic and advanced principles underlying the theory of nuclear
magnetic resonance (NMR). The concepts of how the signal is acquired and imaging is

performed in NMR is discussed with nuclear spin, precession, signal excitation and gradients.
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Principles related to more advanced topics like spin relaxation and magnetic field flow imaging
are also presented. Chapter 3 provides a brief overview on rheology. What rheology is, types of
rheometry and frequently used geometries are detailed. Explanations of complex fluid behavior,
systems of yield stress fluids and shear thinning fluids along with mathematical models used in
describing them are included in this chapter. In Chapter 4, Rheo-NMR is applied to observe
temporal fluctuations of shear banding phenomenon in a worm-like micelle solution for startup
flow at a shear rate known to generate shear banding. Results of two different experimental
protocols, one with and another without a pre-shear are analyzed [14]. Large amplitude
oscillatory shear measured by Rheo-NMR is presented in Chapter 5. Novel 1D spatially resolved
large amplitude oscillatory shear velocity profiles are measured for Newtonian fluids, yield stress
fluids and shear thinning fluids. Given the novelty of the data, the analysis is approached in
several ways to explore the information potentially available. The data represents the first
detailed study by Rheo-NMR of transient material response in oscillatory flow and novel
analysis methods explored. A novel geometry, the 12-arm fractal vane rotor, is studied using 1D
and 2D velocity image data in Chapter 6 [13]. Here a Carbopol solution, a model simple yield
stress fluid showing prominent wall slip when employing a concentric cylinder geometry, is used
in comparing flow fields between the Couette shear cell and the fractal vane. Chapter 7 applies
Rheo-NMR informing the start-up and steady state flows of several concentrations of oil-in-
water emulsions. The data of the emulsions containing an aqueous phase of linear alkylbenzene
sulfonate and a dispersed phase of hydrogenated castor oil are in the context of a critical shear

rate flow model is undertaken [15].
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CHAPTER TWO

BASICS OF NUCLEAR MAGNETIC RESONANCE

Commonly referred to as magnetic resonance imaging (MRI) in the medical field, nuclear
magnetic resonance (NMR) refers to the technique that allows for non-invasive chemical and
biochemical analysis spectroscopy, material analysis (diffusion and solid state NMR) and
velocimetry (rheo-NMR) [1-3]. This technique employs the magnetic properties of the atomic
nuclei, specifically atomic nuclei that have non-zero magnetic moments. Thus atomic nuclei of
the proton (*H), fluorine (*°F), and isotopes of Nitrogen (**N and **N) and an isotope of carbon
(*3C) are able to be used in NMR as they have uneven atomic numbers and mass numbers
resulting in a magnetic moment.

The starting point for the development of NMR was seen when the independent studies
lead by E.M. Purcell [4] and F. Bloch [5], of two separate research groups succeeded in
December 1945 and January 1946 observing the NMR phenomenon in solids and liquids. The
pair then went onto share the Nobel Prize in Physics in 1952 for their discovery. Since then three
additional Noble prizes have been awarded for the development of techniques in the field with
the last being in 2003 to P.C. Lauterbur and P. Mansfield for the development of NMR imaging
[6].

This chapter explores basic concepts, theories, terminology and principles involved in the
NMR technique used for the projects described in this thesis. NMR is a technique that has come
far since its origins in the 1940°s and would have not been possible if not for those brilliant

minds that contributed to its development.



Spin and Larmor Frequency

An atomic nucleus rotates about its axis at a quantifiable angular momentum, this can
more simply be referred to as the spin of a nucleus. Since atomic nuclei are also positively
charged, when rotating about their own axes, they behave like tiny electro magnets bearing a
magnetic dipole moment. The magnetic dipole moment, y, of an atomic nucleus is proportional
to its angular momentum, L, the gyromagnetic ratio, y, being the constant of proportionality:

_H Eqgn. 1
YEL

The gyromagnetic ratio is a fixed quantity for a particular atomic nucleus (y = 2.75 x 108 r:—;l

for protons).
When placed in an external magnetic field, B,, these small electro magnets, atomic nuclei, begin
to precess with an angular frequency governed by the strength of the external magnetic field and
the magnetic dipole moment for the specific nuclei. The frequency at which precession occurs at
is called the Larmor frequency, w,, shown in Eqgn. 2 in units of rad/s:
w, = YB, Eqn. 2

The a- spin state, also known as the spin up state, being the more preferred state, is a low energy
spin state where the spins align parallel along the static magnetic field. B spin state, also known
as spin down state, is a higher energy state where the spins align anti-parallel to the static
magnetic field. The energy gap between the two spin states can be quantified by Plank’s
constant, A, and the Larmor frequency.

A spin also bears a spin quantum number, 1, which is a vector in that it has a magnitude
and a direction. The magnitude is a fixed /definitive value for the nucleus in its ground state and

may range through zero, half integers or integers (for a *H proton the spin magnitude of 1=%2).
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The spin quantum number will also possess a direction denoted by +/- when the nucleus is placed
in an external magnetic field. Thus for a *H proton the magnetic dipole moment of the proton
nuclei will spilt by aligning parallel or anti-parallel along the static magnetic field thus creating
an I=+/- %. This splitting is called the Zeeman effect where the total number of possible spin
states = 21+1 with the quantized energy differences between each state being AE [1] [7] [2]:
This is basically the energy required for a spin up state to transition to the spin down state in a
process called spin flip.

AE = hw, = hyB, Eqn. 3

[ AE = hyB,

Energy
=

Figure 1: The energy levels due to the Zeeman effect.

It must be noted that not one, but an ensemble of spins are present and distributed within
the mentioned discrete energy states. The ratio between the spins population in the spin up state
vs. the spin down state under thermal equilibrium can be determined by the Boltzmann

distribution [1, 2, 8]:

N_/ _ ( AE) _ hyB, Eqgn. 4
N+ - exp -kBT N exp(- kBT)
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where N. denotes the population of spins (spin ensemble) in the lower energy (spin up) state,
N denotes the population of spins in the higher energy (spin down) state, kgis the Boltzmann

constant and T the thermodynamic temperature.

Net Magnetization

In considering a real sample, the number of spins present will be in the order of
1023(Avogadro’s constant). Hence instead of studying single spins, it is more appropriate to
consider an ensemble average of spins. The magnetization resulting from all the excess spins in
the spin up state over the spin down state gives rise to the net magnetization also known as the

longitudinal magnetization at thermal equilibrium, denoted by Mo.

Energy

N_

Figure 2: Spin excess is denoted by the red arrow pointing upwards that is in the
lower energy state known as the spin up or a spin state. N, being the higher
energy ‘spin up’ state and N_ being the low energy ‘spin down’ state.

It is important to realize that samples have spins that are randomly oriented unless placed
in an external magnetic field in which case they bear no net magnetization since the randomly

oriented magnetization vectors cancel each other out. Once placed in a magnetic field the

aligning along and against the B, field creates a net magnetization Mo.
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Figure 3: (a) Spins oriented randomly with a net magnetization canceling. (b) When
placed in an external magnetic field, B, the orientation of the spins in spin up and spin
down states enables for a net magnetization, M,, to develop.

0

The Curie law also saw its origins using the concept of “spin”, explaining how this equilibrium

magnetization M,, (basically what translates to the NMR signal) is related to B,:

Y2h?I(1 + 1)B Eqn. 5

M. =
° 3KgT  °

where N is the number of nuclei, a, Plank’s constant, Kg, Boltzmann constant and, I, the nuclear

spin quantum number [2].

Excitation, Resonant Frequency and Relaxation

Excitation

The net magnetization, M, aligned along the z axis (with the B, field ) at thermal equilibrium
can be manipulated as desired by applying yet another external magnetic field. The manipulation
of the Mo is required as the effects of the B, field dominate in the z-axis making the signal (M,

magnetization) undetectable. Perturbations of M, from the longitudinal axis are hence referred to
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as excitations. These excitations are created by applying an oscillating magnetic field, B,, that is
perpendicular to the B, filed. The oscillating B, field uses radio frequency (RF) waves generated
by an RF coil. The B, field with time can then be described by Eqgn. 6 [1]:

B, (t) = B, cos(w;t) i-B; sin(w;t) j Eqgn. 6
where w, is the frequency of the RF with B, the magnetic fiel created by the RF, i and j are unit
vectors along x and y-axes. The frequency,w;, of the transverse field, is typically made to match
the Larmor frequency of the sample to be detectable. The degree to which the magnetization is
tipped can be controlled by the duration the B, field is applied for. It must be noted that
maximum signal is observed when the magnetization vector is tipped 90° from the z-axis on to
the transverse plane. When an RF pulse excites spins what basically happens is an energy
absorbance by the spins in the spin up state that then flip to the spin down state. When the
magnetization is tipped 90° from the z-axis, an equal number of spins in the spin up and spin

down states will exist.

=

M, ) | é}"
/e

X X

Figure 4: Effect of B; field on the magnetization vector. (a) Net magnetization at
thermal equilibrium. (b) Net magnetization tipped 90°from the longitudinal axis onto
the y-axis by applying a transverse B, field of appropriate strength, in the x-axis. The
direction the magnetization orients is determined by the right hand rule.
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When the magnetization is in the transverse plane, the spins keep precessing about B, which in
turn induces an oscillating current in the receiver coil, typically which is the same RF coil used
for excitation. Due to in-homogeneities in the field this signal decays and is called the Free
Induction Decay (FID). The amplitude of which is proportional to the magnetization and also

depends on the phase angle.

a) b)
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Figure 5: Visualization of dephasing of the magnetization.

All equations discussed thus far are based on a laboratory frame. The lab frame is as if
being an outsider watching a biker throw a ball up and catch it while riding his/her bike. The
observer sees the ball with a projectile motion. It is important to consider the rotating frame too
if one is to simplify the equations. The rotating frame is as when the biker himself observes the
ball go up and down in a linear motion. Projected onto NMR, the rotating frame gives the

perspective of the oscillating B; field.

Resonant Frequency Field

It was previously mentioned that w,, is made to equal w, = yB, and this is said to be on-

resonance (the static B, field and oscillating B, field are not the same/not equal). The difference
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between the two frequencies can be detected and is called the offset frequency, Aw = wy-w;.
This can be used to find the difference between the longitudinal magnetic field and the transverse
magnetic field by the RF coll,

AB = B,-B; = Bo-(% Eqn. 7

In the event that w; = w, there will be no net effect from the B, field, and the magnetization in
the transverse plane will be purely due to the magnetization by the spins. However if w; < w,
the net magnetization will not tip all the way down to the desired tip angle due to the presence of
an external magnetic field.

In the event that no offset frequency is present (Aw = 0, w, = w,), the time evolution of the net
magnetization in the transverse plane, with a vantage point in the laboratory frame, can be

depicted as in Eqgn. 8.a, 8.b and 8.c [1]:

My = My t=0) sin(w,t) sin(w;t) Eqgn. 8.a
Eqgn. 8.b
lv[y = Mo(tzo) COS(O.)Ot) sin(w4t) q
Eqn. 8.c

M; = My t=0) cos(w1t)

Relaxation

The net magnetization decays due to T, and T, relaxations.

T, Relaxation: This is also known as spin-lattice relaxation or longitudinal relaxation.
Once a 90° pulse is applied, the longitudinal magnetization disappears with the absorbance of
energy by lower level spins that equalizes spins in both spin-up and spin-down energy states [1].
In turn the magnetization orients in the transverse plane. However once the RF pulse is removed,

an energy exchange between spins also between the surroundings (thermal reservoir) occurs
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taking the magnetization back to thermal equilibrium. This results in the re-growth of the
magnetization along the longitudinal direction which is termed T, relaxation time.

The longitudinal magnetization vector with time can then be represented by Eqn. 9.

t
M, (t) = M, (0) + M, (1-e"T) Eqn. 9

T, Relaxation: Initially after a 90°pulse, the spins are all in coherence but after the pulse
is removed, with time, begin to dephase, as shown in figure 5, leaving the transverse
magnetization to decay. This dephasing is a result of spins experiencing the magnetic fields of
their neighboring spins when in the transverse plane and also due to B, field in-homogeneities.
This is why the FID is decays. The technical terminology for this decay is T, and is governed
purely by the loss of phase coherence of spins.

T, is the time taken for both a loss in phase coherence due to filed inhomogeneities also an
exchange of energy between spins. The energy exchange between the spins is basically the same
that happens during longitudinal relaxation that are seen to be irreversible and cause the decay of
the transverse magnetization. Meanwhile, T,, just refers to the loss of phase coherence due to
energy exchange between spins.

To measure T, time Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence is used (figure 7).
Here an initial 90° RF pulse is followed by a succession of 180° pulses. The 90° pulse is used
to tip the magnetization to the transverse plane, a time t is allowed to pass during which time
spins will begin to dephase. A 180° pulse is then applied that flips the direction of dephasing, in
turn causing the spins to rephase back to coherence at a time T after the 180° pulse was applied

at which point the signal called the echo is collected (figure 6 below shows a visualization of
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how the refocusing of the dephased spins occur). Multiple 180° pulses are applied to the sample
with time 2t apart and a single point at the center of each resulting echo is taken and fit to the
equation [1]:
Myy (1) = My (0)e ¥/ =an. 10
where the M, , (t) is the net transverse magnetization with time, My ,(0) is the initial transverse

magnetization when phase coherence was present and T, is the spin-spin relaxation time.
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Figure 6: Visualization of the dephasing of the spins in the transverse plane followed
by the flip of spins by a 180° pulse in the transverse plane itself using a refocusing
180° RF pulse and finally the spins refocusing to give maximum signal once again,
impacted only by T, decay over 2t.
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Figure 7: The CPMG pulse illustrated.
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A Molecular Approach to Relaxation: T, se1iqy < T2qiquia) @S liquids show rapid
molecular tumbling, a process that describes the rate at which molecules move. With a higher
tumbling rate the inter-nuclear dipolar interactions are averaged to zero. For solids, the motion
of nuclei is restricted (the tumbling rate is slow) which facilitates the exchange of energy
between spins via dipole coupling making T se1iq) time faster/shorter.

It is noteworthy that with the increase in molecular weight the tumbling slows, hence paving a
pathway to more dipole interactions and a faster T, decay for large molecules. Note the

correlation time . is the rate at which tumbling occurs: T = 1/twumbling-

Spectral Density Functions: While the correlation function is a function of time, its

Fourier transform gives a frequency domain function called the spectral density (J4). This
function basically describes the system’s energy fluctuations based off of the system’s molecular
motions hence describing the magnetic field fluctuations that molecules experience (system
energy based on time and frequencies of the molecular precessions) [1, 9].

For instance, if a low viscosity fluid/ liquid is considered, a broader range of molecular rotation
times will exist owing to the higher random thermal effects of fluid molecules (compared to a
more ordered system like a solid). The Fourier transform of this distribution will hence result in

the entire spectrum of frequencies, J ), covering the frequencies belonging to the broad range of

random molecular rotation times (Figure 8).
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Figure 8: Spectral density function for slow, intermediate and fast motional
regimes showing the distribution of the molecular tumbling rates (w = 1/1.).

The spectral density, ], basically relates information on the probability of a particle to
move at a certain frequency/range of frequencies and ties in information on dipole interactions
molecules can make while showing these frequencies. Figure 8 explains how ],y changes for
fast tumbling, intermediate tumbling and slow tumbling materials assuming the total number of
spins in the system is constant. In the figure, materials like Newtonian liquids and other low
viscosity fluids that have faster tumbling molecules (short correlation times) are shown to
achieve a wide spectrum of tumbling rates/frequencies. For T, relaxation to occur the rotational
tumbling must be on resonance, if for example we say that this happens at the schematically
represented ‘w,’ in figure 8, the spins tumbling at w, (blue star) will relax. If the fluid is now
made thicker to achieve an intermediate viscosity or the previous liquid’s temperature is

decreased, less thermal motions owning to a decrease in the system’s kinetic energy will be seen.
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Meaning the spectrum of tumbling rates is narrower than before, but since we assume that the
total spins in the system is constant, the proportion of spins tumbling at frequency w, becomes
higher (purple star). Since more spins are rotating at w,, T; relaxation will be faster. However if
we look at a slow tumbling material (long correlation times), without changing the total number
of spins or by further decreasing the temperature of the initial liquid, the kinetic energy in the
system is drawn closer to zero than the previous two cases resulting in the tumbling rate
distribution to fall well below w,. Hence only a very small amount of molecules will end up
rotating with a frequency, w, (orange star), taking a very long time to show T; relaxation (based
on a macro scale).

T; and T, relaxations further can be related to the spectral density functions as shown in

Egn 11.aand 11.b:
1_ (to)
T; 4m

3 1 5 1
ad % EI(I +1) [Z](O)(O) + E](1)(000) + Z](2)(2000)] Egn. 11.b

2 v‘*hZ%I(I + D[P (wo) +1P 20,)] =qn. 112

Here we see that T, depends mainly on the two density functions ] (w,) and ]*® (2w, ), where
] (w,), the spectral density function that suggests the energy change resulting from a single
spin flip , the spins bearing a tumbling rate equal to the Larmor frequency w,, while J® (2w,),
the spectral density function that suggests the energy change resulting from both spins of 2w,
frequency that flip to a new energy state. The exposure of T, to an additional spectral density

function that is independent of any frequency, that is based on the single spin flips that occur
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with no net energy state changes, ] (0), in addition to the Larmor frequency dependent
JD(w,) and ] (2w,) compared to T;, ensures that T, is always less than or equal to T;.

In order to inspect the T, and T, relaxation behaviors tied to molecular motions with respect to a
fixed frequency w,, figure 9 can be considered. For a simple liquid with short correlation time
,T¢, short lived dipolar coupling and a spectral density function covering a broad range of
frequencies (not only w,),we can say that t.! > w,. As a result, T, =T, and both will be long.
In the case of complex fluids or soft-condensed matter, both slow and fast motions are present,
hence increasing the correlation time to a maximum of t. = 1/w,, at this point there is roughly
only one spectral density function that will be at the w, frequency. Solids show very little to no

molecular motion, hence possess long correlation times, T, « w,, making T, <T;.
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Figure 9: T; and T, relaxation as a function of the correlation time with a fixed w,.
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Signal Detection, Phase Correction and Signal Averaging

Signal Detection

The precession of the non-equilibrium magnetization, M, is captured as a signal in

NMR. An RF coil with its detection axis perpendicular to the z axis will have an electric current
induced within it as the mentioned precessing Mo cuts through the coil. This is analogous to a
moving permanent magnet within a coil inducing an electric current in that coil. Using a process
known as heterodyning, the voltage produced post 90° RF pulse is measured against a selected
reference signal and the difference of signal oscillates with both a phase and amplitude.
Since the magnetization is what gives rise to this signal the projection of the net magnetization in
the transverse plane can be shown as in Egn. 12.a and 12.b. For clarity, we will assume the
transverse magnetization starts out along the x-axis, with a maximum x component
magnetization and a zero y component magnetization at t=0.

M, = M, (t = 0) cos(Awt) Egn. 12.a

M, = M, (t = 0) sin(Awt) Eqn. 12.b
The components of the signal detected, Sy and Sy, being proportional to the magnetization
components then become:

Egn. 13.a
S, (t) =S, cos(Awt) a

Egn. 13.b
Sy(t) =S, sin(Awt)
The heterodyne signal at the offset, Aw, which is a complex signal with a real part, Sy, and an

imaginary part, Sy, is:

S(t) = Sx(t) +iSy (D) = S, exp(iAwt) Eqn. 14
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This signal also undergoes effects of relaxation to form a decaying oscillation called the free

induction decay (FID). Bringing us to Egn. 15 [1] [7]:

t
S(t) = S, exp(ihwt) exp ( T_> Eqn. 15

2

The FID in the time domain is then Fourier transformed to the Frequency domain to
obtain a spectrum. The real component in the time domain gets transformed to an absorption
mode line, called the Lorentzian, whose frequency is at the offset frequency ( Aw/2m) and full-
width-half maximum (FWHM) is 1/nt'T,. The imaginary component in the time domain takes the
form of a dispersion mode Lorentzian spectrum (shown in figure 10). In general, the

mathematical formula of the Fourier transform of the signal will be as in Egn. 16.

oo}

IS} = S(0) = 5= [ setat Eqn. 16

In introducing Eqgn. 12, it was assumed that once the magnetization was tipped to the
transverse plane, the initial transverse magnetization was perfectly oriented along the x-axis.
While this zero phase @ = 0 start is the desired outcome, it is difficult to control the precise
phase in the transverse plane that the RF pulse will tip the magnetization to. Instead the
transverse magnetization may start with a phase shift between 0-360° from the positive x-axis,
hence changing the expected absorption and dispersion spectra to be varied degrees of mixtures
of the two in the frequency domain [10]. Mathematically when this phase shift, @, is included,

the complex signal of Eqn. 15 becomes:

S(t) = Syexp(iD) exp(iAwt) exp ( Ti) Eqgn. 17

2
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Imaginary
signal

Figure 10: The NMR signal post excitation assuming the transverse magnetization starts
along the positive x axis at time t=0. The respective Fourier transforms of the real and
imaginary signals depicting an absorption spectrum and dispersion spectrum in the
frequency domain.

Phase Correction/Phase Cycling

Before delving into the correction, a look into what the phase error is caused by is helpful. NMR
imaging utilizes a repeated of RF pulses, both 90° and 180° pulses. These standard pulses also
stimulate unwanted responses from a subset of spins that experience incorrect tip angles
(unwanted coherences are created) [10, 11]. When the pulse sequences are repeated and averaged
out in hope of a high signal to noise ratio, these unwanted coherences create accumulated errors.
While spoiler/crusher gradients to dephase and spread out unwanted frequencies can be used,
these gradients may also contribute in creating additional unwanted coherences or may not
entirely rid of the unwanted coherences. The use of phase cycling enables to cancel unwanted

coherent noise. Here, the phases of the relative pulses of each pulse sequence repetition is varied
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so that the coherence is flipped to a different axis each time while the subset of spins receiving

inexact excitations is cancelled out [12].

Signal Averaging

The signal thus acquired is also influenced by various forms of noise such as and not limited to:
electrical noise, nonlinearity from signal amplifiers, thermal noise from RF coils and so on.
‘Signal-to-noise ratio’ (SNR) expresses the relationship between the NMR signal and the
contributing noise acquired. A higher SNR is desirable with the signal being higher than the
noise [13]. While the SNR can be manipulated by changing the field of view (FOV), slice
thickness, receiver bandwidth, magnetic field strength, image matrix etc., the most commonly
used method is changing the number of acquisitions. This frequently used method in increasing
the SNR acquires the same signal using multiple successive scans and adds them together. The
reproducible NMR signal will add coherently, while the background noise adds randomly,
leaving a signal that improves by the number of times the experiment was repeated (N). However
since the noise also adds, with a scaling factor of the square root of N, the SNR ends up being

proportional to the square root of N [1].
N
SNR o« — = N1/2 Eqgn. 18
VN

This method, while significantly enhancing SNR compared to other methods, comes at
the cost of the total imaging time. It is also important to note that the SNR is also proportional to
the product of the voxel volume and the square root of the total sampling time which is important

in setting up FOV, image matrix and other SNR scaling methods mentioned before [14].
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Gradients and Selective/Non-Selective Excitation

Gradients
In the presence of a longitudinal (z-direction) homogeneous magnetic field, all spins precess
about the z-axis with the same frequency. This frequency called Larmor frequency, is a function
of the external magnetic field strength (B,) and the gyromagnetic ratio (y). This same precession
frequency is maintained even once the magnetization is tipped to the transverse plane throughout
the entire region of the sample that is being excited.
However when a magnetic field ‘gradient’ is applied to the existing external field, B,, an
inhomogeneous field is created. This happens by linearly varying the magnetic field strength
along the direction the gradient magnetization was applied at (x, y or z). Under a large magnetic
field, where concomitant fields are negligible, the gradient can be described as:

G = VB, = VB, Eqgn. 19
With the field strength dependent on position vector r is:

Eqgn. 20

Biot~Bo + 1 G
As an example, if a gradient field in the x direction, G, is applied along with the external
magnetic field B, will be:

9B, Eqgn. 21

0x

Gy =

BtOt == BO + X GX Eqn 22
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., b,

Figure 11: Adding a gradient along the x-axis to the main B, magnetic field linearly

varies the local magnetic field, B;,..The star symbol depicts the isocenter of the B,
field.

Btot

While the gradients are added to the B, field changing the local field strengths, at the
isocenter (star depicted in figure 11) or the geometric center of the B,, field, the field strength
remains as B,, unchanged. Three parameters are adopted to measure the gradient performance:
1) the maximum gradient strength, 2) the rise time (time taken for the gradient to reach the

allocated gradient strength) and 3) the slew rate (ratio of maximum gradient and rise time) [13].

Local Larmor Frequency: Since the magnetic field strength is different at different

positions, this causes the Larmor frequency experienced by spins at different positions also to be
different based on the location they are found at within the magnetic field gradient. The Larmor
precession frequency (units of rads™) at each position r can then be described by Eqn. 22:

Wo(r) =yBy+1r-G Eqgn. 22
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Figure 12: Phase evolution of spins along the z-axis when a gradient field is applied
along the z-direction. Immediately after the 90°RF pulse the spins are all in coherence,
but when the gradient is applied, precession along the z-axis occurs at different
frequencies, developing a helical variation in spin phase that gradually winds tighter as
the time the gradient is applied increases.

Phase Evolution Due to Field Gradients

When the magnetization vector is tipped into the transverse plane, the angle it rotates due
to precession is referred to as the phase angle. Immediately on being tipped to the transverse
plane the magnetization vectors of all the spins are in phase. If no gradient is present, all spins
will precess at the same Larmor frequency and under go T, relaxation. However on the

introduction of a gradient, since spins attain position dependent local Larmor frequencies they
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will precess at different frequencies. Hence the phase angle covered by spins belonging at
position r will be different from the phase angle traversed by the spins at a location r+Ar.
If a gradient field is applied along the z-axis as shown in figure 12, the precession frequencies
being different along one line of spins in the z-axis causes a helical variation along the z-axis
with a wavelength, A. This helix winds tighter and tighter the longer the gradient is applied for
with its wavelength getting shorter with time. The wavelength of the helix is inversely

proportional to the gradient strength and time the gradient is applied for and can be described as:

2
A= Eqn. 23

The phase change between each set of spins along the z-axis is exp(ikz), where k is the k-space

which is the reciprocal wave vector of A (with units of rad/m):

k=—=vyGt Eqgn. 24

Selective Excitation

Selective excitation requires both a gradient and a RF pulse applied simultaneously in
order to excite spins within a desired region of the sample only. The principle behind it is that the
gradient creates varying frequencies with position such that the spin precession frequency at one
position is different from the precession frequency at another. When a shaped RF pulse contains
only a specified frequency/range of frequencies (bandwidth of frequencies) only the spins
bearing local Larmor frequencies that match the bandwidth frequencies contained in the RF

pulse get excited.
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Non-Selective vs. Selective Pulses

It is important to note that the bandwidth of frequencies that an RF pulse contains is
primarily determined by the pulse duration. This is because time and frequency are inversely
related by means of the Fourier transforms. The RF pulse bandwidth and RF pulse amplitude
multiplied by its duration in the time domain are therefore related. If a broad bandwidth is
desired the pulse duration must be made sufficiently short with a high time domain amplitude
and vise-versa for a narrow bandwidth [1] [7].

Non selective (broadband) pulses also known as hard pulses in the time domain are
narrow hat functions but are capable of exciting a large range of frequencies in the frequency
domain as they transform into a sinc function with a broad bandwidth in the frequency domain
(figure 13 (a)). As a result, going back to the relationship between bandwidth and time domain
amplitude, it can be understood that a larger B; field strength is required for this process to
achieve a higher amplitude for the narrow hat function in the time domain.

Selective (narrowband) pulses, also known as soft pulses, are often broad sinc functions
in the time domain that are transformed to narrow hat functions in the frequency domain
enabling the excitation of a narrow range of frequencies only (Figure 13 (b)). This pulse does not

require a large B, field magnitude as the RF amplitude in the time domain is lower.
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Figure 13: (a) A hard pulse in the time domain that results in a sinc function with a
broad bandwidth of frequencies in the frequency domain. (b) A soft pulse in the time
domain that results in a hat function with a narrow bandwidth of frequencies in the
frequency domain.

Types of Echos

Spin Echo (SE)

Following a 90° RF pulse spins dephase under T, relaxation effects, decreasing the
transverse magnetization. If we then apply a 180° RF refocusing pulse after a time T, the
direction of spin precession in the transverse plane can be reversed allowing the magnetization to
refocus after a time 2t creating an echo. This signal resulting from the refocusing of the
transverse magnetization, by applying the 180° RF pulse either just once (as shown in figure 14)
or multiple times, is referred to as a spin echo. SE sees an advantage in getting rid of artifacts

arising from off resonance effects (magnetic field susceptibilities and field inhomogeneity) as the
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180° RF pulse also seeks to refocus these off resonance effects unlike the GRE (discussed

below) [14].

90¢ 180° Echo

RF

Figure 14: Schematic of a spin echo. A 90° RF pulse followed by a 180° RF
pulse after time t forms a spin echo with the echo center forming after t time.

Gradient Echo (GRE)

This class of pulse sequence is widely used for 3D volume imaging and in instances
where fast acquisition speeds are required. Particularly seen used in cardio/vascular imaging or
medical imaging that requires breath-holding, this type of sequence excludes the 180°
refocusing RF pulse seen in the spin echo sequence. The echo condition is achieved by a
gradient reversal on the frequency encoded axis [14]. As shown in Figure 15 this type of echo

occurs when the effect of all gradients in the read direction (frequency encoding axis) is zero

(this is when the echo condition: fot g (t)dt = 0 occurs). The gradient echo forms at a point in

time when k =0 [1].
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Figure 15: Schematic of a gradient echo. Read gradient of area A being applied after a
90° RF pulse preceded by a gradient of equal area, A, applied in the opposite
direction will cause the echo center to line with k-space = 0. Transverse magnetization
is not manipulated by 180°RF pulses.

Effective Gradient (g,,)

An effective gradient can be simply put as the gradient that the spins experience. It takes
into account not only the directional changes of the gradient strength, but also the net gradient
experienced when RF pulses are used. If only gradient echos are employed: g"(t) = g(t). In this

event the echo condition will be met whenever the area under the effective gradients is zero,

hence satisfying fot g (t)dt = 0 (discussed next section).
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Figure 16: Schematic of how the effective gradient, g* (t), varies with RF pulses
applied.

Translational Motion and the Effects of Time Varying Gradients

In imaging, it is assumed that spins don’t move hence that the local Larmor frequencies
do not change. Most samples dealt with in the lab show some form of motion of spins, if not bulk
motion then self-diffusion. When these spins, bearing local Larmor frequencies of their own,
diffuse or move by convection, they carry their phases obtained from the initial location’s local
Larmor frequencies to a new position that bears a different local Larmor frequency. The echo
affected by this process will depict a distribution of residual phase shifts, @.

This phase shift that a spin j in a spin sub ensemble experiences due to effective gradients g~ can

be quantified as:

t

0
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The transverse magnetization, M, (t), then being an ensemble average of the spins that show
phase shift coupled with transverse relaxation effects:

M, () = My (q) < exp(i@;) > exp(-t/T,) Eqn. 26
where M ) is the initial transverse magnetization detected when the spins are tipped to the
transverse plane, @;, the residual phase influencing the echo due to a spin’s motion and T, being
the relaxation time of the transverse magnetization. Since translational motion is encoded within
the residual phase, @;, it would be beneficial to be rid of the effects of T, relaxation on the echo
amplitude. This can be done by assuming that relaxation is a uniform process associated with
each spin rather than its spin position and to that end the concept of normalized spin echo
amplitude is introduced.

The normalized spin echo amplitude, E(t), is the transverse magnetization that bears phase
information being normalized by the transverse magnetization without gradients applied [1].

M+(t)g*(t)¢o

O = M Oy 0

Eqgn. 27

E(t) provides information on translational motion free of relaxation effects and can be written in
terms of an ensemble average of the spin contributions:

E(t) =< exp(i®;)> Eqn. 28
Going back to the phase shift that a spin of a spin sub ensemble experiences, shown in Eqgn. 25,

the path vector of the spin j T can be expanded using the Taylor series:

dr; .\ | 1 0°r, .
éit) t + Z—at];t) t'> + Higher order terms Eqn. 29

Ty = To F
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r, Will be a constant that relates position information. The first derivative with respect to time
can be seen as a constant velocity, v, and the second derivative of the path vector with respect to

time will be a constant acceleration a,.

: . a
ri(t) =ro+ vot + 2—(: t'2 + Higher order terms Eqn. 30

Substituting the Taylor series definition of path vectors into Eqgn. 25, the phase change of a spin

can be re-written as:

t t t
* ' ' * ' ' ' 1 * ' ' '
NGERY lrofg (t)de + vojg (t)-tdt +5 aojg (t)-t%dt + HO.T.
0 0 0
1
=y [r0m0+ Vom, +§ a,m, +H.O.T.] Egn. 31

where m, = | Ot g (t)dt is the zeroth moment that encodes for position. When an echo is

formed m, = 0, where one will be at the center of k-space(k=0), and hence also called the ‘echo
condition’. It must be understood that m,, is the area under the effective gradients, one example

is when bipolar gradients of equal magnitudes are employed. On the other hand, m; =

fot g (t) -t dt’, is the first moment that encodes for velocity.

If only velocity is to be measured, all other moments that encode for other parameters
will have to be zero leaving the first momentum to be m; = gA&. In order to achieve this, m,,
can be made zero by employing symmetric bipolar gradients while effects of m, and other
higher order moments can be made negligible by employing short times scales A and 6.
The second moment that encodes for acceleration, m, = fot g'(t) -t dt = gA?, also requires

for all other moments to be zero in order to measure the acceleration of the motion. As such, the
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moments will continue with the n™ order moment being: m,, = fot g"(t)-t" dt, however,

higher order terms become increasingly noisier and are difficult to measure [2].

Bloch-Torrey Equations for Diffusion and Flow

Bloch-Torrey equations account for self-diffusion and average flow velocity by treating
magnetization as a fluid. If this magnetization fluid is treated as a steady state flow a single
spin’s local time dependent position vector, r;(t) can be considered a position vector, r (can
neglect time effects at steady state). The transport of magnetization can then be treated in an
Eularian sense.

The Bloch equation for the x-axis transverse magnetization (laboratory frame) takes the form of

Eqn. 32.

dMy _ Y™, (Bo ‘”) My Eqn. 32

Bloch-Torrey equations, on the other hand, explore the material derivative of the transverse
magnetization which adds in an additional part to the Bloch equations. Here the conservation of
magnetization (just as would be for momentum) is subject to Fick’s law to relate the diffusion of
spins. The transverse relaxation acting as the sink term. From this relation, the Bloch-Torrey
equation for the above mentioned M, becomes:

DM,  dM,
Dt dt

w\ M
= yM, (BO-;)-T—X+V-D-VMX-(V-V)MX Eqn. 33
2

where D is the diffusion tensor, which for simplicity can be assumed to be isotropic, making it a

scalar diffusion coefficient, D.
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Coming back to the rotation frame, which is the frame NMR is concerned with most often, the
Bloch-Torrey equation for the entire transverse magnetization can be considered by combining
My and M, \M, = M, + iMy, to get Eqn. 34.

dM,
dt

\ M
= -iyr-g (t)M+-T—; + DV2M,-(V - V)M, Eqn. 34

This transverse magnetization, M, will still be affected by both phase and relaxation effects as
was shown in Eqgn. 26. When considering the normalized echo amplitude, since the relaxation
effects are nulled, M, will become a function of position vector, r,and time resulting in:

TR g (M, + DV2M,-(V- V)M, Eqn. 35

Taking the time derivative, neglecting the relaxation effects by assuming the final echo is

normalized, M (1, t) will be:

t

M, (r,t) = A(t)exp(-iyr f g (t)dt) Eqn. 36
0

where A(t) is a modulation factor. Under the echo condition(fot g (t) dt = 0), that is when

m, = 0, the modulation factor is equal to the normalized echo amplitude: A(t) = E(t) =
M, (, t) as the time-dependent exponential term reaches unity (exp(0) = 1). Substituting Eqn.

36 in eqgn.35, the modulation factor, A(t), can be found.
t 2

t £t
A(t) = exp| -Dy? (dt’ | dt |exp| iyV g (t")dt'dt
8
o \o 0 0

Eqn. 37

Where the term [ ( fy g @ dt ) dt’' = g262(a-2), while [ [ g"(t") dt'dt'= m, = -gAS.
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Eqgn. 37 can be used to determine the diffusion attenuation and average steady state velocity at

the echo condition. However at any other time, besides the echo condition, the time dependent
exponential term, exp(-iyr | Ot g (t") dt), also known as the structure factor, exists and impacts

the modulation factor’s diffusion and average velocity results [1]. This becomes clearer on
combining both Eqn. 35 and eqn. 36 to form:
M, (r,t)

t 2

t tt t
= exp -Dyzf g (tdt" | dt' |exp inyfg*(t”) dt'dt’ exp(-iyrfg*(t') dt)
0 \0 00 0

Eqn. 38

Eqn. 38 simplifies to Eqgn. 37 in the event of the echo condition being met, otherwise will

influence the final signal.

Pulsed Gradient Spin Echo (PGSE) NMR and
Pulsed Gradient Stimulated Echo (PGStE) NMR

A single pulsed gradient spin echo (PGSE) sequence, schematically shown in Figure 17,
consists of a 90°RF pulse that tips spins to the transverse plane followed by a flow/phase
encoding gradient, whose strength is denoted as g applied for a duration of 8. This gradient is
employed to impart a phase on the spins. A refocusing 180° RF pulse is then applied following a
time t after the initial 90°RF pulse that reverses the precession direction of the spins. A second
gradient of the same amplitude, g, and duration & is then applied that will cancel the phase
effects of the first gradient applied if no translational motion is present. In the presence of

motion, however, a residual phase is imparted on the final spin echo after the second gradient
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pulse. This PGSE sequence that employs spin echos, works well for samples that have long T,

relaxation times, such as liquids and soft matter.

909 180° Echo

RF

B H

<€ — >

Figure 17: Schematic of a PGSE sequence using a spin echo.

A pulsed gradient stimulated echo (PGStE) sequence schematically depicted in Figure 18,
is equivalent to a spin echo sequence from the perspective of motion-induced phase shifts, but is
different in how the relaxation impacts the echo attenuation [1]. The PGStE sequence employs
three 90°RF pulses: the first tips the spins to the transverse plane; the second, applied after the
first flow encoding gradient, tips it to the longitudinal plane; and a third 90°RF pulse brings the
spins back to the transverse plane. Hence this sequence takes advantage of the longitudinal
magnetization relaxation, T;, of a sample and short T, times, like solids and highly viscous fluids
as this increases the time window transport can be observed over. PGStE allows observation
times (A) as long as T, , as the rapid loss of phase coherence due to transverse relaxation can be

avoided.
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Figure 18: Schematic of a PGSE sequence using a stimulated echo
commonly known as PGStE NMR.

Both PGSE and PGStE sequences will allow for the measurement of the mean square
displacement if narrow gradient pulses are utilized. The observation time, A, determines the time
taken for spins to migrate from the original position r, to a postion r’ after the said observation
time, provided that there is spin motion. The average propagator, ?(r|r', A) = P(R,A), that
describes the probability of displacement from position r to r’, where R=r’-r, during time A can
be explained by Eqn. 39.

P(R,A) = [ p(r) P(r|r + R, A)dr Eqn. 39
In other words the average propagator can be described as the product of the spin density, p(r),at
the initial position r and the conditional probability that a particle will displace by R during a
time A and it is an ensemble average of all spins in the sample. The normalized spin echo is then
shown by Eqn. 40.

E(q,A) = [ P(R,A) exp(i2mq - R) dR Eqn. 40
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The q seen in Eqn. 40 is the reciprocal space vector that describes the spin phase behavior given
by:
q="LE Eqn. 41
The average propagator for a normalized Gaussian distribution of displacement, such that is seen

in Brownian motion, can be obtained by taking the Fourier transform of the normalized echo

signal shown in Eqgn. 40 will be:

- 3 -[R|2
P(R,A) = (4ntDt) zexp (E) Eqn. 42
In the event that coherent bulk flow is also present, the propagator observed will be identical to
that seen in Eqn. 42, but centered around a displacement Vt (the propagator for flow is just a

delta function). Eqn. 42 can then be re-written as Eqn. 43.

_ 3 IR 2
P(R,A) = (41tDt) zexp ( RVY ) Eqn. 43

4Dt

A graphical representation of the propagators with and without flow are shown in Figure 19.
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Figure 19: Schematic of propagator as a function of position vector, R. a)
Propagator for diffusion. b)Propagator for flow. c) Propagator for both flow and
diffusion.

Stejskal-Tanner Experiment

It was Stejskal and Tanner that introduced the propagator formalism in the limit of § — 0.
Either the PGSE or PGStE sequence can be used as the basis of the Stejskal-Tanner experiment.
The propagator for Brownian motion in one dimension is as shown in Eqgn. 46 [1]:

_ 1 -|z|?
P(z,A) = (4ntDt) 2 T Eqgn. 44
(z,A) = (4mDt) exp<4Dt> q
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The resulting normalized echo attenuation due to diffusion shown by the well-known Stejskal-

Tanner relation is:

S 0
E(g A) = % = exp(-y2862g?D (A-§>) Eqgn. 45
In(E)
F'y
D
>

e (a-3)

Figure 20: Stejskal-Tanner plot that can be used to find the diffusion
coefficient, the slope of the plot.

which is a result of the ratio between the echo amplitude with a gradient vs. without a gradient.
The ;8 is a correction term added in to account the finiteness of the constant gradients being
employed. Stejskal-Tanner plots show how the signal decays due to diffusion when the signal
collected is plotted against y28§%g? (A-g) as shown on Figure 20, the slope of which gives the
diffusion coefficient, D.

When narrow gradient pulses are used, that is when A>> §, the correction term, ;8 , 1S

negligible. If coherent flow is also present the normalized echo signal will be affected by phase
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shifts in addition to the attenuation due to diffusion. The phase shift is proportional to the

amplitude of the coherent flow.

0 0
E(q,A) = exp <121Tq - VA-41?y282g2D (A- §)> = exp (ian - VA-41?q2D (A§>>

Eqn. 46

Restricted Diffusion

In NMR the apparent diffusion coefficient, D is a parameter related to the echo method used

app:
in measuring diffusion and hence is affected by the gradient strength and echo time, .
Molecular self-diffusion, D,, on the other hand is a stochastic process that depends on the
particle itself and the liquid it is suspended in. In the case of unrestricted diffusion, where there
are no boundaries that restrict the stochastic motion of particles, the mean squared displacement
of particles sees a Gaussian distribution and under narrow pulsed gradients where the propagator

formalism can be used, can be related using the Einstein definition. For a 3 dimensional case this

would be mathematically represented as in Eqn. 47.

' 2
((r-r)) Eqn. 47
Degr(t) = % = Dapp |

where Dqg(t) is the time dependent effective diffusion coefficient will be equal to the apparent
diffusion coefficient D,,,,. Under the assumption of narrow gradient pulses and in the low g limit
the PGSE NMR experiments allow the study of mean-squared displacement corresponding to the
observation time, A. In the unrestricted case, D, is equal to the self-diffusion coefficient, D,,.

In the restricted case where either isolated pores or interconnected pores are concerned, the

definition of D¢, Or D,,, Will change based on the time during which the displacement is

app
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observed. This is because particles will begin to collide and bounce off the walls of the pores and

effectively slow the observed transport in a given time. D¢ Will hence be highly time dependent.

Interconnected Pores vs. Isolated Pores

Interconnected pore Isolated pore

Figure 21: a) Schematic of an interconnected pore with, d, the pore
diameter. b) Schematic of an isolated pore.

For interconnected pores: At short diffusion times most molecules will not yet have

collided with the wall (unless they are right next to the wall) which leads to the effective
diffusion coefficient measured being approximately the self-diffusion coefficient (t - 0, Dy =
D,). Under long times, t — oo, the particles will sample more of the pore space and are able to
move into new pores too, however the collisions experienced with the walls will have increased

too, decreasing D¢
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Figure 22: Time dependence of D¢ for an interconnected pore.

Figure 22 shows a plot of the mean squared displacement plot against time, the slope of
which gives the effective diffusion coefficient. As can be seen, it shows how D¢ does not
become zero with t — oo as molecules can continue to diffuse through the interconnected pore
space.

For Isolated Pores: Under the short diffusion time, the effective diffusion will once again

be approximately the self-diffusion as most molecules will have not yet collided with the walls.
As t — oo, since the molecular displacement will be confined within a single pore and cannot
sample other pore spaces, the average mean square displacement will become zero as the

collisions increase. Hence, t = oo, D¢ — 0 as shown in Figure 23.
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Figure 23: Time dependence of D¢ for an isolated pore.

Velocimetry

Velocimetry can be simply defined as the mapping of the local velocity fields in a fluid
sample [2].Under steady state flow, velocity will be independent of time at a particular location.
This means the spin density remains constant with time even though the velocity of the spin
bearing molecules in a sample are changing over time. This allows the flow to be analyzed in the
Eularian frame. The Eularian velocity field, V(r), is found by measuring the ‘phase shift’ of the
signal.

Velocimetry sees a few physical constraints on being able to measure velocity accurately:
e The maximum velocity measurable is limited by the receiver coil length, 1, since moving
spins must be within the receiver coil over the observation timescale known as echo time

(TE):

Vmax S l/TE
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e Minimum velocity measurable is limited by two factors:
1) By the molecular self-diffusion, D, and the longest observation scale, which for the

case of a stimulated echo will be T;, and for a spin echo will be T,:

1/2

/ :
Vipin > (T%) for a stimulated echo pulse sequence

D\1/2 .
Vinin > (T—) for a spin echo pulse sequence
2

2) Hardware constraints: since lower velocity field measurements require larger
gradient strength.

When bipolar gradients of equal duration and amplitude are used a zeroth moment (m, = 0) can
be achieved leaving first and higher order moments exposed. Using narrow pulse gradient PGSE
NMR higher order moments can be neglected. The resulting first moment (m,) will bear phase
shift information at each pixel of a dynamic velocity image that can be used to find the mean
flow rate at each pixel.
In dynamic imaging of velocity both k-space and g-space are involved as the echo is sampled as
a function of k-space (position) and is phase encoded in g-space (displacement).
Three velocimetry methods exist:

1) Reference phase processing method

2) 2 g-step method

3) Fourier analysis method
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Reference Phase Processing Method

This method applies two phase encoding g-gradients, one being q = 0 and the other q =
q4, With each producing two a separate complex signal E(0, A, r) and E(qq, A, r) for the same
pixel. The complex signal at a single pixel from a q step with a gradient (q = q,) will be:

E(qq, A, 1) = p(r) exp(iq,VA) exp(-q2DA) Eqn. 48
where exp(iq, VA) term bears the oscillatory phase shift due to average flow and exp(-q2DA) is
the attenuation due to diffusion effects and p(r)is the spin density in each pixel at position
vector, r.

The signal arising from a gradient of zero, will only bear spin density information of each
pixel at r as no phase information will be imprinted with no PGSE gradients being applied. The
resulting signal can be depicted as in Eqn. 49.

E(0,A,r) = p(r) exp(0) exp(0) = p(r) Eqgn. 49

The phase angle can hence be computed using the normalized complex signal:

E(qi,Ar) .
M = Aexp(l(Z)) Eqgn. 50

Where @ = q, VA, from which the average velocity can be then calculated from, and A < 1 is the
attenuation factor due to diffusive effects [1].

This method is flawed due to the use of a g = 0 step. Since no gradients are used in q = 0 step,
the only other step of q = q4, will require strong enough gradients to overcome the noise and

obtain a SNR greater 10:1 in order to be able to confidently detect any phase shift information.

2 g-Step Method

This method is similar in that it employs 2 g-steps, however in this case the g-steps will be equal

but opposite narrow PGSE gradient pairs.
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The g-steps will be of magnitude:
d1 = Y8(-8max)
9z = Y8(+8max)
The complex signal arising from each g-step at each pixel can then be broken down into its real

and imaginary components from quadrature detection as shown in Figure 24 below.

Signal

Re

Figure 24: The complex signal can be broken into its real and imaginary
components because of quadrature detection.

The angle,®, between the signal and the real part of the signal gives the phase shift, @, as shown

in Egn. 51.

Im (S)
Re(S)

tan@ = Egn. 51

Where Im (S) is the imaginary component of the signal and Re(S) is the real component of the

signal.

Im(S4)
Re(S1)

Measuring the phase shift of the first g-step, ¢, = tan! ( ) and the phase shift arising from

Im(S;)

the second g-step, @, = tan™* (Re(s )
2

), the average velocity of the fluid can then be calculated by

their difference as shown in the Eqn. 52 and 53 below.

Q)Z'@l = VA(qZ'ql) = YVAS((‘l'gmax)'('gmax)) Eqn- 52

Q)Z_@l = ZYVAngax Eqn 53
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Fourier Analysis Method

The q dimension will extend from q=0 to g=gmax with a series of images being collected
with successively incremented gradients. The resulting g-step interval will then be as shown in

Eqn. 54:

Aq = Yo8max Eqn. 54

2mng
Where nq is the number of gradient increments. Taking the Fourier transform of the resulting
complex signal with respect to the k-space results in two sets of images: Real g-slice images and
imaginary g-slice images. As one steps through each g-slice of each image, the PGSE gradient
pulse intensity increases along with the accumulated phase angle.
These images can then be Fourier transformed with respect to the g-space dimension and will
result in an average propagator,P(R, A), at each pixel of the image. If the number of steps g-steps

is small (4 or 8 steps) then this propagator will be Gaussian shaped and centered at a position k,:

_ Ny8gmaxVA _ N@
2Tng 21

ky Eqn. 55

Taking the peak of the real component’s propagator, k,, the average velocity detected at each
pixel can be found using Egn. 55 shown above. The propagator derived by obtaining the Fourier
transform with respect to the g-dimension of the imaginary set of images will relate information

of the sign of the average velocity (the direction of flow).
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Figure 25: How dynamic NMR is processed using the Fourier analysis method.

Velocity Imaging

This thesis seeks to measure fluid velocities using the following basic PGSE pulse sequence with
a few adjustments discussed within separate chapters.

An initial excitation tips the magnetization to the transverse plane allowing all the spins to align
coherently and precess at ~w,, (if inhomogeneities are ignored). This excitation is followed by a
g gradient (in addition to the imaging gradients) of magnitude g, and duration &, causing the

spins to wind up in the helical structure dependent on to the local Larmor frequencies
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experienced and as was discussed in the PGSE pulse sequence section. Hence we can say that
this first g-gradient imparts a phase to the spins. Once the first g-gradient is removed the spins
will precess at position dependent frequencies. A 180° pulse is then employed to reverse the
direction of the local precessions. Next a second phase is imparted on the spins by a second g-
gradient equal in magnitude to the first, which now gets rid of the location dependent precession
frequencies, hence unwinding the helix and creating an echo. If no translational motion (ignoring
diffusion) was absent during A, the echo will see coherence. However if a translational motion is
present during A, a residual phase shift, @, will be detected in the signal and can be translated to
velocity be means of Eqn. 53. The process described is shown in Figure 26 while the residual
phase shift, @, is described by Eqn. 56 below.

@ = ydAgv Eqn. 57

where,

vV = yS_Ag Eqn 56
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Figure 26: Motion encoded PGSE pulse sequence. The PGSE gradients of strength ‘g’
and duration & being applied with an observation time A, during which time if
translational motion is present it will create a residual phase shift in the final NMR signal.
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CHAPTER THREE

BASICS OF RHEOLOGY AND COMPLEX FLUIDS

Introduction

Rheology stems from the Greek word ‘rheos’, meaning to flow, while the word ‘logy’
meant to study. In essence, rheology is the study of the deformation and flow of matter [1].
Rheology, a term coined by Professor E. Bingham, was introduced in 1920 when a need for a
new field to study materials showing “strange” flow behaviors arose with the advent of synthetic
polymers in the chemical industry [2, 3]. This definition was then officially recognized with the
establishment of the Society of Rheology in 1929 with their motto being a quote by Heraclitus,
“mavta pei” that translates to “everything flows” [4, 5]. Everything most certainly flows if the
time of observation is long enough or if the material’s relaxation is short enough, a belief owed
to prophetess Deborah in the ‘Book of Judges” who proclaimed “The mountains flowed before
the Lord”, a statement as explained by professor Reiner (one of the founders of modern
rheology) that mountains flowed in the timescale fit for Gods, not humans [6-8]. The flow of
materials is also influenced by the deformation force applied, direction of applied force and its
duration, complexity of the material structure and a whole lot more, making its study relevant
[4].

Rheology employs a wide variety of instruments called rheometers to measure material
responses to deformations. The main two types of rheometers stem from the need to either
measure a response to an extensional deformation, extensional rheometry, or the need to measure

the response due to a shear deformation, shear driven rheometry [1-3]. Shear rheometry is
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divided into two groups: drag flow rheometry, where the shear is analyzed between a moving
boundary and a stationery surface and pressure driven rheometry, where the shear is generated as
a result of a pressure difference within a closed channel [1-3, 5, 7]. Drag flow shear rheometers
usually come in the form of strain controlled, where degree of deformation to the material is
controlled, or stress controlled, wherein the applied torque on the material is controlled. The
projects that concern this thesis used shear drag flow rheometry, combined with NMR techniques
to measure the velocity field. Bulk rheology measurements (stress, % strain, small amplitude
oscillatory shear and large amplitude oscillatory shear measurements) were also measured using
an advanced form of drag flow rheometer capable of switching between strain and stress
controlled modes. This chapter will explore what materials were studied, types of rheological

tests that were employed and the governing constitutive equations.

Ideal Materials

Three hundred years back most materials may have appeared simple with the lack of
studies. While today considered ‘ideal’ in description, for two whole centuries Hooke’s law was
thought to have satisfied all solids and Newton’s law to have mollified all liquids. Today it is
known that Hook’s law describes an ideal solid behavior whilst the Newton’s law of viscosity

describes the ideal liquid behavior.

Hookean Solid
In 1678, Hooke noted that the force/weight, F, of a suspended mass on a “springy body”
was directly proportional to its extension length, Ax (F o Ax). Today this relationship, used in

describing a perfectly elastic solid like cross-linked rubber or a steel spring, is called the Hooke’s
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law with k the spring constant [1, 7, 9-11]. This ideally elastic body is basically formulated from
the spring model as in Figure 1 a) below. Analogies to how it is used in rheology draw in from
the simple linear relation between the tension, oy, strain, y and a shear modulus (Young’s
modulus), G, being the proportionality constant (Eqn. 1). Hooke’s law describes a perfect solid
that will regain its original form once the stress subjected for an elastic deformation has been
removed, so no dissipation of energy from the solid body is seen during the deformation [2].

os =Gy Egn. 1

a) b) Foro , ﬂor]‘/
z

Axory

A A A A Foro

Figure 1: a) The spring model for an ideal elastic material b) The dashpot
model for an ideal viscous fluid.

Newtonian Fluid

Shortly after the release of Hooke’s elastic model, Newton found a linear relationship where he
. . ay . .
noted a constant material deformation rate, S = Y.on applying a constant stress, o4, scaled by a

proportionality constant known as viscosity, 1. Using a dashpot model, (Figure 1 b)) this can be

described as the proportionality between the local forces, F, within the fluid changing as velocity
gradient in position of the fluid layers changing, Z—:, with proportionality constant, G [1, 2, 7, 9,

10].
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0q = MY Eqn. 2
The Newtonian law describes a material that shows a complete release of its initial
energy even after the stress that was responsible for creating the viscous deformation is removed.
A Newtonian fluid can be described as [7]:
a) Constant viscosity with change in shear rate.
b) Constant viscosity over total time of applied sheared.

c) Stress of liquid immediately achieves zero state as the shear deformation is removed.

Viscoelasticity

A perfect elastic or perfect viscous deformation are very limited in considering real world
fluids typically encountered. Instead, many materials will show a combination of both elastic and
viscous effects each expressed at different degrees based on the material’s internal structure.
Real world materials depicting both ideal solid and ideal liquid behavior under deformation are
called viscoelastic fluids. To find out how long to wait to observe the flow of a material, a non-

dimensional number called the Deborah number, De, was introduced. De describes the relation
between a material’s relaxation time, A, and the observation time, t, ( De = %) For a perfect

solid the Deborah number would approach infinity, De — oo while for an ideal liquid it would

approach zero, De — 0. The Deborah number for viscoelastic materials lie between 0 and oo.
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0 De 0
Newtonian Viscoelastic Viscoelastic Viscoelastic Hookean
fluid fluid soild solid

Figure 2: Corresponding material behavior based on Deborah number (De).

Linear Viscoelasticity

A viscoelastic material can be described as the linear combination of the spring and dashpot
model either connected in series or in parallel as an electric circuit would be (Figure 3). These
combinations that ca be thought of as fluids with different viscous and elastic properties are
historically called the Maxwell fluid and Kelvin-Voigt solid respectively [1, 2, 5, 7, 9]. For a
Maxwell model, the dashpot and spring are connected in series and the stress applied to the dash
pot is equal to the tension of the spring (Egn. 3) while the strains become additive (Eqn. 4)

leaving a material shear rate as in Eqn. 5 (Figure 3 a)).

0 = 05 = Og Eqgn. 3
=vs + —G+f0dt Eqn. 4
Y=Ystya= gt |1 qn.
1d(o) o
V = - Egn.5
G dt +n q

On considering the Kelvin-Voigt model, a parallel connection of the dashpot and
spring is seen, where the stresses become additive (Egn. 6) and the strains of the two individual
components are equal (Eqn. 7) (Figure 3 b)).

0 = 05 + 04 Eqn. 6

Y=7Ys+Ya Eqn. 7
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!

Figure 3: Schematic of the a) Maxwell model and b) Kelvin-Voigt model.

Complex, Non-Newtonian Fluids

The mentioned Newtonian assumption works well when the fluid/ materials we are
dealing with are made of small molecules i.e. water, liquid argon etc., where the individual
molecules do not alter the dynamics of the constituent molecules [12]. This can be attributed to
the stress relaxation time, A, (defined as relaxation time for De) that describes the time a
material requires to deform under a suddenly applied stress. For a Newtonian fluid A, is related
to its molecular self-diffusion time (both in the range 1022 — 102 s), meaning that if one wanted
to create a significant alteration to the dynamics of the constituents, an impractically high
velocity deformation would have to be applied [12, 13]. Most fluid based consumer products
however differ from this classical notion and show complex behaviors including, but not limited
to, viscoelasticity. This section will introduce the behaviors of non-Newtonian complex fluids

used in this thesis and introduce some of the models used in characterizing these fluids (Table 1).
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A schematic of the nonlinear steady shear rheology flow curves of different types these fluids is

shown in Figure 4.

Shear stress, o

Shear Thinning

Shear Rate, y

Figure 4: Schematic of flow curves representing the stress response
of complex fluids to an increase of the applied shear rate.

Shear-Thinning Fluid

Shear thinning, unlike Newtonian behavior, describes the nature of a fluid whose viscosity
decreases with increased shear rate or stress. The terms ‘temporary viscosity loss’ and
‘pseudoplasticity’ are also used interchangeably to describe the same behavior [7]. Many
dispersions, polymer solutions and emulsions show this behavior with well-known examples
being normal human blood and xanthan gum. Shear thinning fluids are used as viscosity
modifiers (additives in hydraulic fluids, engine oils and transmission fluids) and in drug delivery

applications and tissue engineering [14] [15]. At low enough shear rates shear thinning fluids
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may exhibit a Newtonian plateau, characterized by a constant viscosity called the zero viscosity,
No- At high shear rates, a second plateau can occur with a constant viscosity called the infinite
shear viscosity, 1. Between the two limits, in the shear rate range where the Newtonian
behavior is not captured, lies a region that is modeled by the Ostwald de Waele power law
model (Table 1, Egn. 9) [1] [16]. The Carreau model (Table 1 Egn. 10) was introduced in order
to model the shear thinning behaviors in the low and high shear rate limits. Another fluid that
can be described using the power law model with a power law index greater than unity is a shear
thickening fluid. As the name suggests the fluid becomes ‘thicker’ on increased applied stress, in
that the fluid’s viscosity increases. The focus will however remain on shear thinning fluid in this

section as dilatant fluids are less commonly encountered in the practical world.



Mathematical model

Name of model
64

Comments

Used for fluids that show a linear

oc=ny relationship between the applied shear rate,
Newtonian Y, and response stress, o, where the viscosity,
Eqgn. 8 liquid law n, is always a constant.
Used as a simple representation for fluids
that show either shear thinning (n<1) or
shear thickening (n>1) where the fitting
o = Ky" Power law parameters K and n are the flow consistency
or coefficient and the power law index
Eqgn. 9 Ostwald de respectively.
Waele model Note: K changes as n changes, it is not a
constant.
If n=1, the fluid shows Newtonian behavior.
Used solely for shear thinning fluids and
T]'_ﬂoo _ {1 + Ow-)z}(n-l)/Z even takes into account the zero viscosity,
ol Carreau model | n,, and the infinite viscosity, ., for the
shear thinning fluid.
Eqgn. 10

Bingham plastic

model

Adopted to describe an ideal yield stress
fluid, the Bingham yield stress, GyBield, and

Bingham viscosity, ng, are curve fitting
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Ifo> c}‘?ield parameters whether or not the fluid possess

_ B . a true vield stress.
0= 0-yield + nBY y 53

Eqgn. 11

If 6 < Oyierq Used in describing real world yield stress
fluids that also describes if the fluids show
Herschel- shear thinning behavior upon yielding. K and

Bulkley model n are similar to that of Egn. 9 and must be
If o> O_yield y q

n treated the same. G?ield is the yield stress

0 = Ogielg + KY

found from using the Herschel-Bulkley

Eqn. 12 model.

Table 1: Fluid models.

Yield Stress Fluid

The ideal yield stress fluid behave as an elastic solid until a stress of a finite, critical
value referred to as the ‘yield stress’, oy, is surpassed. When the applied stress exceeds the yield
stress, the material begins to flow, behaving as a Newtonian liquid, with a plastic viscosity, ng.
This definition established by the British standards in 1975 takes an approach of the Bingham
model, where paint was described as a yield stress fluid in 1916 by E. Bingham using the ideal
Bingham model (Table 1 Eqgn. 11) [16]. The two models, Ostwald de Waele power law model
and Bingham model, provide very similar outcomes with parameter variations, making them

interchangeable (for an example drawn using yogurt, refer to page 92 of Macosko, 1994) [1]. A
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more accurate interpretation of the yield stress behavior was hence introduced by Herschel and
Bulkley in 1926 (Table 1 Eqn. 12) where post overcoming the yield stress, the material may
behave as a shear thinning fluid. Even today, the existence of a ‘true’ solid behavior at stresses
below a yield stress being is debated in rheology with some authors suggesting that the solid
regime should in fact be named a ‘highly viscous’ regime while others suggesting it is a true
solid regime[16, 17].

Many daily encountered fluids like food, cosmetics, emulsions, pastes polymer gels and
foams, clays and many more show this behavior [18]. The origins of the yield stress of each fluid
varies. For example the yield stress of foods like mayonnaise and ice-cream are the result of
droplets and air bubbles (emulsion and foam) while the yield stress in mustard is created from its
suspension/pasty internal structure [19]. Furthermore, the origins of the yield stress nature can be
classified based on the fluid’s microstructure: i) jammed structures showing repulsive
interactions (glasses) ii) networked structures showing attractive interactions (gels) iii)
combination of the two. Suspensions of polymer micro gel particles (i.e. carbopol swollen micro
gel particles), foams (i.e. Gillete shaving foam), suspensions of hard non Brownian granular
particles and oil-in-water emulsions (i.e. mineral oil- in-water emulsions) form the repulsive
jamming microstructure [20-22]. Jammed glasses showing a repulsive interaction will exhibit a
yield stress as the jammed particles push against each other and yielding to flow only once the
structures rearrange to slide past each other (Figure 5). Network based yield stress fluids on the
other hand show a yield stress as the attraction based microstructures resist being pulled part
during deformation and only begin to flow once the recoverable attractions are broken (Figure

4). Particle gels (i.e. Bentonite and Laponite colloidal clays) and other polymer solutions whose
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crosslinks can re-form post shear breakage constitute as examples for this type of yield stress
fluid [20]. Nevertheless a feature of yield stress fluids under flow deformation is wall slip
making them a very hard to study category of fluids using rheology alone. For instance, an
aqueous foam when sheared will form a lubricating layer at the smooth boundaries of the
geometry used leaving part of the foam less sheared than expected. Gelled colloidal systems also
show the wall slip phenomena due to the same mentioned reason [19]. This wall slip that occurs
for yield stress fluids has a big impact on the flow behavior of the fluid deeming rheologists to
believe that there may be a ‘true’ solid like regime for the fluid at stresses lower than the

assumed yield stress of the fluid, when in fact, the fluid is just showing plug flow [17].

Yield stress fluids

|
{ \

Jammed/repulsive interactions Network/attractive interactions

ale ;,s
(@)
Oo%

Figure 5: Schematic of the microstructural differences between two types of
yield stress fluids.

The yield stress of a material can be determined using flow tests. The use of flow curves
and modeling fitting enables to find the dynamic yield stress, the minimum stress required to
maintain flow. While flow tests in rheology such as stress growth and stress ramp tests are used

to directly determining the static yield stress, stress needed in initiating the flow, of the fluid
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[23]. These tests are discussed in detail in the steady shear rheology section below. Determining
the yield stress is important in industrial applications. The force required to pump yield stress
consumer products into packaging containers and through pipelines can be determined when the

yield stress is known [24].

Carbopol: This is one of the prominent model fluids used in rheology, industry and this
thesis to describe yield stress fluids depicting a Herschel-Bulkley model behavior. Carbopols
refer to a family of poly acrylic aci d polymers that are cross-linked with allyl sucroses
introduced in the 1950’s as thickeners. They are widely used in the cosmetics, pharmaceutical
industries and are found in powder form in dry state. They produce a murky acidic dispersion in
water that when neutralized employing a base like sodium hydroxide (NaOH) or triethanolamine
(TAE) to a pH of 7, form an aqueous clear gel (hair gel), the choice of base having had no impact
on the rheological properties [25] [21]. This is because on neutralization, the polymers that are
cross linked partially uncoil and on ionization and absorb and retain water to form irreversible
swollen sponges that may extend to 10 times the original polymer powder particle diameter. This
is then referred to as the micro gel that shows a jammed structure who’s degree of jamming is

dependent on the type and strength of the crosslinks found in the original polymers [21, 22].

Steady Shear Rheology and Oscillatory Rheology

Steady Shear Rheology

Steady shear rheology, or non-linear rheology, measures the stress or shear rate response
from the fluid to an applied unidirectional shear rate or stress, respectively. The resulting data is

called a ‘flow curve’ or a ‘rheogram’ and is used to obtain material properties such as the
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material’s viscosity and the material’s stress/shear rate responses (Figure 4). While a flow curve
is a basic test in steady shear rheology, other tests that apply a constant strain rate or constant
stress can be used in determining the time taken to reach steady state (start-up tests). Steady
shear tests can also be used to determine a material’s yield stress as mentioned in the yield stress
material section. For a consumer product, a flow curve with a fitting model of Herschel-Bulkley
model provides the stress corresponding to the initial sign of flow as a reasonable dynamic yield
stress [23]. A stress growth test where the stress build-up over time is measured for a constantly
increasing applied strain also falls in this category of rheology tests. Here the shear rate is kept
constant and the material elastic elements begin to stretch in the shear field with the increasing
strain till a critical strain is met. At this point a peak in the shear stress with time characterizes
the structural breakdown of the material, this stress value being the static yield stress [23].
Conversely a stress ramp test, where the strain rate is monitored over time for a constantly
increasing applied stress, can also be used as a quick and easy method in determining the yield
stress. Here the viscosity increases as the material undergoes elastic deformation, peaking at the
viscosity corresponding to the static yield stress where the material’s structure would have
broken down [23]. Shown in Figure 6 is a schematic of the flow tests used in determining yield

stresses.
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Figure 6: Schematic of yield stress measurement flow tests. a) Flow curve where Herschel
Bulkley fit is used to determine the dynamic yield stress, b) stress growth curve showing a
direct measurement of the static yield stress and c) viscosity vs time curve for a stress ramp
test at a fixed shear rate.

Small Amplitude Oscillatory Shear (SAQS)

Small amplitude oscillatory rheology, or linear rheology, subjects materials to a sinusoidal
deformation and measures the resulting stress response [26]. As the name suggests, SAOS
applies a very ‘small’ back and forth, sinusoidal deformation that varies harmonically in
time, v, (EQn. 8) to a degree that enables the material to respond with a perfectly sinusoidal
stress response, o), (Eqn. 9) hence coining the term ‘linear rheology’[1, 7]. SAOS tests are
used to measure material properties in the linear viscoelastic regime and since the deformations
are not large, the material is left undamaged [27].

Y = YoSin(wqt) Eqn. 13

o = G Yosin(w;t) + G y,cos(w;t) Eqn. 14
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Where, v, is the strain amplitude, w; is the fundamental frequency of the periodic motion, and
G and G are the storage and loss modulis of the material respectively. Under such small
deformations, Hookean solids show purely elastic responses where the stress is always
proportional to the strain and is independent of the strain rate [28] . Hence there is a phase angle
& = 0° between stress and strain sinusoidal response curves. On the other ideal spectrum are
Newtonian fluids that show purely viscous responses where the fluid's stress response is
proportional to the rate of strain (rate of deformation) but independent of the strain alone. Hence
there is a phase angle 5= 90° between stress and strain sinusoidal response curves. Viscoelastic
fluids exhibit viscous and elastic responses with the phase angle between the stress and strain

sinusoidal curves being 0° <& < 90° (Figure 7) [10].

Figure 7: Schematic of an applied sinusoidal strain,y ), with a stress response, o), that is
also perfectly sinusoidal. When no phase difference is present, 5=0°, the material is
considered a Hookean solid. When the phase difference is § =90°, the material is considered
to be a Newtonian liquid. When the phase difference between the stress response and applied
strain is in between, 0° < §<90°, it is a complex fluid exhibiting both viscous and elastic
properties.

In the linear regime G and G~ are independent of the applied strain and depend only on

the applied frequency. The storage modulus, G, defines how much energy is restored post
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deformation and hence relates how solid-like a material is. The loss modulus, G , relates how
much energy the material lost in viscous dissipation and corresponds to how liquid-like the
material is. The two can then be related to the phase lag as tan( §) = % and tied into Eqgn. 9 with

an introduction of a complex number called the complex modulus, G* (see Figure 8 for clarity).

G =G +iG Eqn. 15

Loss Modulus (G”)

Storage modulus (G’)

Figure 8: Relationship of the complex modulus to the storage
and loss modulus.

Large Amplitude Oscillatory Shear (LAQOS)

LAOS tests are important because large and rapid oscillatory shear is used in industry,
provoking the raw materials and products to be in the non-linear regime. For example in the
manufacture of ketchup, the tomato puree is mixed with vinegar sugar, salt, and other ingredients
in large vats that use nonlinear oscillatory shear to produce a homogeneous mixture. Scientists
then conduct shear rate experiments using tilted surfaces to ensure that the viscosity of the fluid
is on par, such that it will not form blobs or disperse in odd directions than in the intended

direction once squeezed out of the bottle. This desired texture is achieved provided that the
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ingredients were mixed well at the correct oscillatory shear rates within the large vats. This thesis
therefore studied the velocity responses due to LAOS.
When the amplitude of the periodic deformation is increased into the non-linear regime of a
material, the stress response from the material will no longer be perfectly sinusoidal (Figure 9).
This is because the material gets permanently deformed at high applied strain amplitudes,
showing irreversible changes in the structure of the material [26, 27]. G and G are also no
longer strain independent and are influenced by higher order odd harmonics. The resulting
response stress wave form is no longer sinusoidal, bearing nonlinear viscoelastic moduli that are
both strain and harmonic dependent, Gy, (Y,) and G, (Y, ), making it difficult to analytically
quantify the moduli. It must be noted that the new material moduli have an ambiguous physical
definition to that of the linear viscoelastic moduli (G and G ") discussed previously. That is to say
that while G and G~ fully describe the linear viscoelastic mechanical material responses, they do
not describe the storage and loss of the system in the nonlinear viscoelastic regime [29].
However this amplitude dependent leading order (fundamental frequency, where n=1), G’ and
G, still can be used in the nonlinear regime to deduce plenty of information. Based off the of
the behaviors of the leading order moduli at a higher dependent strains (G; (Y,) and G; (Y,))
under LAOS, four groups of fluids have been identified [26, 27, 29]:

1) Strain thinning: observed in systems where entanglements occur but with weak molecular

interactions. Here, polymer chains that are entangled in the SAOS regime will
disentangle with the increased strains at LAOS and align with the flow field i.e. polymer

solutions and melts.
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2) Strain hardening: observed in systems with complex and strong microstructures where
the deformations result in the formation of more elaborate structures. Here, polymer
chains resist the alignment with flow as the strain is increased, forming shear-induced
networks i.e. poly(vinyl alcohol)/sodium borate solutions.

3) Weak strain overshoot: systems with stable molecular structures at rest that are capable of
creating shear induced structures under moderate shear. The structures are however
destroyed and re-oriented parallel to the flow once a critical strain is exceeded i.e. long
side chain bearing polymer solutions like xanthan gum.

4) Strong overshoot: this behavior is similar to the weak overshoot except that the forces of
the shear induced structures are stronger than before i.e. micellar systems and colloidal

aggregate gels.

For further details, the reader is directed to studies by Kyu Hyun et. al. [26, 29].

For LAOS, the applied sinusoidal strain takes the form of Eqn. 13, only with a higher strain
amplitude, v,, the stress response can be represented as a Fourier series as shown in Eqn. 16 [26,
301:

Ot) = Yo 2in,odd Gp(,Yo)sin(nwt) + G, (w, Y, )cos(nwt) Eqn. 16
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Figure 9: Applied sinusoidal large amplitude oscillatory strain and the
response distorted sinusoidal strain amplitude and higher order harmonic
dependent stress response (LAOS).

While linear viscoelasticity provides an understanding between the microstructure and
rheological behavior of complex fluids, LAOS allows for the sub-characterizations of fluids. In
other words, data from LAQOS tests can distinguish among categories of fluids bearing similar
micro- and nano- or molecular structures. For instance, LAOS is able to distinguish between
branched or un-branched polymers [26].

LAOS tests are analyzed employing Fourier transforms or Lissajous curves (proper term
being Lissajous-Bowditch curves). Previous studies conducted with Fourier transform analysis
(FT analysis) of LAOS flow has shown the contribution of higher order odd harmonic
components to the fundamental stress components, G; (y,) and G; (Y,). The contributions from
even harmonics to the stress have been attributed to wall slip, combined effects of inertia
elasticity and shear thinning, geometry misalignments and yield stress [26, 31-34]. Lissajous
figures are however a more popular choice as they present all the raw data compactly over FT
analysis. Lissajous plots refer to closed loop plots of the measured stress wave function plotted

against the applied strain or strain rate wave function. When the oscillatory stress in time, o(t),
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is plotted as a function of the strain in time, y(t),the resulting 2D curve is termed ‘elastic
Lissajous curve’. If o(t), is plotted as a function of the strain rate in time, y(t), it is termed
‘viscous Lissajous curve’. An elastic material response will appear as a straight line for elastic
Lissajous curves while appearing as a circle in the viscous Lissajous curve (Figure 10 a)).
Contrary to this a pure Newtonian fluid will appear as a circle in the elastic Lissajous curve
while as a line in the viscous Lissajous curves (Figure 10 b)). Viscoelastic material response in
the linear (SAOS) regime will appear as a perfect ellipse on both forms of Lissajous figures. As

the response is shifted to a nonlinear LAOS regime, the elliptic viscoelastic response will begin

to show distortions [35].
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Figure 10: Schematic of an a) elastic Lissajous-Bowditch curve and a b) viscous
Lissajous-Bowditch curve. The responses depicted are for the linear regime.

Rotational Drag Flow Rheometers

In this thesis work, drag flow rheometers were used. Rheometers utilize well-defined
ideal geometries including parallel plates, cone and plates and concentric cylinders with small

fluid gaps where the strain and/or stress are constant for Newtonian fluids. For these geometries
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then, the response of a complex fluid to a deformation does not depend upon the geometry and is
a reflection of the fluid material properties. While most of the rheological experiments in this
thesis use a cone-and —plate geometry, the concentric cylinder geometry will also be discussed as
it is the geometry used with the rheo-NMR rheometer. A concentric cylinder geometry was also
used infrequently in rheology measurements for low viscosity fluids. The ARG2 rheometer and
the portable rheo-NMR rheometer, are both in essence drag flow rheometers only with different
responses being probed. The typical rheometer acquires torque responses from the bulk of the
fluid while the rheo-NMR driveshaft probes local velocity responses. There are two rheo-NMR
rheometers available in the lab, one capable of measuring the bulk torque responses, to steady
applied shear, simultaneously with velocity data from NMR methods. The second rheo-NMR
rheometer is capable of shearing suspended samples with both steady shear and oscillatory shear
while acquiring NMR velocity data, however is incapable of measuring torque. For projects in

this thesis the second rheo-NMR rheometer was used.

Concentric Cylinder/ Couette Shear Cell

The concentric cylinder was the first geometry created for a rotational drag rheometer. It is
comprised of two cylinders, one that rotates (rotor) and another that is stationery (stator),
between which the sample that is been sheared is suspended in (in some cases both cylinders
may rotate). It was first designed by M. Couette in 1890 for a strain controlled rheometer and
had an outer rotating cup. The concentric cylinder geometries used in this thesis however have
an inner rotating cylinder (inner rotor), r;, and an outer stationery cylinder (outer stator), r,
between which the sample is sheared within. The geometry employed with the rheo-NMR

rheometer was a concentric cylinder geometry. One of the projects included a fractal vane
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geometry as an interchangeable geometry for the concentric cylinder while keeping the physics
of the two geometries the same. The mathematical description of the concentric cylinder will

hence be discussed in detail in this section.

.

£

-

Figure 11: Schematic of a concentric cylinder geometry for the
purpose of modeling the Rheo-NMR shear cell.

The equations of motion for a Newtonian fluid in cylindrical coordinates found in [36]
can be solved for the concentric cylinder geometry, for an ideal situation, with the following
assumptions:

1) Steady state, laminar flow: % =0

2) Unidirectional flow in the azimuthal direction: vg = vg(1)

3) No secondary flow or edge effects: v, = v, =0

4) Symmetry/fully developed flow in 6, % =0
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Keeping in mind that the divergence is zero (A - v =0) for an incompressible fluid, and that the
hydrostatic pressure is a function of r and z due to centrifugal forces and gravity (P = P(r, z)),

the equations of motion narrow down to the following components:

2
r-component: -p=2- = f;; Eqn. 17.a
2
6-component; 0 = % Eqn. 17.b
z-component: 0 = -j—z + pg; Egn. 17.c

Note: Normal stresses of 1, and tgg become equal to zero due to assumptions 3) and 4) being
made for an incompressible fluid.
Since our interest lies on finding the velocity, stress and shear rates of the flow, the r-component

and z-component can be neglected and our focus can be tuned to the shear stress tensor, Tg,.

B d(ve/r)  1dvy] d(ve/r)
Ter‘“[r dr +?de]_“[r r

Eqgn. 18
This stress tensor is now the total stress, o.g:
Cor = n[ d(zer/r) =1y Eqn. 19
Where the shear rate, y(r) is a function of the radial position, r:
: d(Ve/l‘) dvg vg
v(r) = [ ] [ Eqn. 20

Solving Eqgn. 17.b for the velocity profile and plugging in the boundary conditions shown, the
velocity profile for a Newtonian fluid will be as in Egn. 21:

1) At r=1;, vg=10Qr
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2) At r=r,, vg=0

2 2
Vg = riT (ro Eqn. 21
r3-r2 \r?

The stress calculatioun takes into account the measured torque, M. Based on the Lever rule, the
torque is equal to the force and perpendicular distance from the axis of rotation: M=F x d. For
the case of the inner rotation cylinder, d=r;, and the force F=og.Xx Area of inner cylinder (4;).

For a cylinder the area will be: A; = 2mr;l. Leaving the measured torque, M, to be:
M = og,(21r;Dr; = og.2mr?l Eqgn. 22

The concentric cylinder geometry has a stress dependent on the radial position across the fluid

gap, where the stress measurement at the inner cylinder is calculated as:

Ogr = — Eqn. 23

2mr?l

The narrow gap assumption assumes a constant shear rate across the fluid gap. Typically for
narrow gap geometry the curvature effects will be negligible hence, k = r;/r, will be a value

k = 0.99. When the curvature effects are negligible, a simplification of the calculation can be
made by assuming that r; = r, = T, (T, the mean radius r = ri+Tr"). Allowing the simplification

of the position dependent shear rate in Eqn. 20 to obtain a radially independent shear rate that is

constant throughout the fluid gap under this narrow gap assumption:

y =4 Eqn. 24

Io-Tj
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The curvature for the geometry used in rheo-NMR studies in this work was k = 0.89, classified
in the limit of a fairly narrow gap (0.5 < k < 0.99). However, the narrow gap assumption was
proven justified in NMR experiments conducted by Kuczera et al. Here, a new curvature
parameter, q = (r,-1;) /1, was introduced. The study found that in the limit of q « 1, deviations
from a linear velocity profile were at most 2% with respect to the rotor wall velocity [37, 38].
Wherein the curvature parameter for the used concentric cylinder geometry in the rheo-NMR set

up was q = 0.125, complying with the expected NMR velocimetry narrow gap assumption.

Cone and Plate Geometry

The cone-and-plate was introduced in 1934 by Mooney and Ewart [1, 39]. As the schematic in
Figure 12 shows, this geometry consists of a lower stationery plate and an upper rotating cone.
The upper rotating cone has a small cone angle, B = 2° (measured in radians for calculations),
and is truncated to 54 um at the tip. A very small ( <6° or 0.1 rad) cone angle means the shear
rate and shear stress are considered constant throughout the fluid [1, 2]. The downside to having
a small cone angle however is that the data can have errors due to misalignments and small
eccentricities. Rheometers today combat this issue by a process known as rotational mapping
prior to the start of an experiment where the geometry related errors are negated from the

acquired data.



Figure 12: Schematic of a cone and plate geometry.

Conservation momentum equations for the cone and plate can be solved as was shown for
the concentric cylinder geometry. The following quantification of the physics of the system are
applied for the solution. Where under a small angle approximation (8 <0.1 rad), assuming a
steady laminar unidirectional and isothermal flow for a Newtonian fluid, the stress, o,

calculated from the measured torque, M, for the cone and plate is [1]:

3M
0'¢,9 = 21_[? Eqn. 25

Where R is the radius of the cone-an-plate geometry. Followed by a shear rate defined as:

y = Eqn. 26

=0

As can be seen from Eqn. 25 and 26, the shear stress and shear rate are independent of positon
across the gap for the cone and plate geometry. The stress being proportional to the measured

torque and the shear rate being purely dependent on the angular velocity, Q (rad/s), and 3(rad).
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This equation has been effectively proven to provide accurate shear rate readings with an error of

only 0.7% even at the highest small angle approximation ( = 0.1 rad) [40].

Functionality of the Rheo-NMR Magneto-Safe Portable Rheometer Motor

Three functional versions of the rheoNMR portable rheometer, also called drive shaft, is
found at the MSU MRM lab that. A drive shaft that is capable of both oscillatory and steady
shear flow (no torque measurements possible which was employed in most of the experiments in
this thesis. A second rheometer capable of only steady unidirectional flow that has upgraded
hardware that minimizes user errors in geometry attachments. Also a third advanced rheo-NMR
rheometer capable of applying steady unidirectional deformation to a sample while also
acquiring the torque responses of the fluids. Each rheometer is equipped with a concentric
cylinder geometry of an inner rotor made of PEEK of radius 8mm and an outer stationary stator
cup made of borosilicate of radius 9mm.

The rheometer capable of both oscillatory and steady flow, assembled in 2015, was used
for three of the four projects in this thesis, hence will be discussed in detail. It is one of the only
drive shafts that exists capable of subjecting an oscillatory motion on a sample suspended in the
concentric cylinder shear cell in rheo-NMR. The main hardware components of this rheometer
are: 1) the user computer, 2) the raspberry pi, 3) the ‘shield’ comprising the i) Aurdrino due and
the ii))SAM3X printed circuit board (PCB), 4) the ST-23 stepper motor [41] with an 4)optical
encoder and an 5) EvoDrive controller. Once all the wires have been connected, the user
interacts with a guii on the computer. The commands input by the user are sent to a raspberry pi
that contains an SD card bearing the operating system that runs the drive shaft’s motor. The

raspberry pi processes the user’s commands and converts it to a readable form for the Aurdiuno
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due mounted on top of the driveshaft next to the motor. Commands are sent via serial connection
of RS485 (involves a communication method via long wire connections where data transfer is
slow, however is less noisy and enables feedback loops) from the raspberry pi to the Arduino
due. The Aurduino due together with the PCB reads software from the raspberry pi, processes it,
converts the RS485 and sends the command via a UART connection (fast form of
communication with higher noise possibility) to the Evo-Drive found on the motor.
The rheometer is equipped with a step motor that is a brushless DC motor capable of moving in
200 discrete points (1.8° discrete motions) requiring 2.8A of a winding current to complete [41].
This creates 200 discontinuities at each revolusion, hindering the resolution of the continuous
motion. A micro stepping technique where the winding current output (the 2.8A current of each
stepper motor step) is further stepped/discretized has been used to increase this resolution,
however adding a risk. The risk being the possibility of skipping a micro step. To avoid this, the
motor has a built in optical encoder that provides a feedback loop to the EvoDrive as to where in
the assigned motion the rotor currently is at based on the step it previously made (its position
vector). The EvoDrive controller applies corrections for any missed micro steps as required (this
may contribute to a poor resolution of the flow between the two micro steps). Since a back and
forth communication between the encoder and the EvoDrive is maintained, the time the
EvoDrive has to come up with a correction is half the time for the resolution of the micro
stepping. The step size for the servomotor is 2048 position vectors/revolution (0.176° steps).
Leaving the EvoDrive only the time taken for the rotor to rotate 0.088° to assign the next
velocity vector or make corrections to micro stepping errors (example time calculation shown

below).
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For the oscillatory motion concerned in this thesis for the strain amplitudes used with a
period of 32 seconds, the resolution from the servo-stepper motor is 32,000 ms/ 2048 points =
15.6 ms/position vector point. Giving the optical encoder 15.6ms to send and recieve pulses for
the assigned periodic motion. The accuracy of the position vector being guaranteed by the
velocity commands sent out by the EvoDrive takes 7.8 ms. This may result in slight velocity
offsets, if the modulation of the winding current is missed in a single or few micro steps (i.e. for
the above example it would be offset by 7.8ms each time). It must be noted that the entire servo
motor package was offered by Evarobotics in 2015, the references above are for the new
company, Motion Control Products that sell the motors separately as Eva Robotics has
discontinued the production of equipping the stepper motors with optical encoders and an
EvoDrive since 2016.

The exclusively steady unidirectional shearing rheo-NMR rheometer, assembled in 2018,
was designed with attachment pieces to reduce user errors from attaching the rotor improperly.
This device was equipped with push in rotor attachments in place of the screw on attachments
found in the previously discussed model. The motor of this model is able to appl steady shear in
both the clockwise and anti-clockwise directions however only once the motor has been stopped
between the flow reversals. It must be noted that this model does not support a continued
oscillatory motion. This drawback is attributed to the change in communication style between the
user interface and the shield. This communication form was integrated by T.I. Brox, in efforts to
produce a faster communication mechanism (also to prevent injury to the raspberry pi and the

shell which were exposed to people dropping the small units etc.) [10]. The chosen form of
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communication then being UART made it possible to have all the commanding hardware

together in a box. This rheometer was used in the project in chapter 4.
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RHEO-NMR OF TRANSENT AND STEADY STATE SHEAR BANDING

Abstract

In this work shear band formation following shear startup as a function of flow protocol are
investigated in the wormlike micelles (WLMs) system of 6 wt. % cetylpyridinium chloride
(CPCI) and sodium salicylate (NaSal) in 0.5 M NaCl brine in a Couette Rheo-NMR shear cell.
1D velocity profiles across the 1 mm fluid gap are recorded every 1 s after shear startup using
Rheo-NMR velocimetry and used to evaluate shear banding characteristics, including the shear
rates in the low and high shear band, the interface position and the apparent wall slip. The
velocity, and therefore the shear banding characteristics, exhibit large temporal fluctuations
following an abrupt start-up to 12 s due to apparent slip at the inner rotating wall and the
presence of flow instabilities. Characteristic time scales were used to characterize the transition
of the flow from transient to steady state and the Fourier transform of time autocorrelation
functions was used to quantify fluctuation frequencies. Shear start-up experiments were
performed for flow protocols with and without pre-shear. Pre-shear resulted in different
magnitudes of the timescales and a shift in the frequencies of the fluctuation of all shear banding

characteristics.

Introduction

In an aqueous solution and under certain conditions, surfactant molecules can self-assemble
into the semi flexible, elongated, and rod-shaped aggregates called wormlike micelles (WLMSs)
[1, 2]. At high enough concentrations, they form a viscoelastic entangled network similar to

polymers but with an ability to dissociate and recombine dynamically [3]. In 1991, Rehage and
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Hoffmann [2] pointed out that some of those systems obey a robust Maxwellian viscoelastic
model; i.e., in contrast to polymer solutions that exhibit a wide range of relaxation times, they
have a single relaxation time Ar at small deformations [4]. This unique mechanical response time
is predicted based on the reptation-reaction kinetics model in the fast-breaking regime, where the
breaking and reformation events are faster than reptation [5]. Hence, the breakage and reptation
relaxation mechanisms are characterized by the time scales of Aoreak and Arep, respectively and the
relaxation time is of the order /A eqxArep [6]. Due to the simple viscoelastic behavior of WLM
systems and the fact that they are relatively easy to prepare and not generally susceptible to aging
or degradation, they have become of significant interest for wide studies using different

experimental techniques [7-9].

The nonlinear rheological behavior of WLMs is highly complex. When subjected to shear
stresses, semi dilute and concentrated wormlike micelle solutions can exhibit an unusual
mechanical response where the flow organizes into two macroscopic bands with distinct
viscosities and local shear rates along the velocity gradient direction [10, 11]. This nonlinear
transition is called shear banding and associated with the existence of a stress plateau in the
steady state flow curve that occurs between two critical shear rates [12, 13]. Below the first
critical shear rate y; and beyond the second critical shear rate y,, the flow is homogeneous and
the shear stress increases monotonically with the shear rate. Between the two critical shear rates,
the flow becomes heterogeneous, forming shear bands, and stress stays nearly constant or varies
slightly depending on the curvature of the flow geometry [14]. This plateau stress is independent
of the flow history [15, 16]. When wall slip is negligible, the shear banded flow is usually

assumed to follow a simple lever rule y, = ay, + (1 — a)y;, where y, is the applied shear rate,
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v is the shear rate in the high shear band, y, is the shear rate in the low shear band and « is the
proportion of the fluid gap occupied by the high shear rate, or the interface position. The high
and low shear rates, y;, and y;, correspond to the start and end of the stress plateau in the flow
curve.

This nonlinear transition is widely observed in different complex fluids where applied shear
changes the internal molecular microstructure and induces shear banding [17-19], including
polymer solutions [20, 21], foams [22, 23], emulsions [24], colloidal glasses [25, 26], as well as
in granular materials [27, 28]. Shear banding is thought to occur mainly due to the coupling of
the microstructure and the flow field [29]. There is a rich literature that focuses on the shear-
banding flow of wormlike micelles and their dynamics are well documented [30, 31] with
experimental techniques like nuclear magnetic resonance NMR [32-34], particle image
velocimetry PIV [14, 35], and ultrasonic velocimetry USV [36, 37]. Numerous early studies
showed an interplay between wall slip and the shear banded flow in 1D velocity profiles [38-40].
Later experimental studies reported the existence of temporal fluctuations in the velocity [41-44].
Most recently, 2D flow visualizations revealed that the shear banded flow is hydro dynamically
unstable, resulting in development of secondary flows [45-47]. In the stress plateau, the
instability manifests initially as vortices in the high shear band [48] that cause undulations in the
interface position along the vorticial direction and at higher shear rates, the occurrence of
turbulent bursts [49]. Periodic or chaotic fluctuations observed previously in the velocity with 1D
measurements could be attributed to the 3D nature of the flow field. Shear banded flow therefore

involves not only temporal dynamics, but also a spatial heterogeneity.
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As many of the applications using WLM solutions occur under time dependent conditions,
such as startup or in complex geometries, work has been devoted to studying shear banding
under time dependent flow protocols. For example, in shear startup is where an applied shear rate
is imposed at a constant rate for all times t > 0 [50, 51], while in a strain ramp, the sample is
sheared until a desired strain amplitude is reached [52-54]. A step stress protocol is performed by
applying a constant stress for a certain amount of time [14, 55].

In this work, we use Rheo-NMR to obtain 1D velocity profiles across the fluid gap of a
concentric cylinder shear cell as a function of time following shear startup at an applied shear
rate within the stress plateau. We analyze the evolution of the shear banded flow from transient

to steady state and the impact of pre-shear on the fluid response following the shear startup.

Materials and Methods

Sample Preparation

The wormlike micelle system investigated in this work is a 6 wt. % cetylpyridinium chloride
(CPCI) and sodium salicylate (NaSal) solution with a molar ratio [NaSal]/[CPCI] =0.5in 0.5 M
NaCl-brine. Furthermore, 0.2 % GdCls was added to reduce the *H NMR relaxation time to
facilitate faster acquisition of NMR velocity profiles. The rheological measurements show that
the addition of 0.2 % GdClz had no noticeable influence on the mechanical behavior of the
sample. All the materials were purchased from Sigma-Aldrich. The sample was prepared by
mixing all components for 120 min at a temperature of 45 °C. The samples were then stored at
30 °C in a container preventing ambient light exposure conditions for at least 1 month before the
experiments. This system has been extensively studied and is well-known to form elongated

wormlike micelles [15].
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Rheometry
The linear and nonlinear rheological measurements were performed using a TA instruments
AR-G2 rheometer equipped with a steel cone-and-plate geometry with a 60 mm diameter and a
2" angle. Experiments were run at 25°C and under a controlled strain. The linear viscoelastic
measurement is shown in Figure 1, exhibiting a single mode Maxwellian behavior with

characteristic relaxation time Ar = 0.436 s and plateau modulus G, = 100 Pa.

0.1 1 10
o [rad/s]

Figure 1: Storage and loss moduli as a function of frequency at a fixed 5% strain for 6 wt. %
CPCI/NasSal in 0.5 M NaCl-brine. The data measured at T=25 °C using a cone-and-plate
geometry. The solid lines are fits to the Maxwell model with 1r =0.436 s and G, = 100 Pa.

This sample exhibits shear banding in the stress plateau region of the steady-state flow curve
and a transient stress overshoot under shear startup within a few seconds [14, 56]. Figure 2 (a)
and (b) show the nonlinear rheology of 6% CPCI/NaSal under the steady state and transient
conditions respectively. The steady flow curve (Figure 2a) exhibits a stress plateau that extends
from y, = 2.6 s to y,, = 24 sL. The values of y, and y,, were found by the same means as in
Salmon et al. [40] and are in good agreement with those reported in the literature [46]. Figure 2b

depicts the transient shear stress response after shear startup to y = 12 s™. The shear stress
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exhibits a significant overshoot (culminates up to 90 Pa) within a time less than 2 s, followed by
a decrease until the steady-state value is obtained. However, a slow increase in stress just prior to
steady state is observed, see inset Figure 2b. This dynamic feature is known as a “stress
undershoot” and has been shown to appear in some cases after a critical shear rate [57]. To the
best of our knowledge, the small undershoot has only been highlighted by Berret et al. [15] on
different CPCI/NaSal/brine samples and by Lerouge and coworkers[58] on the wormlike micelle

solution formed by the surfactant cetyltrimethylammonium bromide (CTAB).
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Figure 2. Bulk rheometry for 6% CPCI/NaSal wormlike micelle solution. (a) Stress vs applied
shear rate exhibiting the stress plateau characteristic of shear banding that extends from y; =~ 2.6
sttoy, =24 st and (b) Stress as a function of time following shear startup to 12 s*. A large
initial stress overshoot occurs in the first two seconds following shear startup and a small stress
undershoot is observed at later times, as shown in the insets.

Rheo-NMR
Rheo-NMR experiments were performed in a Rheo-NMR Couette cell comprised of a glass

stator and a polyether ether ketone (PEEK) rotor with a roughened cross hatched surface. The
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outer and inner radii of the shear cell were R, = 9 and Ri = 8 mm, respectively, resulting in a fluid
gap of 1 mm and a radius ratio (x = Ri/ Ro) of 0.89. All Rheo-NMR measurements are carried
out at T =22°C, above the Krafft temperature of 21.5°C. A Thermo Electron Corporation
(Merline M25) recirculating chiller was used to control the temperature and a thermocouple
interred inside the NMR probe at the base of the resonator coil and bottom of the Rheo-NMR
shear cell was used to measure the temperature by converting the sensor signal to a digital
temperature reading.

A Bruker AVANCE 300 spectrometer equipped with a Micro-2.5 gradient system
(maximum Gradient: 1.5 T/m 60A) and a 25 mm birdcage resonator coil, along with Bruker
Topspin software, was used to acquire all Rheo-NMR data. The data analysis was performed
using Prospa (Magritek, Wellington NZ) software. Pulsed gradient spin echo (PGSE) motion
encoding was employed [59] with double slice selection and 1D image acquisition as depicted in
Figure 3 [60]. All experiments had rf pulse durations of 52 ps for the 90° excitation pulse and
104 s for the two 180° refocusing pulses, echo time TE = 55 ms and repetition time TR = 217
ms. 1D velocity profiles were acquired across the fluid gap (velocity gradient direction; x-axis)
with spatial resolution of 59 um (FOV =30 mm and 512 points). The imaging region (Figure
3b) is a slab consisting of a 10 mm thick slice selected along the vorticity direction (z-axis) and a
1 mm thick slice along the velocity direction (y-axis). Velocity was measured in the direction of
flow (y-axis) with displacement observation time A = 11 ms, magnetic field gradient pulse

duration 6 = 1 ms and two flow encoding gradient steps.
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Figure 3: (a) Timing diagram for collecting a 1D velocity image across the fluid gap of the
Couette cell using PGSE motion encoding with double slice selection. A 10 mm thick slice was
selected along the vorticity direction (z-axis) and a 1 mm thick slice along the velocity direction
(y-axis) in order to acquire data from the imaging region shown in the shaded section of the
Couette schematic (b). The 1D image was acquired across the fluid gap in the velocity gradient
direction (x-axis) with spatial resolution of 59 um/pixel. Velocity was measured in the direction
of flow (y-axis) with displacement observation time A =11 ms and 8 = 1 ms.

Experimental Protocols

In this work, we compare results from two different experimental protocols:
e Protocol 1 (no pre-shear): between each shear startup experiment, the sample was at rest
for a wait time tw = 300 min, in order to allow the system to return to an isotropic

equilibrium state.
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e Protocol 2 (with pre-shear): prior to each shear startup experiment, a pre-shear of 10 s2
was applied for 1 min, followed by 2 min of rest. This protocol has been used previously

in the literature in an attempt to ensure homogenization [55].

Results

In order to correlate the bulk mechanical stress response with the shear banding flow
behavior of 6% CPCI/NaSal 1D velocity profiles are acquired across the fluid gap of a Rheo-
NMR concentric cylinder Couette geometry under shear startup conditions. Figure 4a shows a
representative shear startup experiment where 1D velocity profiles were acquired with a time
resolution of 1 s following shear startup at 12 s™*. There are fluctuations in the velocity with time
due at least partially to apparent slip at the inner rotating wall and the presence of flow
instabilities [46]. As this is a 1D measurement averaged over a 10 mm slice in the vorticial
direction, the three dimensional flow due to axial velocity contributes to fluctuations in the
measured velocity [46].

In the initial few seconds, corresponding to the large stress overshoot in the bulk mechanical
response (Figure 2b), the velocity profile is linear (Figure 4b). The shear bands then begin to
form, with the high shear band growing and the interface between the bands migrating further
into the fluid gap until it reaches its steady state position. The steady state position can be

roughly predicted with the lever rule as long as wall slip is not present.
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Figure 4: (a) 1D velocity profiles across the normalized fluid gap y/e as a function of time
following shear startup at a shear rate of 12 s, where e refers to the fluid gap width of 1 mm.
The velocity fluctuates with time and exhibits apparent slip at the inner rotating wall. (b) 1D
velocity profiles across the normalized fluid gap y/e at 1s, 4 s and 500 s after shear startup. The
velocity at 1 s, prior to shear banding during the initial stress overshoot, exhibits a linear profile.
By 4 s, shear bands have begun to form and the interface position is in the process of migrating
from the inner rotating wall to its steady state position, shown for the profile at 500 s.

Here we identify timescales of the fluctuations in velocity and of the transient response.
Even though we are limited by a 1D measurement, we attempt to extract information about the
evolution of the flow from transient to steady state as well as about the instabilities that give rise
to 3D flow by using a Reynolds decomposition approach [61], where we split the measured
values into an average and the deviation from the average, i.e. the fluctuation. Since it is
difficult to obtain velocity information with both high temporal and spatial resolution due to
inherent limitations in the measurement methods, we choose to quantify and characterize the
nature of both average quantities and the fluctuations in order to reveal insight into the flow

behavior.
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WLM solutions are known to exhibit memory. In other words, the fluid response depends on
the shear history of a given sample[62] and this will impact the transient response in particular
[63]. To fully characterize the impact of shear history on the transient and steady state flow
behavior, a protocol used by Lopez-Barron et al. [55] in a previous study utilizing pre-shear is

compared to one for samples without any shear history.
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Figure 5: Velocity vs normalized fluid gap y/e. The 1D velocity profiles are time averaged over
the last 2.12 min of the 10.6 min shear startup experiment to ensure the flow is at steady state
and to average over fluctuations in the velocity. Profiles are shown for wait times t, between
experiments of 0 min (no shear history; filled circles), 120 min (open circles), 180 min (filled
squares) and 300 min (open squares). After 300 min, the velocity profile overlays that for the
sample without shear history, indicating a return to an equilibrium state.

To ensure that no shear history was present, shear startup experiments were performed
with increasing wait time tw between the experiments. The sample was assumed to be free of
memory when no differences in the shear banded flow were observed as compared to the results

from a fresh sample that had been at rest following sample loading into the Couette shear cell for

> 12 hrs. Figure 5 shows 1D velocity profiles as a function of wait time across the fluid gap,
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time averaged over the last 2.12 min of the 10.6 min shear startup experiment to ensure the flow
was at steady state and to average over fluctuations in the velocity, as a function of wait time ty.
After 300 min wait time, the velocity profiles overlap within experimental error, indicating that

the sample had returned fully to its equilibrium state at t=0.
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Figure 6: Shear banding characteristics (open symbols) and the standard deviation (closed
symbols) as a function of wait time tw. Lines are to guide the eye. (a) the interface position a (b)
the shear rate in the low shear band y;, (c) the shear rate in the high shear band y;, and (d) the
true shear rate y,.., Which is a measure of apparent wall slip. The standard deviation becomes

constant after 30 min.
To further evaluate how long a sample must be at rest to be rid of shear history, the velocity
profiles were analyzed to quantify the characteristics of the shear banded flow. The shear rate in

the high and low band, the interface position and the amount of apparent wall slip were
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monitored as a function of tw. The regions of high and low shear in the 1D velocity profiles were
fitted linearly with the slopes of the lines being the values of the shear rate y;,, and y, for the high
and low shear band respectively. The intersect of the lines was considered the interface position
o and to evaluate the apparent wall slip, following Fardin et al. [57], a “true” shear rate ¥ ;e
was calculated as ¥ = |V(0)-v(e)|/e where e is the gap width. The shear banding
characteristics obtained from the time averaged velocity profiles (as shown in Figure 5) are
plotted in Figure 6 as a function of tw. The values change the most significantly in the first 30
min. Also plotted in Figure 6 is the standard deviation from the average taken over the final 2.12
min of the experiment. After 30 min wait times, the standard deviation stays constant, another
indication that shear history is having minimal impact on the characteristics of the flow.

While the individual velocity profiles we obtained didn’t overlap exactly until tw = 300 min,
the primary characteristics of the flow (a, ¥, ¥;, and ¥;-..) Stay the same after a tw = 30 min,
indicating the sample has returned to an equilibrium state (i.e. is no longer dependent on shear
history) within 30 min. Experimental noise and sample to sample variation could account for
small changes to the individual velocity profiles, so using the characteristics features of the flow
seems a practical method to evaluate the impact of shear history. In the following results, a wait
time of 300 min was used, but future studies could be made more time efficient by using a 30

min wait time.
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Figure 7: Left panels: top to bottom is the interface position a (a), the shear rate in the high
shear band y;, (c), the shear rate in the low shear band y; (e) and the true shear rate y;,. (9)
obtained from 1D velocity profiles acquired every 1 s as a function of time following shear
startup to 12 s™. The black line is protocol 1 (no shear history) and the green line is protocol 2
(with shear history). There are large fluctuations with time. Right panels: top to bottom is a (b),
v (d), ¥; (), and y4-,.(h) averaged over 25 s, a timescale larger than that for the fluctuations.
Protocol 1 are open black squares and protocol 2 are open black circles. Solid lines represent the
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average values for the entire experiment (Protocol 1: y,= 26 s, 7, =4.2 s, 0.=0.27 and Ve =
12 s*; Protocol 2: y,= 26 s, y, =5.5 s, 0 =0.17 and ;.. = 12.5s?). Closed red symbols are
the standard deviations within each 25 s period. For protocol 1, the standard deviation decreases
rapidly in early times (t < 75 s), then at a slower rate (until t ~200-400 s) and finally is

minimized (t > 400 s). For protocol 2, the standard deviation rapidly decreases to reach its
minimal value by t = 100 s.

The left panels of Figure 7 show the primary characteristics of the flow (o, 5, 71, and y¢rue)
obtained from 1D velocity profiles acquired every 1 s following abrupt shear startup to 12 s
(Figure 4) for shear startup protocols without pre-shear (protocol 1) and with pre-shear (protocol
2). The velocity, and therefore corresponding shear banding characteristics, show large
fluctuations with time due to apparent slip and hydrodynamic instabilities. Taking a Reynolds
decomposition approach [61], where variables are decomposed into a time-averaged guantity and
a fluctuation about the time average, the velocity profiles were averaged over 25 s and the shear
banding characteristics for these profiles are plotted in the right panels of Figure 7. The closed
symbols are the coarse-grained time averaged values of the shear banding characteristics, while
the solid lines are the average over the entire experiment. This approach was taken in order to
extract any timescales in the system for characterizing the evolution from transient to steady state
that are obscured by the fluctuations. As with any coarse graining approach, the averaging time
must be carefully selected to be longer than the fluctuation timescale <, but shorter than any
other timescale that would yield information. Also shown (red closed symbols) is the standard
deviation of the 25 s time averaged values from the overall mean. The standard deviation more
clearly reveals the changes in the shear banding characteristics with time.

As noted previously, shear bands begin to form after the first 2 seconds (Figure 4b),

corresponding to the initial large stress overshoot (Figure 2b). The interface position then
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migrates to its steady state position within the fluid gap. Previous work has similarly shown
linear velocity profiles during the stress overshoot [14, 43, 64] and identified a long lived
“metastable” state several hundred seconds long, where the interface position migrates to its
steady state position and flow instabilities develop prior to settling into a steady state [45]. We
define the timescale to reach this steady state as tss. During the metastable regime, several
features of the stress have been observed [65, 66], including a stress undershoot [67] as observed
for the system for a shear startup at 12 s (Figure 2b).

The metastable regime could be broken down into several parts, each with different features
in the stress and the flow behavior. Shear bands form and the interface position migrates to its
steady state mean value (the solid line) within ~25 s. The standard deviation, i.e. the fluctuation
or oscillation about the mean value, is initially at its highest value and decreases rapidly for a
timescale we will designate as twans ~=75-100 s. Beyond ~75-100 s, the standard deviation
shows a more gradual change until ~200-250 s, where it finally plateaus to a minimum value.
The more gradual change in deviation from the mean would correspond to the metastable state
where the stress undershoot occurs, which has been deemed a mechanical signature of the onset
and development of flow instabilities [58]. The minimization of the standard deviation indicates
that the overall flow behavior, despite the presence of 3D flow from instabilities and the resulting
velocity fluctuations in a 1D measurement, is no longer changing with time and we have reached
a steady state. Therefore, the steady state timescale tss~= 200-250 s. This behavior is reflected in
Y V1, and ¥4, as Well as a. It can be seen most clearly by looking at the standard deviation of

the time averaged values (right panels, Figure 7).
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It is expected that the transient and steady state timescales would depend on multiple
factors, such as the geometry of the shear cell, the applied shear rate, and shear history to name a
few. They should also depend on the properties of the sample, such as the relaxation time t, the
time it takes for a single chain to relax back to its equilibrium state after being out of
equilibrium, which is a function of surfactant and counter-ion concentration as well as
temperature.

Comparing protocol 1 (no shear history) with protocol 2 (with pre-shear), we see that the
standard deviation of o, y3, ¥;, and y .. 1S minimized within the first 50-75 s for protocol 2. It
appears as though the transient timescale is now equal to the steady state timescale. With pre-
shear, the microstructure of the sample is presumably disturbed, which may have allowed the
hydrodynamic instabilities to develop more rapidly, bypassing a “metastable” state as observed
in previous studies [46, 58, 67].

In addition, several of the shear banding characteristics are changed. The average interface
position goes from 0.27 in protocol 1 to 0.17 (nearer to the inner rotating wall of the Couette) in
protocol 2 where pre-shear occurred. The average value of the low shear rate y; increased from
4.2 s in protocol 1 to 5.5 st in protocol 2. The high shear rate y,, and amount of apparent wall
slip, as indicated by the value of y,,,,., however, were roughly the same (26 s* and 12 s
respectively). Significant wall slip is not observed in either protocol. It appears there is a
compensation mechanism, in which when the interface position is located farther in the fluid gap
(protocol 1 without pre-shear), the value for the low shear rate is smaller.

To extract information about the 3D flow instabilities during the various regimes observed

in the stress response and shear banded flow behavior, we further analyze the fluctuations. The
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fluctuations are not random but reflect the coherent 3D nature of the flow. Previously, the
Fourier transform of Rheo-NMR velocimetry data [68] and velocity autocorrelation functions
[41] were used to analyze velocity fluctuations in wormlike micelle systems . The
autocorrelation function can provide a better understanding of nature of the fluctuations by
cleaning up a noisy signal and illuminating the underlying regular frequencies that are present.
Here, we Fourier Transform time autocorrelation functions of the four characteristics of shear
banding to obtain power spectra, which is a standard analysis and has the advantage over direct
Fourier transform of reducing noise in the resulting spectra. The time domain data was divided
into 64 s time intervals following shear startup and was used to calculate time autocorrelation
functions, which were then Fourier transformed to obtain the spectra in Figures 8 and 9
(o and y,, in Figure 8 and y; and y,. in Figure 9). We clearly observe different frequencies
depending upon the particular characteristic of shear banding and between the two flow

protocols.
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Figure 8: Frequency images from the Fourier transform of the time correlation functions. The
colorbars correspond to amplitude (intensity normalized by the maximum intensity) in arbitrary
units (a.u.). (a, c) interface position for protocol 1 (a) and protocol 2 (c). The dominant
frequencies in the spectra are shown with blue arrows. In protocol 1, there is one frequency at 12
Hz that occurs for all times following shear startup to 12 s™*. For protocol 2, there are two
frequencies at 12 and 19 Hz. (b, d) high shear rate for protocol 1 (b) and protocol 2 (d). The
same frequencies for protocol 1 (12 Hz) and protocol 2 (12 and 19 Hz) are observed in the
spectra for the high shear rate.
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Figure 9: Frequency images from the Fourier transform of the time autocorrelation functions.
The colorbars correspond to amplitude (intensity normalized by the maximum intensity) in
arbitrary units (a.u.). (a, ¢) low shear rate for protocol 1 (a) and protocol 2 (c). The dominant
frequencies in the spectra are shown with blue arrows. In protocol 1, there are frequencies at 7
and 14 Hz that occur for all times following shear startup to 12 s. For protocol 2, there is a
single dominant frequency at 19 Hz. (b, d) the true shear rate for protocol 1 (b) and protocol 2
(d). Similar frequencies are observed for protocol 1 (7 and 12 Hz) and protocol 2 (19 Hz).

For protocol 1, there is nearly a universal frequency of 0.19 Hz present at all times
following shear startup and in all characteristics of shear banding (in the low shear rate there is a
small shift to 0.22 Hz). However, a second high intensity frequency of 0.11 Hz is present in the
low and true shear rates. There appears to be correlation between the interface and high shear
rate fluctuations and the low shear rate and true shear rate fluctuations. The appearance of a
strong lower second frequency in low shear rate and true shear rate indicates a coupling between

slip and low shear rate. For protocol 2, there is a universal frequency of 0.3 Hz present at all
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times and in all of the characteristics of shear banding. A second frequency of 0.19 Hz of
roughly similar intensity occurs in the interface position and high shear rate, indicating a
coupling between these two values.

In general, we see correlations between fluctuations of the high shear rate and interface
position, as well as between fluctuations of low shear rate and apparent wall slip (seen through
the true shear rate). Comparing the two protocols, we see a shift in the frequency universal to all
shear banding characteristics. With Protocol 2 that involved a short wait time and pre-shear, the
universal frequency is higher (0.3 Hz) than with Protocol 1 where a long wait time and no pre-
shear was employed (0.19 Hz). A second, high intensity frequency presents itself in the low
shear rate and true shear rate for protocol 1 (0.11 Hz). In protocol 2, a second equal intensity
frequency appears in the high shear rate and interface position at a higher value (0.19 Hz).
Interestingly, the frequency values do not shift depending on the regime (time after shear
startup). Data for a range of applied shear rates is needed to correlate these frequencies to the
specific nature of the hydrodynamic instabilities and the resulting secondary flows and research

is currently ongoing in this direction.

Conclusions

Shear banding following shear startup was studied in a solution of wormlike micelles
(WLMs) by measuring 1D velocity profiles across the 1 mm fluid gap of a Rheo-NMR
concentric cylinder Couette cell using Rheo-NMR velocimetry. Fits to the velocity profiles were
used to evaluate the shear banding characteristics, including the shear rates in the low and high
shear band, the interface position and the true shear rate. Measurements were made for two flow

protocols, one with and one without pre-shear. Due to the presence of flow instabilities, large
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temporal fluctuations were observed in the flow characteristics obtained from a 1D
measurement. Extending the spatial dimension to 2D would sacrifice temporal resolution,
therefore, we instead separated the averaged quantities from the fluctuations about the average
and analyzed them separately. The timescales for the flow to transition from a transient response
to steady state were identified and quantified from analysis of the average values. The
fluctuations were quantified through Fourier Transform of the time correlation functions of the
data to obtain spectra of fluctuation frequencies. Pre-shear resulted in different magnitudes of
the timescales and a shift in the frequencies of the fluctuation of all shear banding characteristics.
Further experiments are needed to elucidate the connection between these frequencies and the

nature of the hydrodynamic instabilities.
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RHEO-NMR VELOCIMETRY OF LARGE AMPLITUDE OSCILLATORY SHEAR

Abstract

Complex fluids display flow heterogeneities and a rich variety of nonlinearities under
large imposed shears. Large amplitude oscillatory shear (LAQOS) has been an appropriate way of
characterizing the nonlinearities posed by fluids in rheology. In this study we introduce means of
classifying LAOS using rheo-nuclear magnetic resonance (Rheo-NMR). Rheo-NMR is
frequently used to study velocity responses of complex fluids to steady shear deformations due to
the technique’s ability to image local velocities across a fluid gap with the added benefit of
studying opaque fluids noninvasively. The field however had fallen short of the ability to study
oscillatory responses of these fluids owing to hardware limitations that prevailed. As of recent
years updated Rheo-NMR equipment makes venturing into LAOS in the field of Rheo-NMR
possible. Being the first time LAOS is being studied under Rheo-NMR, non-linearities are
studied using spatial velocity profiles, time dependent local velocity profiles and Lissajous
curves. Ultimately this study aims to show the possibility of expanding Rheo-NMR to predict
flow behavior under LAOS and build a conversation to develop analysis methods for this novel

data in the future.

Introduction

Yield stress fluids and shear thinning fluids are encountered everywhere in life.
Emulsions, dense suspensions, foams, and polymeric gels are yield stress fluids seen commonly
in industries related to consumer products, pharmaceuticals, foods and civil engineering. These

materials flow only once a stress larger than a fluid specific critical stress has been overcome, a
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feature related to their ‘soft jammed’ structures[1, 2]. Once the critical stress is surpassed and
these materials are under flow they often exhibit shear thinning behavior [3-6]. Viscometric flow
assumptions allow for the these materials to be modeled by the Herschel-Bulkley (HB) equation
1(y) = 1y + Ky™, where 7,, is the material’s yield stress, K, the material’s consistency index, y,
the shear rate and n, the power-law index of the material[7-10] . This model combines the
Bingham plastic model that describes ideal yield stress materials, with the Ostwald de Waele
power law model to express the complex behavior of yield stress fluids we studied here [9, 11-
16]. Shear thinning fluids are well modeled by a simple power law model, T(y) = Ky ™, with the
value of the power-law index being less than unity [16]. Many polymer melts and particle
suspensions (e.g. bentonite-in-water) exhibit thixotropy or time dependent shear thinning
category [2, 3, 17-19] .

Dynamic oscillatory tests are widely used in characterizing a spectrum of a material’s
responses going from a liquid to a solid or linear to non-linear allowing the conceptualization of
its viscoelastic properties[20]. Material response varies based on the degree of strain. Low
applied strain amplitudes generate linear responses or small amplitude oscillatory shear (SAOS)
and provide the relationships between the microstructure and the rheological properties of
complex fluids as long as the total applied sinusoidal deformation is small such that the applied
frequency (first harmonic) is what is detected [21-25]. Despite the wealth of information
generated by SAOS, small deformations tested are not common in processing and use
applications. Large amplitude oscillatory shear (LAQOS) is present in most industrial processes
involving complex fluid based products utilizing high shears over short time scales during which

a steady state is not achieved [20]. As the degree of deformation is increased and the material
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transitions to the nonlinear viscoelastic region (non-LVR) , the material’s structure may change
bringing in higher order harmonics (mainly 3 and other odd harmonics) that influence the
applied first order harmonic hence giving the nonlinear response[20, 23, 25, 26]. While
utilitarian in approaching realistic processing conditions in rheology LAOS measured nonlinear
stress responses distinguish among complex fluids with similar micro- and nano- molecular
structures, which under small deformations are not captured [20, 21, 27, 28]. LAOS experiments
also allow for the nonlinear responses to be a function of both strain amplitude and frequency
[23].

Measurement of flow fields during these material deformations provide additional insight
into the bulk stress, strain and strain rate responses e.g. when shear banding is present [10].
Optical methods, such as Doppler velocimetry, particle image velocimetry, ultrasound
velocimetry, and rheo-light scattering techniques, provide flow visualization but can be limited
by sample density heterogeneity, geometry limitations, transparency constraints and often add
particulates which interact with the material [29]. Rheo-NMR velocimetry has the advantage that
it does not require doping samples with tracers, hence is considered a non-invasive technique and
has the capacity to study three-dimensional velocity fields using a range of geometries [29-31].
Steady shear Rheo-NMR has been a well-established technique used for over 30 years to provide
complimenting data to steady shear rheology. Rheo-NMR is progressively integrating further
with the rheometer, where both bulk and microstructural information can be simultaneously
obtained [32-34]. A further stride in that direction is demonstrated here using equipment

designed to create large amplitude oscillatory shear in the NMR magnet.
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Using classical signal input-response analysis in LAOS rheology, the projection of the
oscillatory stress response against the applied strain (y) gives rise to an ‘elastic Lissajous-
Bowditch curve’, where details of the elastic moduli are seen [27, 28, 35, 36]. Oscillatory stress
response plotted against the input strain rate (y) gives a ‘viscous Lissajous-Bowditch curve’,
where instantaneous viscosities are seen [37-43]. A linear viscous fluid shows a linear viscous
Lissajous curve, while an ellipse is seen for a viscoelastic material in the linear viscoelastic
regime which then begins to depict nonlinearities as one moves to the nonlinear regime [35, 36,
38].

This work investigates the flow of a range of fluids exhibiting Newtonian, shear thinning
and yield stress behavior under LAOS within a NMR magnet employing a prototype rheometer
driveshaft and motor. While previous studies related to shear induced multilamellar vesicles
under LAOS have been conducted using 1D NMR spectra post oscillatory flow cessation with a
similar prototype driveshaft, the current study is the first to have delved into 1D velocity profiles
of fluids during the LAOS deformation process [44, 45]. Given the novelty of the data acquired
several potential analysis approaches are demonstrated. The local velocity responses to input
sinusoidal strain are measured in time, indicating nonlinearities in comparison to simple small-
molecule fluids subject to the same strain. Lissajous figures are plotted for each fluid versus the
Newtonian velocity behavior as the input. The evolution of complex material flow behavior from
shear thinning plug flow, shear banding type flow and no flow that coexist under the same
applied shear rate, and transience related memory effects (lead and lag) of xanthan gum solution,
yoghurt, ketchup and Carbopol solution will be explored in this paper by means of LAOS Rheo-

NMR data.
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Materials and Methods

Materials

Two of the complex fluids used in this study were consumer products directly purchased
from stores, Heinz ketchup and Siggi’s non-fat yogurt. Additionally, a 0.2wt.% Carbopol
solution was made using Carbomer 940 (Making Cosmetics) which was neutralized to a pH 7
using triethanalamine (TEA), following methods suggested by Di Guiseppe et al. [46]. Since this
Carbopol solution was highly water based, 0.2% (v/v) GdClIs was used to dope the solution,
reducing its magnetic relaxation time. These chosen complex fluids, ketchup, drinking yogurt
and 0.2wt.% Carbopol were used in this study to represent fluids modeled by the HB model.

A 0.6% (w/v) xanthan gum solution was chosen to explore the LAOS behavior shown by
fluids modeled by the power law model. This solution was prepared by mixing powdered
xanthan gum of molecular weight 2,000,000 (MP Biomedicals) in DI water. Work by Rofe et al.
explored a lower concentration of this solution (0.2% (w/v)) at shear rates of 55 and 10s%, but
the xanthan gum (UNAM) they used was of a higher molecular weight compared to samples
from other suppliers [47]. In contrary, the 0.2% (w/v) xanthan gum solution (MP Biomedicals)
we prepared showed Newtonian velocity profiles at the applied shear rate amplitudes used for
this study. Defined nonlinear velocity profiles were observed only at a xanthan gum
concentration of 0.6% (w/v), for the in house prepared solution, leading to its selection for this
study.

Deionized water doped in 0.2% (v/v) GdClzand a 1,000 cSt (1 Pa.s) silicone oil sample
(Consolidated Chemicals & Solvents LLC) were used as Newtonian references. While certain

molecular weights of silicone oils at higher shear rates show shear thinning behavior, for the
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used low shear rates in this study, the used silicone oil showed Newtonian behavior [48]. All
samples were tested at room temperature, 21°C, and care was taken to ensure that no bubbles

were trapped in the samples.

Rheometry

A strain-controlled AR-G2 Rheometer by TA instruments was employed in collecting
strain sweeps to ensure that the non-Newtonian samples tested on the NMR rheometer were in
fact in the nonlinear region at the selected strain amplitudes. A cone and plate steel geometry of
diameter 60mm and cone angle 2° was used for this purpose. Strain sweeps with varying percent
strains from 0.1% to 100% at individual fixed frequencies of 0.1, 4, and 100 rads™ were run. The
strain sweeps were used to determine the angle of rotation required to enter the non-linear regime
for each sample. The highest strain at which the non-linear regime for each complex fluid was
approached at was: 2% strain at an angular frequency of 0.1rads™ for drinking yogurt
(corresponding to an angular amplitude of 0.04°), 0.79% strain at an angular frequency of
0.1rads™ for Heinz ketchup (corresponding to an angular amplitude of 0.0158°), and 1.99%
strain at an angular frequency of 100 rads™ for 0.2wt.% Carbopol (corresponding to an angular
amplitude of ~0.04°) and 0.7% strain at an angular frequency of 0.1rads™ for 0.6% (w/v) xanthan
gum (corresponding to an angular amplitude of 0.014 °). The Rheo-NMR tests done with a
Couette shear cell, at an angular frequency of 0.196 rads™ and strain amplitudes of 6.3 and 25.2
had angular amplitudes of 45° and 180° respecively while rotating a total of 90° and 360° back
and forth. The samples were all well into the non-linear regime of the applied strains in the

Couette shear cell as well.
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Rheo-NMR LAQOS

The NMR LAOS measurements were performed using an Avance 250 spectrometer by
Bruker with a superconducting wide bore magnet of 5.8 T field strength and a resonance
frequency of 250 MHz (for proton spectrometry). A Micro 2.5 imaging probe by Bruker with
shielded gradient coils that bears a maximum gradient strength of 1.49 T/m was utilized to
produce flow-gradients and slice selective gradients. Non-selective excitation was produced
using a 25mm diameter radio frequency coil that acted as both a receiver and transmitter. The
NMR method employed was a single pulse gradient spin echo (PGSE) pulse sequence [49] with
a double slice selection: a 10mm slice in the vorticity direction that helped avoid edge effects,
and a Imm slice in the direction of flow that aided in the reduction of curvature effects on the
velocity profiles, that resulted in 1D images just as those seen in studies by Al-Kaby et al. [50]
the difference being that the acquisitions were timed using triggers here.

A magneto-safe portable rheometer, with an attached shear cell was inserted from the top
of the magnet ensuring that the central region of the shear cell was centered within the RF coil
such that edge effects of flow would not hinder flow visualization across the fluid gap. The shear
cell is a geometry commonly referred to as the Taylor-Couette shear cell, that comprised of two
cylinders: a rotating inner cylinder called the rotor of radius of 8mm (7;) made of PEEK and an
outer stationery cup called the stator of radius 9mm (r,,) made of borosilicate. The imaged 1D
velocity profiles hence detailed the local velocities acquired across a 1mm fluid gap. The Couette
cell dimensions were selected in accordance to experiments conducted by Brox et al. Since
Rheo-NMR gives us access to local velocities, v(r), inside the fluid gap, this information can be

used in deriving the local shear rates. The local shear rate, y (- = V v, for Newtonian fluids
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expected to be constant with radial position, r, under the narrow gap limit of the Couette shear
cell. A representation of the resulting local shear rate, y ;) can be calculated by directly using the
annular velocity gradient, V v, in Egn. 1 [7, 29, 51, 52]:

L 0(vy/r) vy vy
Yoy =T —— =] - Eqgn. 1

Based on this equation, for a Newtonian fluid, the shear rate at the rotor () under the narrow

gap assumption can then be shown using Eqgn. 2 [7, 53, 54] :

U(Ti) v(-rl.)

Yo = = Eaqn. 2

To—Ti 1

where r; and r, are the inner and outer cylinder radii.

The sample suspended in the Couette shear cell of the drive shaft was sheared using a
strain controlled magneto safe Rheo-NMR rheometer. This Rheo-NMR rheometer is the first of
its kind with the capability of inducing both steady state shear and oscillatory shear at
frequencies between 0.001Hz and 9.99Hz that also has a built in trigger function. The motor was
allowed to run for 256 oscillatory cycles for each of the strain amplitudes of y, = 6.3 and y, =
25.2, at a fixed angular frequency of 0.196 rad s™*. Data was collected at the same 32 points of
each cycle making use of the trigger function that was built in to the rheometer, that enabled the
acquisition of data at the same calculated position vectors of every oscillatory cycle. Prior to the
data acquisition from the 256 cycles, upon the command from the motor, the rotor was made to
oscillate at the fixed angular frequency (0.196 rads™; a period of 32s) for 320 seconds. This
angular frequency was so selected in order to be within the non-linear regime of the sample
while avoiding mechanical issues arising at higher angular frequencies. To increase the signal to

noise ratio velocity data acquired at each position vector was averaged 16 times giving a final
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data set resulting in 1 D flow images of what seemed as 8 oscillatory cycles. All 1D flow images
possess a 25.6 mm field of view in read direction with 512 pixels, resulting in a 50 um/pixel high
resolution. Data was analyzed using Prospa (Magritek, NZ) and MATLAB (MathWorks, Natick,
MA) to derive spatially and temporally resolved velocity information using which Lissajous

curves were also constructed.

Discussion
Steady State Velocity Profiles
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Figure 1: Steady state velocity profiles at applied shear rates of 1 s 1(==), 2 s71(0),
3s71(m), 4s71(A),and 5 s~ 1(#) for a) water b) silicone oil ¢c) ketchup d) drinking
yogurt e) 0.2wt.% Carbopol and f) 0.6% (w/v) xanthan gum. Two velocity profiles
are plotted per applied shear rate to depict inconsistencies encountered with noise.
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Figure 1 shows results of steady state experiments, widely used in Rheo-NMR, that
depict a nonlinear rheological flow (unidirectional rotation) that has reached steady state [55,
56]. Five different applied shear rates are shown (Figure 1 a)- f)) for each sample. The velocity
profiles of two different steady state experiments for each shear rate are overlaid to depict
variations encountered due to vibrations from the drive shaft, noise from NMR voltage, signal
and other experimental limitations. Newtonian fluids, water and silicone oil (Figure 1 a) and b)),
exhibit linear velocity profiles with the rotor (8mm) velocity equal to the applied shear rate (Eqn.
2) and no flow boundary condition of zero velocity at the stator wall (9mm).

The steady state data for the HB type fluids (Figure 1 ¢)-1 e)) at each applied shear rate
show inhomogeneous velocity profiles across the fluid gap. Here, the fluid close to the rotor wall
shows a yielded flow while fluid close to the stator flows as a plug, un-yielded [34, 55]. This
behavior is described as shear banding of soft-jammed materials and is physically different to the
shear banding phenomenon observed with micellar solutions [57, 58].

Each of the samples failed to acquire a zero velocity near the stator, at 9mm in Figures 1
c)- e), indicating wall slip at the stator [55]. This stator wall slip can be attributed to an ‘apparent
slip layer’, a condition that arises due to the inability for the dispersed phase to physically
occupy spaces adjacent to solid boundaries, which instead is occupied by a thin layer of low
viscosity or Newtonian based fluid of thickness 0.1-10 um along the glass stator wall [59-61]. At
a spatial resolution of 50 um/pix, in the experiments, this layer is averaged with and dominated
by larger fluid mass, hence commensurate *H spins moving at a higher velocity in the material

bulk. Here, the terminology ‘apparent slip’ is identified as a suspending fluid layer will be in
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continuous contact with the solid boundaries, unlike for polymer melts where the fluid loses
contact with the solid boundaries [61].

Rotor wall slip is also observed at all applied shear rates for steady state velocity profiles
of yogurt and ketchup (Figure 1 ¢) and d)). This rotor wall slip is identified by the velocity
achieved at the rotor being less than the expected velocity by fluid near the rotor which should
numerically equal to the applied shear rates. Existence of rotor slip for Carbopol is also seen at
all applied steady state shear rates except at 1 s, where the fluid in the entire fluid gap seems to
drag along with the rotor’s velocity as a plug (Figure 1 e)). While no rotor wall slip is observed
at a steady state applied shear rate of 1 s** for Carbopol, a higher velocity (of ~1.2 mm s?) is
observed at the stator wall (Figure 1 €)). A similar phenomenon is also observed and discussed
below for Carbopol oscillated at a strain amplitude of 6.3. This phenomenon likely arises from
surface interactions between the Carbopol and borosilicate glass stator wall, an interaction that is
absent at the rotor wall made of PEEK [62].

In contrast to the Newtonian and HB type fluids measured, the steady state velocity data
for 0.6% (w/v) xanthan gum water solution, power law fluid, shows only rotor wall slip and no
stator wall slip (Figure 1 f)). A uniform velocity distribution is observed at 1 mm s*. Curved
nonlinear velocity profiles are generated at higher applied shear rates corresponding to 2 mm s -
5 mm s™. Such curvature has been connected to a form of shear-banding where the interface of
the shear ‘bands’ is considered to be broad for a polymer entanglement system like the xanthan

gum solution [63]. The velocity profiles indicate strong shear thinning behavior [47, 64-67].
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Oscillatory Spatial Velocity Profiles

Eight oscillatory cycles of a 32 s period were averaged over 256 rotor oscillatory cycles.
Spatially resolved velocity profiles corresponding to half of a single oscillatory cycle are shown
in Figure 2 a)- f) and 3 a)- f).

The corresponding figures to the right of the velocity profiles are the shear rate
calculations of those velocity profiles from a finite difference method (Figure 2 g)- I) and 3 g)-
1)). The irregularities toward the rotor and stator of the shear rate profiles are from the use of
finite difference formulas applying the forward and backward differences at the boundaries. The
shear rates between the gray dashed lines, of radius 8.2 mm -8.85 mm, (Fig 2 g)- |) and 3 g)- I))
can be considered to show the correct shear rates.

Spatial LAOS velocity profiles of the two Newtonian fluids, water and silicone oil, at
both strain amplitudes (Figure 2 and 3 a) - b)) show homogeneous velocity distributions. Each
profile of the half cycle showing the maximum velocity achieved near the rotor wall
(numerically equal to the shear rate applied by the rotor) and a zero velocity achieved at the
stator wall. This was consistent with the steady state velocity profiles for the two Newtonian
fluids in Figure 1 a) and b). A narrow gap flow cell would have a constant shear rate across the
gap for a Newtonian fluid. However, Figure 2 g) and Figure 3 g) for water under LAOS, slightly
decreasing shear rates from rotor to stator are seen. The more viscous silicone oil shear rate

distributions are more constant across the fluid gap (Figure 2 and 3 h)).
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Figure 2: 1D LAOS velocity and shear rate profiles at a strain amplitude of 6.3.
Spatially resolved 1D LAQOS velocity profiles of a) water, b) silicone oil, ¢) ketchup, d)
drinking yogurt, e) 0.2wt.% Carbopol and f) 0.6% (w/v) xanthan gum. Spatially resolved
1D LAOS shear rate profiles, plotted applying a finite difference methods to velocity
data, of g) water, h) silicone oil, i) ketchup, j) drinking yogurt, k) 0.2wt.% Carbopol and
1) 0.6% (w/v) xanthan gum.
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The oscillatory spatial velocity profiles of ketchup at both strain amplitudes (Figure 2 and
3 ¢)) show rotor and stator wall slip, consistent with the steady state profiles (Figure 1 ¢)). The
spatial velocity profiles at a 6.3 strain amplitude (Figure 2 c)) show heterogeneous flow with
position. This was characterized by a partially yielded narrow region close to the rotor and a
large region in plug flow toward the stator along with both a rotor and stator slip at each acquired
velocity profile of the half cycle depicted. As the strain amplitude was increased to 25.2 (Figure
3 ¢)) stator slip was retained throughout the half cycle. There is a heterogeneous flow at the
intermediate shears with a trend toward a more pronounced continuous flow corresponding to
rotor slip decreasing at the higher velocity amplitudes of the half cycle. Ketchup is a particulate
suspension of tomato concentrate suspended in a Newtonian system, causing rapid rotor motion
to disrupt the fiber network and align it along the flow allowing for a shear thinning behavior
[68, 69]. For the ketchup closer to the stator, the dispersion network is not disrupted showing a
plug flow by the stator, while a thin Newtonian film along the stator wall causes stator slip.

Spatially resolved oscillatory velocity profiles of Siggi’s non-fat drinking yogurt for the
half cycle show both rotor and stator slip for a strain amplitude of 6.3 (Figure 2 d)) as did the
steady state profiles (Figure 1 d)). The fluid region experiencing less stress than the yield stress
(0 < gy), that shows plug flow near the stator, is larger than the plug flow region seen for ketchup
(Figure 2 ¢)). This indicates drinking yogurt having a higher yield stress at a 6.3 strain amplitude.
At the higher strain amplitude of 25.2 (Figure 3 d)) both rotor and stator slip reduce, with each of
the profiles of the half cycle tending toward a more homogeneous shear thinning profile.
Oscillatory velocity profiles in the half cycle shown of 0.2wt.% Carbopol at a strain amplitude of

6.3, show the material moving in plug flow with a stator wall slip (Fig. 2 g)) as was seen in the
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steady state profiles at 1 mm s and 2 mm s (Figure 1 e)). The Carbopol has the highest yield
stress than the rest of the fluids measured, essentially composed of swollen hydrophilic elastic gel
particles in a Newtonian base. This forms a jammed structure spanning the fluid gap that moves
as a solid body [70, 71]. Interestingly, this plug flow behavior is only seen from rotor velocities of
0 to +/- 0.5 mm s beyond which the fluid layer closest to the stator wall begins to acquire higher
velocities than that of the fluid layer closest to the rotor, a phenomenon seen in the 1 mm s steady
state velocity profile (Fig. 1 €)). In other words, as the rotor moves from +0.5 mm s toward a
maximum velocity of ~+1.5 mm s the stator wall acquires a velocity higher than that shown at
the rotor. A partial explanation for this is the negative charged polymer particles show a repulsive
interaction with the borosilicate glass stator, while at the rotor the interaction is neutral [62]. At
the point in the oscillatory cycle where the rotor transitions from going to a higher velocity to a
lower velocity (Figure 2 g)), between rotor velocities of +/-1.18 and +/- 1.5 mm s, the velocity of
the gel at the stator fluctuates +1.53 mm s to +1.3 mm s™ and back to +1.5 mm s, indicating a
transient response relative to the velocity change of the rotor. Following this transience, as the
rotor approaches a zero velocity, in its oscillatory motion, the gel at the stator wall maintains a
higher velocity than the rotor velocity, again exhibiting a lag. This lag follows through once again
till a velocity of +/— 0.5 mm s is reached, after which the gel continues in plug flow until it
comes to rest at 0 mm s*. Here, the absence of a rotor slip indicates the absence of a depletion
layer at the rotor, or the effect of it being negligible if present. At a strain amplitude of 25.2,
Carbopol velocity profiles show a similar behavior to ketchup, with discontinuous velocity profiles
at higher strains of the half cycle marked by a yielded region close to the rotor and a bulk flowing

non-sheared region close to the stator (Fig. 3 €)).
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Figure 3: 1D LAOS velocity and shear rate profiles at a strain amplitude of 25.2.
Spatially resolved 1D LAOS velocity profiles of a) water, b) silicone oil, c) ketchup, d)
drinking yogurt, e) 0.2wt.% Carbopol and f) 0.6% (w/v) xanthan gum. Spatially resolved
1D LAOS shear rate profiles, plotted applying a central finite difference method to
velocity data, of g) water, h) silicone oil, i) ketchup, j) drinking yogurt, k) 0.2wt.%
Carbopol and 1) 0.6% (w/v) xanthan gum.
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This is consistent with a shear disruption of the gel particle network in the Carbopol analogous to
the fiber network of ketchup. The fluid behavior at the stationary wall experiencing plug flow also
shows prominent lag as was seen for 6.3 strain amplitude as the rotor’s velocity decreases from 5

mm stto 0.7 mmst.

0.6% (w/v) xanthan gum solution subject to a strain amplitude of 6.3 showed the
maintenance of a homogeneous flow by each velocity profile of the oscillatory cycle with no
stator slip (Figure 2 f)). The forward motion of the rotor toward the maximum positive velocity
amplitude, from 0 mm s to +1 mm s, generated linear velocity profiles that transitions into
shear thinning behavior as the rotor velocity increases from 1 mm s to +1.3 mm s, This is
followed by a more linear velocity profile as the rotor reads a velocity of 1.5 mm s™. As the
strain was further increased, with decreasing rotor velocity from +1.5 mm s to 0 mm s (to the
rotor’s turn around point at a strain 6.3) pronounced shear-thinning velocity profiles show power
law flow. The same repeated trend is present in velocity profiles following the flow reversal from
0 mm s™tto-1.5 mm s, As the strain amplitude applied is increased to 25.2 (Figure 3 f)) a shear
thinning profile with mild curvature is observed at 1.5 mm s just as for the 6.3 strain amplitude.
As the strain is further increased, a significant shear thinning develops at velocities: +2 mm s™ to

+5 mm stand +5 mm st to -2 mm s1), consistent with the steady state flow data in Figure 1 f).

Time Dependent Velocity Profiles

Figure 4 presents the local velocity oscillation with time at three positions across the fluid
gap for each sample at each tested strain amplitude. The selected spatial positions are 1) two
pixels (50 um/pixel) from the rotor wall or at 8.1 mm from the central axis of the rotor, 2) at the

middle of the fluid gap, 8.45 mm from the central axis of the rotor and 3) a pixel before the stator
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wall or 8.95 mm from the central axis of the rotor accounting for the nonzero velocity observed
for the Newtonian fluids at the stator. The positions closest to the walls were chosen 50 -100 um
away in order to avoid partial volume artifacts encountered at the pixels closest to the walls. This
common artifact is a result of averaged velocity signal in a pixel partially being from the fluid in
the cylindrical streamline of a Couette cell, with the other percentage of signal being from the
wall material (no signal from the solid wall) both being mapped on to a Cartesian grid [72]. For
clarity, only one cycle of the eight cycles is presented for each fluid sample at each strain
amplitude (Figure 4 a)- j)).

Under LAOS the Newtonian fluids exhibit linear velocity distributions with no indication
of wall slip seen in the half a cycles shown in Figure 2 a), b) and Figure 3 a) and b). This linear
spatial velocity is consistent with the time dependent velocity in Figure 4 a) and f) where each
gap position’s velocity oscillation is perfectly sinusoidal.

The rotor and stator slip observed in the oscillatory spatial velocity profiles at both strain
amplitudes (Figure 2 and 3 c)) appear in the time dependent velocity profiles as well (Figure 4 b)
and g)). The wall slip close to the rotor marked by the velocity amplitude of ketchup being
significantly less than that of the Newtonian fluid’s velocity response. The stator wall slip on the
other hand is indicated by the higher velocity amplitude achieved by ketchup than the near zero
value achieved by water (Figure 4 b) and g)). In addition, these time dependent velocity profiles
of ketchup at both strain amplitudes show a slightly distorted sinusoidal waveform particularly at

the rotor wall, indicating a non-linear response (Figure 4 (b) and (d)).
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Figure 4: Time dependent velocity profiles.
Single oscillatory time dependent velocities cycles at three fluid gap positions, the rotor
wall (m), mid gap (A) and stator wall (e) for a period of 32 s at a)- €) an applied strain

amplitude of 6.3 and f) —) an applied strain amplitude of 25.2 for silicone oil ( = ),
ketchup (== ), drinking yogurt ( == ), 0.2wt.% Carbopol ( == ) and 0.6% (w/v) xanthan
gum (== ) all compared to water ( ==).

The time dependent velocity profiles for drinking yogurt at the lower applied strain
amplitude of 6.3, clearly displays a nonlinear response as a triangular oscillatory pattern at all
three positions across the gap (Figure 4 c)). Rotor and stator wall slip seen is also characterized
similarly as for ketchup in Figure 4 b) and g)). From the spatially characterized LAOS velocity
profiles in Figure 3 d) at a 25.2 strain amplitude, the presence of rotor slip and a slight presence
of stator slip is observed. The temporally resolved velocity profiles at the stator for yogurt,
clearly shows how negligible the stator slip is with the time dependent velocity profile of yogurt ,
as seen in Figure 4 h), aligning with that of water at the stator. This observation is also

contradictory to the steady state data observed for drinking yogurt in Figure 1 d) at applied shear
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rate of 5 1, where stator slip is significantly seen. Demonstrating that the oscillatory flow alters
the yogurt’s flow response and microstructure at the stator. The time dependent velocity at the
higher 25.2 strain, at all three positions across the gap for yogurt show a more sinusoidal
behavior. Different from the triangular response seen at the lower strain amplitude, signifies a
more linear behavior. The transition from a strain amplitude of 6.3 to 25.2 suggests that the
yogurt’s weak, 3D viscoelastic gel network of casein chains and aggregates, and polysaccharides
[73] shows a microstructural rearrangement at higher strains. The stator slip for yogurt,
controlled by the yogurt gel matrix, transmits stress toward the stator wall at the higher strain
owing to the microstructural rearrangement due to LAOS motion at the stator, reducing stator
slip to near negligible. Unlike for ketchup whose dispersion network allowed for a thin
Newtonian fluid layer to generate a stator slip even at the higher strain amplitude (Figure 3 c)).

For Carbopol at a strain amplitude of 6.3 (Figure 4 d)) the absence of rotor slip along with
the entire fluid across the fluid gap moving as a solid body as discussed with Figure 2 g) presents
itself with each of the time dependent velocities imaged at the rotor, mid gap and stator overlaying
along the time dependent velocity curve for water at the rotor. When closely analyzed, however,
the time dependent velocity curve for Carbopol at the stator shows a stator velocity amplitude
higher than that of the rotor velocity amplitude. Regardless, these time dependent velocities in
Figure 4 d) exhibit sinusoidal behavior with negligible phase shift relative to the Newtonian
reference, water. At a strain amplitude of 25.2, the ‘lag’ phenomenon of Carbopol at the stator
wall, described with its spatially resolved LAOS velocity profiles in Figure 3 e)) above reflects as
a sgquare wave in the time dependent velocity profile of the stator in Figure 4 i). The time dependent

velocity profiles at the rotor and mid gap however, are sinusoidal (Fig. 4 1)). This indicates that the
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jammed structure of the gel experiences no to little shear at the stator wall. Thus the jammed
structure at the stator does not rearrange in response to the decrease in velocity and once more

exhibits a lag in approaching lower velocities.

For spatially resolved LAOS velocity at a 6.3 strain, as xanthan gum solution underwent
an incrementing strain (Figure 2 f)) the velocity profiles generated at each second of the cycle
approaching the maximum velocity (half strain amplitude) in the positive direction, showed
transitions from linear to shear thinning to near linear, discussed previously. Followed by the
velocity profiles showing a pronounced power law behavior with further increased strain in the
positive direction. This flow response generates in the time dependent velocity of xanthan gum
as a triangular oscillatory wave pattern observed at the mid gap (Figure 4 e)). It is reflected at the
mid gap as the change in curvature of the velocity profiles from such strain induced transitional
flow behaviors impacts the fluid layers at the middle of the fluid gap. The time dependent
velocity profile at the stator is sinusoidal, but of lower velocity than its Newtonian reference
temporal velocity due to rotor slip (Figure 4 €)). The high molecular weight xanthan gum
polysaccharide has a polymer entanglement microstructure resulting shear thinning behavior.
Time dependent velocity at the rotor and mid gap for xanthan gum at the 25.2 strain amplitude,
are sinusoidal with a phase shift to the left relative to the Newtonian water (Figure 4 j)). At
increasing rotor shear rate the amount of fluid across the gap showing strong shear thinning
behavior increases (Figure 3 f) giving a larger low viscosity spatial region close to the rotor. The
phase shift seen in both the rotor wall and mid gap time dependent velocities is due to the fluid in

the gap that undergoes significant polysaccharide disentanglement with strong commensurate
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shear thinning spatial expansion across the gap as the rotor reaches a maximum velocity

amplitude, then failing to entangle in the time the rotor takes to decrease its velocity.

Lissajous Figures

Analysis of the data in the context of LAOS methodology presents two primary
approaches [26, 27, 38]. Fourier transform analysis of the time dependent velocity data showed
the presence of both odd harmonics up to 5™ order and even harmonics; however their intensities
with respect to the fundamental frequency was insignificant and the analysis was inconclusive.
Lissajous figures on the other hand exhibited quantitative variations with fluid response.
Lissajous figures plot an output wave function against an input wave function. The acquired time
dependent velocity at the rotor, mid gap and stator gap spatial positions for each fluid were
plotted against the Newtonian velocity of water as an input. The velocity Lissajous figures
generated show the deviation of a complex fluid’s velocity to that of the ideal Newtonian fluid’s
linear behavior.

To determine the utility of the analysis approach, Lissajous figures using the sinusoidal
behavior of the temporal velocity curves for water (blue curves Figure 4) at each position across
the gap was analyzed as the input wave function (abscissa). The time dependent velocity of each
of the other fluids at each select position across the fluid gap was used as the response wave
function (ordinate). The plot of the two is as shown in Figure 5 for the Newtonian silicone oil

and non-Newtonian ketchup.
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Figure 5: Construction of time dependent velocity Lissajous figures to quantify data
changes. a) Testing a pure Newtonian response, the temporal velocity wave function of
1,000 cSt Silicone oil is plotted against the temporal velocity wave function of water b) For
complex fluids, each of the fluid’s time dependent velocities (in the example shown, of
ketchup) were plotted against the sinusoidal temporal velocity wave function of water.

Lissajous figures for the non-Newtonian fluids at strain of 6.3 and 25.2 in Figure 6 and
Figure 7 correspond to the same three positions across the fluid gap as described for Figure 4:
rotor wall = 8.1 mm, mid gap= 8.45 mm and stator wall = 8.95 mm. The velocity Lissajous
figures indicate Newtonian behavior as a straight line at a 45° angle or a slope of 1 for equal axes
scaling for each position across the gap for both the strain amplitudes. This signifies both
Newtonian fluids’ time dependent velocities are in phase over the entire oscillatory period at

each spatial position.
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Figure 6 : Lissajous figures for non-Newtonian samples, using time dependent velocity

of water, at a strain amplitude of 6.3. The Lissajous curve made with silicone oil (==)

are plotted for comparison as the Newtonian reference.

a) Lissajous figure for ketchup at the (i) rotor, (ii) mid gap and (iii) stator

b) Lissajous figure for non-fat drinking yogurt at the (i) rotor, (ii) mid gap and (iii)
stator

c) Lissajous figure for 0.2wt.% Carbopol at the (i) rotor, (ii) mid gap and (iii) stator

d) Lissajous figure for 0.6% (w/v) xanthan gum at the (i) rotor, (ii) mid gap and (iii)
stator

In Lissajous rheometry, the stress response to an applied sinusoidal strain rate or strain is
plotted. Here, the LAOS regime is distinguished from the SAOS regime using Lissajous figures

by observing symmetry. Fluids tend to maintain symmetry about the origin in both regimes,



145
however, lose their reflective (mirror) symmetry in the LAOS regime [74], a feature also observed

in our velocity Lissajous figures.

Moving across the gap from rotor (i) to stator (ii) for all samples in Figure 6, ketchup
(Figure 6 a) (i)-(iii)) to proceeds from a linear, non-Newtonian, response to an elliptical non-
Newtonian response at the stator. A transition at the mid gap shows the onset of the ellipse
aligned with the Newtonian curve at a 45° angle. At a strain amplitude of 25.2, ketchup (Figure
7 a) (i) — (ii1)) a similar trend is seen across the analyzed gap positions with respect to the
deviation from the Newtonian curve (45° angle), however the curves are linear with a slight “S”
shape observed near the stator indicating a nonlinear behavior and wall slip at that location. The
deviations of the curves from Newtonian response at the rotor and stator quantify wall slip at
those positions. The smaller velocity amplitudes in the response ordinate (y-axis), for the rotor at
strain amplitudes of 6.3 and 25.2, than for silicone oil indicates the rotor slip for ketchup, also
present in the drinking yogurt at the rotor at both strain amplitudes (Figure 6 and 7 b) (i)). The
velocity amplitudes at the stator (y-axis coordinates) for ketchup are higher than that of the
Newtonian fluid due to stator slip. A characteristic that we can draw out from these Lissajous
figures lies in the wall slip features described. Wall slip occurring at a boundary where the fluid
is yielded due to flow will have a Lissajous curve of gradient less than unity, showing the curve
tilting down and away from the Newtonian reference Lissajous curve, seen for ketchup at the
rotor wall (Figure 6 and 7 a) (i)) . Conversely, wall slip occurring at a boundary where the fluid
is un-yielded, and in plug flow, will present a Lissajous curve of gradient greater than unity,
showing the fluid’s curve tilting upward and away from the Newtonian reference curve of a

gradient of 1 seen for ketchup at the stator wall (Figure 6 and 7 a) (iii)).
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Drinking yogurt at 6.3 strain amplitude exhibits rotor slip as stated above, but also
exhibits an elliptical twisted curve only at the negative velocities (Figure 6 b) (i)). This indicates
the flow behavior is more sinusoidal with a phase difference in the positive velocities (forward
rotation of rotor), however on the backward rotation sees an additional harmonic to the phase
component which generates the twisted ellipse in the negative velocity. The rotor slip seen is
characterized by a gradient less than unity indicates that yogurt is yielded near the rotor.
Proceeding to the stator (Figure 6 b) (iii)), the forward flow becomes linear while the negative
velocity (during the backward motion) bears just a simple ellipse. This indicates that flow in the
positive velocity (forward) direction becomes a sinusoidal wave that is in phase with the
sinusoidal waveform of water, while the negative velocity direction just shows a difference in
phase to that of water’s sinusoidal curve, but also shows no added harmonics (loss of the twist in
the ellipse). This is a clear indication that drinking yogurt shows different forward and backward
velocity patterns that are repeated throughout all 256 oscillatory cycles that have been averaged
into eight cycles and can be seen as a potential signature of fluid thixotropy. At the higher
applied strain amplitude of 25.2 at the rotor, the yogurt curve becomes more linear (Figure 7 b)
(). A gradient less than unity showing a deviation from the Newtonian reference Lissajous
curve exists, but the gradient is higher than that was seen for yogurt at a 6.3 strain. This can be
attributed to a rotor slip that occurs in the presence of a more yielded fluid, than at 6.3 strain

(Figure 7 b) (i)).
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Figure 7 : Lissajous figures for non-Newtonian samples, using time dependent velocity

of water, at a strain amplitude of 25.2. The Lissajous curve made with silicone oil ( =)

are plotted for comparison as the Newtonian reference.

a) Lissajous figure for ketchup at the (i) rotor, (ii) mid gap and (iii) stator

b) Lissajous figure for non-fat drinking yogurt at the (i) rotor, (ii) mid gap and (iii)
stator

c) Lissajous figure for 0.2wt.% Carbopol at the (i) rotor, (ii) mid gap and (iii) stator

d) Lissajous figure for 0.6% (w/v) xanthan gum at the (i) rotor, (ii) mid gap and (iii)
stator

The 0.2wt.% Carbopol at 6.3 strain amplitude shows a plug flow response with the higher
velocity amplitude at the stator than at the rotor as was previously discussed. The Lissajous
figure confirms this (Figure 6 (c) (ii) and (iii)) where a linear Newtonian behavior in phase with

that of the Newtonian behavior at the rotor is achieved. The steep gradient of the Carbopol
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velocity Lissajous curve at the rotor compared to that of the Newtonian reference velocity
Lissajous curve points once more to stator slip that occurring due to plug flow (Figure 6 c) (iii)).
At the stator wall of the higher strain amplitude, 25.2, Carbopol again shows the steep gradient
related to stator slip in the presence of plug flow (Figure 7 c) (iii)). The “S” shape that this curve
takes, however, is the projection of the square wave form discussed with time dependent
velocities of Carbopol (Figure 4 1)), where this feature was attributed to the ‘lag’ phenomenon of
velocity at the stator where nonlinear surface interaction effects played a major role.
xanthan gum at each position across the fluid gap and for both strain amplitudes exhibits velocity
Lissajous curves of gradient less than that of the Newtonian fluid, confirming that the curve’s
gradient is related to the extent of shearing of the sample (Figure 6 and 7 (d) (i)-(iii)). This
indicates that the hydrated polymer chains of xanthan gum disentangle and align with the flow

even at the stator [75].

Conclusions

1D spatially resolved velocity profiles of Herschel-Bulkley (HB) and a shear thinning fluid subject
to LAOS motion in a cylindrical Couette cell with a Imm fluid gap were studied employing Rheo-
NMR velocimetry. Analysis methods of time dependent velocity data at three positions across the
gap was undertaken using velocity Lissajous curves to elucidate complex fluid velocity variations

relative to Newtonian reference under large transient motions.

Oscillatory spatial velocity profiles showed linear behavior for Newtonian fluids (DI water and
1,000 cSt silicone oil), and nonlinear spatial distributions for HB and power law fluids (Heinz

ketchup, Siggi’s non-fat drinking yogurt, 0.2wt.% Carbopol and 0.6% (w/v) xanthan gum) that
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varied with the oscillatory flow cycles. Time dependent velocities at three different positions
across the fluid gap at the two strain amplitudes were extracted from the data and were shown to
provide novel data of the flow of fluids as a function of the time it was acquired in the oscillatory
cycle. The velocity Lissajous figures were shown to identify the deviations each fluid showed

from Newtonian fluids, with distinct signatures of slip evident.
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FRACTAL VANE GEOMETRY, A POTENTIAL MEANS TO REDUCE WALL SLIP: RHEO-

NMR PERSPECTIVE

Abstract

Rheo-NMR velocimetry measurements were used to test a novel 3D printed Rheo-NMR
12 arm fractal vane rotor. In the study of complex fluids, such as yield stress fluids and shear
banding wormlike micelles, wall slip commonly occurs, making interpretation of rheological
data difficult. Typically shear cell surfaces are physically roughened in order to negate wall lip.
One common practice to roughen boundaries is using sandpaper, however, that can leave dust
particles in samples and the application and removal process can be tedious. There is also
difficulty in determining an appropriate roughness with this method. This study tests whether a
fractal vane rotor can be used to reduce or entirely eliminate wall slip over the widely used
geometry in rheo-NMR, the concentric cylinder. The type of fractal vane geometry used in this
work was shown in previous studies to nullify slip and its design comes with an advantage of
being easily fabricated via 3D printing for use in Rheo-NMR applications. 1D and 2D velocity
maps were acquired through rheo-NMR velocimetry for a simple yield stress fluid (Carbopol)
and, for calibration purposes, a high viscosity Newtonian fluid (silicone oil). Applied shear rates
of 55 and 7 s were selected for study, as slip was noted for the yield stress fluid at these shear
rates. Results showed that the fractal vane shear cell was able to reduce stator slip, but not
necessarily rotor slip, for the yield stress fluid at the shear rates imposed and that no secondary

flows were present.
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Introduction

Many industrial fluids and natural materials are yield stress fluids. Yield stress fluids
readily flow once the applied stress is greater than a critical value, called the yield stress, and
otherwise behave as viscoelastic solids [1-3]. While the existence of a true yield stress has been
debated in the literature, yield stress is still considered a well-recognized rheological parameter
[4, 5]. In addition to the yield stress behavior, these fluids can also show wall slip, time
dependent thixotropic effects (ageing, shear rejuvenation), transition regimes of flow behavior
and sedimentation [2, 6-8] . Under shear, yield stress fluids primarily exhibit two modes of flow:
plug flow and fully sheared flow [9] [10].

Yield stress fluids are of interest as they account for many commercial products widely
seen in industries like personal care products (toothpaste, hair gel etc.) and foods (mayonnaise,
ice cream etc.). These yield stress fluids encompass a wide range of material types; including
pastes, concentrated suspensions, emulsions, foams and composites [11].

In industry, the use of rheology in determining the yield stress of these viscoplastic
complex fluids is a common practice. A typical geometry used in research and development
laboratories is the concentric cylinder, or Taylor Couette, system [11]. Used extensively in the
study of hydrodynamic instabilities, dating back to G.I. Taylor’s experiments in 1923, flow in the
concentric cylinder today can be considered the ‘hydrogen atom of fluid dynamics’ [12-14]. The
concentric cylinder geometry has appeal as it is possible to carry out experiments in a closed
system and the cylinder’s rotation rate is controllable with high accuracy [15]. While the design
and model of the concentric cylinder works well for Newtonian systems, measurements may not

fully capture the material properties of complex fluids as ideal laminar Couette flow (no
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secondary flows) is typically assumed, shear heating or imperfections in the measurement device
are not accounted for and wall slip effects are neglected [1, 16]. For a yield stress fluid, the flow
within a concentric cylinder cell will be plug flow in the regions of the fluid gap that experience
a stress less than the yield stress (toward the stationary boundary) while a sheared layer could
appear closer to the rotor wall [9]. A transition to a fully sheared regime may be observed at
higher applied shear rates when the shear stress close to the stationary ‘stator’ wall becomes
higher than the material’s yield stress [9]. Another characteristic feature of a yield stress fluid is
wall slip at solid and smooth boundaries, the concentric cylinder geometry being no exclusion to
this [13, 17-21]. This wall slip or wall depletion effect happens when the dispersed phase of a
two-phase (or multi-phase) material moves away from the solid boundaries of the geometry
leaving a thin low viscosity depletion layer, with a thickness in the order of 0.1-10um, that
effectively flows with ease acting like a lubricant at the boundary [17]. Large particles in the
disperse phase and geometry boundaries with like electrostatic charges, accompanied with an
electrically conductive continuous phase, also cause wall slip [17]. This phenomenon
complicates the determining of a reliable yield stress [22]. While roughening the rotor boundary
or widening the fluid gap aids in reducing wall slip, they are not fool proof methods. In some
instances the roughness maybe insufficient and widening the gap creates a non-homogeneous
shear rate distribution [20, 23].

Another method employed to reduce slip, dating back to 1936, was the use of a glass
vane geometry in place of a cylinder [24, 25]. A vane geometry typically consists of thin straight
blades of equal length, termed “arms”, arranged in a hexagonal or cruciform pattern around a

central point. The fluid to be tested sits within a cylindrical “cup” and the vane is inserted and
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acts as the rotor. The use of the vane geometry was further developed by Nguyen and Boger in
the 1980s where they studied yield stress behavior in clays and found it to be the most suitable
geometry [9, 25]. The use of the four vane and six vane geometry then became common practice
as measurements of these geometries agreed well with those of the concentric cylinder [25-27].
The vane geometry also reduced time dependent or thixotropic effects shown by most yield
stress fluids as the material structure was retained during sample loading, when the thin vane is
inserted into the fluid [28-30]. The fluid between the blades was assumed to move as a solid
body along with the vanes, creating a ‘soft” boundary where slip would not be expected to occur.
Any yielding behavior outside this soft boundary would then be a property of the fluid itself [26,
31]. However, secondary flows between vanes have been observed for low viscosity fluids and
circular streamlines, indicative of an ideal axisymmetric stress field, are not obtained when
measuring strongly shear-thinning fluids [32, 33].

A novel fractal vane rotor was designed with a Bethe lattice like fractal structure [32].
This structure provides a large contact surface area for the fluid while maintaining a sparse
internal structure that reduces time thixotropic effects in the sample during sample loading. The
fractal geometry was 3D printed, allowing for easy and cost-effective fabrication of an
interchangeable rheological geometry that is also chemically compatible with a wide range of
solvents. Owens et al. measured bulk torque for fractal vane geometries with varying contact
edges and compared results to “reference” measurements made by cone-and-plate geometries
with roughened surfaces [32]. This study also combined the results from analytically calculated
2D stress field contour plots for Newtonian fluids with a vane geometry (using the Wiener-Hopf

method), and numerically calculated occluded area fraction (OAF) for the fractal vane geometry
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[27, 32]. They found, from calculations done on bulk torque measurements, that a fractal vane
geometry bearing 12 or 24 contact vane edges exhibited the least degree of slip while bearing a
sufficiently homogeneous stress field and low OAF.

In this work, Rheo-NMR techniques were used to obtain 1D and 2D spatially resolved
velocity measurements of the flow field within a 3D printed 12 arm fractal vane geometry
designed to replace the rotor of a Rheo-NMR concentric cylinder shear cell. Rheo-NMR is a
combination of rheometry and nuclear magnetic resonance (NMR) techniques that can be used to
observe spatio-temporal velocity fields in fluids. Rheo-NMR has the advantages of being non-
invasive, non-destructive and capable of measuring velocity in any direction, even for opaque
materials [34-37].

Rheo-NMR is complimentary to traditional bulk rheology measurements, as spatially
resolved measurements of the flow field allows for inspection of localized effects, such as the
wall slip and flow heterogeneities often present in yield stress fluids [7, 18, 34, 38].

With Rheo-NMR velocimetry measurements, it was possible to directly detect whether the 12
arm fractal vane rotor was able to reduce wall slip and maintain axisymmetric flow in yield stress
fluids. Carbopol, a model non-thixotropic yield stress fluid known to exhibit wall slip, and a high

viscosity Newtonian silicone oil were the fluids chosen for this study [39].

Materials and Methods

Materials
0.6wt.% Ultrez10 Carbopol (Lubrizol) solution was used for all Rheo-NMR and rheology
measurements. The solution was prepared by dissolving Carbopol powder in deionized water by

stirring it at 50 rpm for an hour using a stir bar. The aqueous Carbopol solution was then
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neutralized to a pH 7 using triethanalamine (TEA) and left to rest for 24 hours prior to loading
the samples to the shear cell. The preparation method followed protocols by Dinkgreve et al. as
close as possible to ensure the solution prepared was a simple yield stress fluid [39].

Air bubbles induced in the samples on loading the shear cells were removed by shearing
the samples at 15 s while being heated in a water bath at 45°C. The Carbopol sample using the
fractal vane shear cell required 4 days of continuous shearing for the degassing process. For the
concentric cylinder Couette shear cell, the Carbopol sample required 24 hours of shearing for
degassing. The sample was then left to rest for 24 hours prior to any Rheo-NMR measurements.
A 1,000 cSt (1 Pa.s) silicone oil sample (Consolidated Chemicals & Solvents LLC) was also
studied as a Newtonian reference. A bubble removal protocol was not required for this sample

since bubbles did not remain trapped once the Newtonian fluid was loaded to the shear cells.

Rheo-NMR Equipment

A magneto safe, strain controlled Rheo-NMR rheometer, with the capability of inducing
constant rotations between 0.001 Hz - 9.99 Hz was used for all measurements. The Rheo-NMR
Couette cell was comprised of a glass stator and a polyether ether ketone (PEEK) smooth rotor.
The outer and inner radii of the shear cell were R, = 9 and Ri = 8 mm, respectively, resulting in a
fluid gap of 1 mm and a radius ratio (x = Ri/ Ro) of 0.89. The 12-arm fractal vane rotor was 3D
printed, also from PEEK, with the radius of the knife edge of the fractal vane, R, = 8 mm,
keeping to the same radius as the Rheo-NMR concentric cylinder rotor. The Rheo-NMR
rheometer was built such that the rotor could be interchanged, while keeping the glass stator the

same.
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Methods

All Rheo-NMR velocity measurements were performed using a Bruker AVANCE 300
spectrometer equipped with a Micro-2.5 gradient system (maximum Gradient: 1.5 T/m 60A) and
a 25 mm diameter *H radiofrequency coil, along with Bruker Paravision 5.1 and Topspin 3.5
software. Data was anlayzed using Prospa (Magritek, NZ) and MATLAB (MathWorks, Natick,
MA).

1D and 2D Rheo-NMR velocity measurements were acquired at two applied shear rates,
5and 7 s*. A standard PGSE flow encoding imaging sequence [40] was used to acquire 2D
velocity images. 2D axial velocity images were acquired with a field of view of 23 mm x 23 mm
and matrix size 512 x 512, resulting in a voxel resolution of 45 um x 45 um over a 1 mm slice.
The imaging slice was located at half the fill height of the fluid (~5.5 cm), i.e. the longitudinal
center of the shear cell, so as to avoid end effects. All 2D velocity images had four averages and
two g-steps each of duration, § =1 ms, with an observation time, A, of 8 ms, a repetition time of
1,500 ms and echo time of 12.3 ms. Separate images were obtained that measured velocity in all
three orthogonal directions, vy, v, and v,. Velocity images were also acquired without flow to
allow for any necessary phase corrections to be made to the images acquired under flow.

In order to acquire all echoes at the same position vector of the fractal vane rotor and thus
avoid ghosting artifacts, a trigger was added to the pulse sequence. Once the acquisition
command was given, the spectrometer would wait for the trigger signal from the Rheo-NMR
rheometer before data acquisition. The trigger signal would command a data acquisition from the

spectrometer each time the rotor completed a full revolution and arrived at the same position.
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However, this came at the expense of the total acquisition time. The acquisition times were 12
hours at a shear rate of 5 st and 8 hours at a 7 s™.

To acquire 1D velocity profiles, pulsed gradient spin echo (PGSE) motion encoding was
employed with double slice selection and frequency encoding [40-43]. 1D velocity images were
acquired with a spatial resolution of 45 um across the fluid gap (FOV= 23 mm with 512 points).
The imaging region was a 10mm slice in the vorticity direction that was 1mm thick in the
direction of flow. The 1mm thickness was chosen, as it was the optimal slice thickness to
eliminate any curvature effects for a concentric cylinder Couette shear cell of R, = 9 mm and
R; =8 mm [44]. Velocity was measured in the direction of flow with displacement observation
time A = 8 ms, magnetic field gradient pulse duration & = 1 ms, 2 g-steps, and 32 averages. Since
the experiments were triggered, the acquisition time for the 1D velocity profiles at 5 s was 10
minutes and 46 s minutes while for 7 s was 7 minutes 40 s. For the Couette shear cell, since the
rotor was symmetric through all time points across a revolution, only a single 1D velocity image
in the direction of the flow was obtained for both samples at both shear rates. The fractal vane
however had multiple imaging regions, with 1D velocity profiles collected at three separate
positions relative to the vane arms (Figure 2). In the data processing step, for both 1D and 2D
images, a mask was applied to remove noise. This mask was constructed by ignoring the pixels
that bore signal intensities less 25% of the average in the fluid’s intensities in the magnitude

image.

Discussion

The Couette shear cell was designed with a narrow gap. For a Newtonian fluid this meant

that the fluid layers closest to the rotor wall would achieve a velocity equal to that of the shear
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rate applied by the rotor, v, = Qr; , where Q is the angular frequency of the rotor and r; is the
rotor radius [1, 7]. For the fluid layers closest to the stator, assuming a no slip boundary
condition means the expected stator velocity would be zero. In the narrow gap limit, a constant
shear rate and therefore linear velocity distribution would be expected. The 1D velocity profiles
for Newtonian silicone oil in Figure 1 a) and 1 b) exhibit a nearly linear velocity distribution and
slip is not observed at the walls, as expected. The 1D velocity profiles for the simple yield stress
fluid (0.6wt.% Carbopol) show slip at both stator and rotor walls at both applied shear rates
(Figure 1 c) and d)). At a shear rate of 5 s (Figure 1 c)), the rotor velocity for Carbopol is 4.2
mm s as opposed to the expected 5 mm st and the stator velocity is 1.46 mm s* instead of the
expected zero velocity. Similarly, at the 7 s** shear rate (Figure 1 d)), Carbopol shows a rotor
velocity of 6.2 mm s as opposed to the expected 7 mm st with a stator velocity of 1.7 mm s,
It is in our interest to understand if this wall slip effect observed when using the Couette shear
cell for simple yield stress fluids can be reduced or completely mitigated using the 12-arm fractal

vane geometry.
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Figure 1: 1D NMR velocity profiles of 1,000 cSt silicone oil and 0.6wt% Carbopol at steady state
in a Couette shear cell, sheared at shear rates of 5 s* and 7 s™%. The outer stationary cup wall is
found at Omm and 18mm. a) Silicone oil sheared at a shear rate of 5 s* with no wall slip at either
boundary. b) Silicone oil sheared at a shear rate of 7 s with no wall slip at either boundary. c)
Carbopol sheared at a shear rate of 5 s exhibiting a Herschel-Bulkley type flow and both rotor
and stator slip. d) Carbopol sheared at a shear rate of 7 s** exhibiting a Herschel-Bulkley type flow

and both rotor and stator slip.

Figure 2 shows 2D cross-sectional images of the fractal vane geometry. The signal is
derived from the fluid shown by the regions in green and grey in figure 2 a) and entire region in
green of Figure 2 b). The black region within the fluid for both Figure 2 a) and b) is the solid
fractal vane rotor made of PEEK where no signal is derived from. The regions in black
surrounding the fluid are the glass stator and the empty space between the RF coil and the shear
cell. The region considered to be the 1 mm “fluid gap” for the vane geometry is found between
the perimeter outlined by the vane radius, R, and the outer stator (Figure 2a)). The fluid trapped
in the fractal vane cavities is expected to behave as a solid body (grey region in Figure 2 a))

hence creating a “soft” cylindrical boundary [32].
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Figure 2: 2D image of the 12-arm fractal vane shear cell.

a) Region of interest where fluid velocity profiles are of interest is shown by the green
region outlined in red. The gray region depicting the fluid trapped within the cavities
of the fractal vane that behaves as a solid body during rotation of the fractal vane rotor.
b) Anticipated alignment (solid lines) vs approximate region (dashed lines) of the 1mm
thick slices imaged in the 1D velocity profiles for the 12-arm fractal vane geometry.

The red, blue and yellow slices in Figure 2 b) correspond to the approximate alignment of
the 1D velocity profiles and correspond to the red, blue and yellow boxes in Figures 3 and 4. We
say ‘approximate’ as the exact placement of the slice depended on the orientation of the
geometry when it was attached to the drive shaft which was difficult to precisely determine. In
addition, as the 1D velocity profiles acquired are averaged across a 1mm slice thickness in the
direction of flow, some pixels nearest the knife edge may be impacted by curvature. As a result,
a few pixels closest to the fractal vane geometry may show differences between each expected
orientation of acquisition.

The red slice in Figure 2 b) corresponds to a ‘soft’ rotor wall boundary, since the fluid in
the “fluid gap” is directly in contact with the fluid moving as a solid body in the deep cavity. In
the blue slice, the fluid in the ‘fluid gap’ is located at the vane edge responsible for pushing

forward the fluid trapped in the deep cavity. Finally, the yellow slice indicates the imaged region
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with the vane edge that is heading the spin of the rotor. In essence the fluid in the deep cavity

gets pulled along by this vane edge.
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Figure 3: 1D NMR velocity profiles for the 12-arm fractal vane at an applied shear rate of
5 s for a)-c) 1,000 cSt silicone oil and d)-f) 0.6wt% Carbopol. Each 1D velocity profile
outlined with the color corresponding to the imaged regions in Figure 2 b). Velocity
profile of the fluid gap in interest is outlined on black while all other regions in grey are
expected to behave as a solid body. a) - ¢) for Newtonian silicone oil, no stator slip is seen
(at Omm or 18mm) with an expected zero velocity at the stator. Rotor slip perceived only
in slices a) and c). d) - f) for the yield stress fluid, Carbopol, show stator slip (at Omm nor
18mm) with the velocity at the stator wall being greater than zero.The highest stator slip
detected, 1.45 mm s, was in the fluid cavity region (d) where a peculiar velocity
overshoot instead of a rotor slip is seen at R,,. Slices in €) and f) showing lesser stator slip,
however, show higher rotor slip than Carbopol in the Couette cell.

1D images for 1,000 cSt silicone oil at a 5 s shear rate, shown in Figure 3 a) - ¢), show

zero velocity at the stator (at diameters of 0 mm and 18 mm), displaying a no-slip boundary
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condition for all slices. The velocity at the ‘soft’ boundary (Figure 3 a); red slice) exhibited a
velocity of 4.2 mm s, lower than the expected 5 mm st velocity of the rotor, R, a ‘soft’
boundary rotor slip. The Newtonian fluid reached the expected 5mm s rotor velocity in the
region where fluid is pushed by the vane edge (Figure 3 b); blue slice). For the region of fluid
that gets pulled by the vane edge (Figure 3 c); yellow slice), the velocity nearest the rotor is 4.7
mm s, again exhibiting slip.

1D velocity profiles for Carbopol at an applied shear rate of 5 s (Figure 3 d) e) and f))
showed varied degrees of stator wall slip. Slices closer to the arms of the vane (Figure 3 e) and
f); blue and yellow slices respectively), exhibited a decreased stator slip compared to that
observed by Carbopol in the Couette shear cell (Figure 1 c)). The blue slice (Figure 3 €))
showed a stator velocity of 0.44 mm s while the yellow slice (Figure 3 f)) exhibited a stator
velocity of 0.41 mm s, The stator velocity in the Couette cell was 1.46 mm s*. The stator
velocity for the region in line with the deep fluid cavity (Figure 3 a); red slice) was
approximately equal to the 1.45 mm s stator velocity seen with the Couette cell for Carbopol
(Figure 1 c)). Therefore, stator slip was not reduced for the ‘soft’ boundary.

Rotor slip was also observed for both the velocity profiles at the vane edge pushing the
fluid cavity (Figure 3 e); blue slice) and the pulling the fluid cavity (Figure 3 f); yellow slice).
The rotor velocities were 3.8 mm s and 3.3 mm s for the blue and yellow slices, respectively,
as opposed to the 4.2 mm s rotor velocity seen for Carbopol in the Couette cell. In essence, the
‘partially soft’ rotor boundary seems to have increased the slip detected at the rotor wall as
opposed to the ‘hard’ rotor wall boundary of the Couette shear cell. The ‘soft’ rotor boundary

(Figure d); red slice) showed a velocity of ~ 5.4 mm s, higher than the expected applied
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velocity of 5 mm/s at R,. To eliminate any possible transient startup effects of Carbopol that
may have contributed to this velocity overshoot, the experiment was repeated after a pre-shear of

5 s’ for one hour. However, the same effect was observed.
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Figure 4: 1D NMR velocity profiles for the 12-arm fractal vane at an applied shear rate of
7 s for a)-c) 1,000 cSt silicone oil and d)-f) 0.6wt% Carbopol. Each 1D velocity profile
outlined with the color corresponding to the imaged regions in Figure 2 b). Velocity
profile of the fluid gap in interest is outlined on black while all other regions in grey are
expected to behave as a solid body.

a)- ¢) for the Newtonian silicone oil, no stator slip is seen (at Omm or 18mm) with an
expected zero velocity at the stator wall. Rotor slip perceived only in slices a) and b).

d) - f) for the yield stress fluid, Carbopol. Stator slip (at Omm nor 18mm) only observed in
d) and f) with the velocity at the stator wall being greater than zero, no flow boundary
condition achieved at stator in slice e). All three slices d) - f) depicted different valued
rotor slips (at R,,).

Figure 4 shows 1D velocity profiles at an applied shear rate of 7 s™* for the fractal vane.

Silicone oil again did not display any stator slip, however, similarly to the silicone oil ata 5 s*
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shear rate, rotor slip was observed at the ‘soft” boundary (Figure 4 a); red slice). The rotor
velocity was 4.96 mm s, lower than the 7 mm s expected rotor velocity. The fluid at the vane
edge pushing the fluid in the cavity (Figure 4 b); blue slice) also exhibited slip with a velocity of
5.95 mm s*. The fluid at the vane edge that pulls the fluid in the fluid cavity (Figure 4 c); yellow
slice) registered the expected 7 mm s rotor velocity, indicating an absence of slip.

Carbopol sheared at 7 s** (Figure 4 d)- f)) showed decreased stator slip compared to the
Couette cell. Stator slip was not observed for the region where the vane edge was pushing the
fluid of the fluid cavity (Figure 4 e); blue slice) and stator slip velocities of 0.75 mm s and 0.95
mm s were observed for the region with the ‘soft’ rotor boundary (Figure 4 d); red slice) and
the region where the vane edge was pulling the fluid in the cavity (Figure 4 c); yellow slice),
respectively. The stator velocity in the Couette cell was 1.7 mm s,

Rotor slip was not reduced, and in fact increased, for Carbopol at the 7 s applied shear
rate. In the Couette cell, Carbopol showed a rotor velocity of 6.2 mm s, as opposed to the
expected 7 mm s, In the fractal vane geometry, the imaged region at the ‘soft’ rotor boundary
(Figure 4 d); red slice) exhibited a velocity of 5.6 mm s, the region where the vane edge was
pushing the fluid contained in the cavity had a rotor velocity (Figure 4 e); blue slice) that was 4.5
mm s and the vane edge pulling the fluid cavity had a rotor velocity (Figure 4 f); yellow slice)
of 5.7 mm s,

The ideal qualities of the replacement of the Couette shear cell with the fractal vane shear
cell would be: reduction of wall slip effects when studying yield stress fluids, the absence of
secondary flows between arms that interfere with a homogenous shear stress existing at the fluid

layers close to the vanes and the absence of significant dipole stress concentration at the vane
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edges that will help in creating a smooth circular streamline flow at radii greater than the fractal
vane arm radius [32]. 1D velocity images confirmed that the fractal vane geometry was able to
reduce stator slip for both applied shear rates but not rotor slip. In order to determine whether
secondary flows or dipole stress concentrations at the vane edges were present, qualitative, 2D

velocity images of all three orthogonal velocity components, vy, v, and v, were acquired.

Figure 5 a) and e) show the existence of flow in the x component, v,, for both the Couette
shear cell and the fractal vane shear cell at a 5 s applied shear rate. The y velocity component
acquired, vy, is shown in Figure 5 b) and f) with velocity ranging from negative to positive ~5
mm s corresponding to the intensity of blue to yellow. Figure 5 ¢) and g) depict the z velocity
component. Any positive or negative velocities in the z direction, would signify the presence of
secondary flows. For both the Couette cell (Figure 5 c)) and fractal vane shear cell (Figure 5 g))
however, this v, component shows 0 mm s velocity indicating that no secondary flows were
occurring in silicone oil at 5 s in either of the shear cells. The magnitudes of the v, and vy
velocity components (Figure 5 a) and b)) were calculated, leading to speed maps (Figure 5 d) and
h)). These speed maps provide a useful qualitative visual of the velocity distribution throughout
the fluid gap and compliment the 1D velocity profiles. The speed map for silicone oil in the
Couette shear cell in Figure 5 d) depicts a smooth, radial velocity distribution gradually declining
from 5 mm s at the rotor to 0 mm s at the stator. The speed map in Figure 5 h) for the silicone
oil sheared using the fractal vane rotor does not show a smooth transition, particularly close to

the soft rotor boundary.
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Figure 5: 2D NMR velocity maps (qualitative data deduction) for 1,000 cSt silicone
oil under a shear rate of 5 s,

a) Velocity component of vy, b) vy , ¢) v,, and d) the speed map for the Couette
shear cell depicting a radially symmetric velocity distribution gradually declining
from 5mm s at the rotor to a zero velocity at the stator (quantitatively deduced from
Figure 1 a)). e) Velocity component of vy, f) vy , g) v,, and h) the speed map for the
12-arm fractal vane shear cell depicting a velocity profile influenced by dipolar
concentrations at the vane tips (quantitative deduction from Figure 3 d)-f)).

The v, component of velocity for both geometries are null indicative of the absence
of secondary flows for this silicone oil concentration.

The dark areass at the stator in the regions across the fluid gap from the vane edges are
however imaging artifacts rather than reflective of the flow behavior. The imaging artifact is
called flow mis-registration and gets encoded along the phase direction for each of the velocity
components. These are also seen in the flow images of v, and v, components (Figure 5 e) and f))
but are exacerbated in the speed map (Figure 5 h)) on account of how the speed maps were

constructed employing both velocity components. Given that a very small observation time, A=



175
8ms, was used, this artifact is difficult to eliminate without sacrificing voxel resolution. This

artifact will be a common occurrence in all fractal vane images to follow (Figures 5-8 h)).
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Figure 6: 2D NMR velocity maps (qualitative data deduction) for 0.6wt.% Carbopol

under a shear rate of 5 s,

a) Velocity component of vy, b) v , ¢) v,, and d) the speed map for the Couette
shear cell depicting a radially symmetric velocity distribution gradually declining
from 4.2 mm st at the rotor to 1.46 mm s velocity at the stator (quantitatively
deduced from Figure 1 c)). e) Velocity component of vy, f) v , g) v,, and h) the
speed map for the 12-arm fractal vane shear cell depicting a velocity profile
influenced by dipolar concentrations at the vane tips.

Figure 6 a) and e) show the presence of flow in the x component, vy, for the Couette
shear cell and the fractal vane respectively for the 0.6wt.% Carbopol solution. The presence of
flow in the y component, vy, is shown in Figure 6 b) and f). Unidirectional flow is once again
observed for both the Couette shear cell and the fractal vane shear cell at a 5 s* applied shear
rate for Carbopol. Null velocity was observed in v, components for both shear cells (Figure 6 c)

and g)), implying the absence of secondary flow at a 5 s** applied shear rate for the Carbopol
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solution. The speed map for the Couette shear cell in Figure 6 d) depicts a smooth, radial
velocity distribution gradually declining from the maximum intensity at the rotor wall in yellow
to a minimum intensity at the stator wall in blue. For the 12-arm fractal vane shear cell with
Carbopol however, the speed map in Figure 6 h) depicts a velocity profile with higher intensities
close to the vane edges that decrease between the arms. This is consistent with the analytical
stress field contour plot plotted by Owens et al., where they observe a sharp increase of stress by
the vanes as a result of the stress dipole with decreasing stress between the arms for N=12 vane

fractal vane geometry [32].
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Figure 7: 2D NMR velocity maps (qualitative data deduction) for 1,000 cSt silicone oil
under a shear rate of 7 s.

a) Velocity component of vy, b) vy , ¢) v,, and d) the speed map for the Couette shear
cell depicting a radially symmetric velocity distribution gradually declining from 7mm
s'! at the rotor to a zero velocity at the stator (quantitatively deduced from Figure 1 b)).
e) Velocity component of vy, f) vy, , g) v,, and h) the speed map for the 12-arm fractal
vane shear cell, depicting a velocity profile influenced by dipolar concentrations at the
vane tips (quantitative deduction from Figure 4 a)-c)).
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The signal intensity from positive to negative ~ 7mm s velocity in Figure 7 a) and €)
depict the presence of flow in v, while Figure 7 b) and f) depict the presence of flow in v, for
silicone oil in both the Couette shear cell and the fractal vane shear cell, respectively. In the
respective speed map for this Newtonian fluid (Figure 7 h)), the signal intensity closest to the
knife edge is higher than in the region with the fluid cavity. The velocity component in the
vorticity direction (v,) is zero (Figure 7 g)), suggesting this effect is not a result of secondary
flow, but due to a non-axisymmetric distribution of velocity across the radial, r, and 6 directions
of the fluid gap. This also suggests that the stress distribution of this fractal vane geometry is not
axisymmetric as would be for the narrow gap Couette shear cell [1]. The Couette shear cell’s
stress distribution varies only as a function of radial position, r, while the fractal vane shear cell,
may show a stress variation in the 6 direction additionally [1, 32].

Figure 8 a) and €) and Figure 8 b) and f) show unidirectional v, and v,, flow in the
Couette shear cell and fractal vane shear cell for Carbopol. The speed map showed an
axisymmetric velocity distribution for the Couette shear cell for Carbopol at a 7 s shear rate as
well (Figure 8 d)). The speed map for the fractal vane shear cell at 7 s* for the Carbopol solution
(Figure 8 h)) showed influences from dipolar concentrations at the vane tips resulting in the non-
axisymmetric velocity distribution. Once more the null v, velocity component (Figure 8 g))
confirmed that the non-axisymmetric velocity distribution in the fractal vane shear cell was not

due to secondary flows.
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Figure 8: 2D NMR velocity maps (qualitative data deduction) for 0.6wt.% Carbopol at

a shear rate of 7 s%.
a) Velocity component of vy, b) vy , ¢) v,, and d) the speed map for the Couette shear

cell depicting a radially symmetric velocity distribution gradually declining from 6.2
mm s at the rotor to 1.7 mm s velocity at the stator (quantitatively deduced from

Figure 1 d)). e) Velocity component of v, f) vy , g) v,, and h) the speed map for the

12-arm fractal vane shear cell depicting a velocity profile influenced by dipolar
concentrations at the vane tips (can be quantitatively deduced from Figure 4 d)-f)).

Conclusions

This work used 1D and 2D Rheo-NMR velocity images to study the flow behavior of a
Newtonian fluid and a model yield stress fluid in a 3D printed Rheo-NMR 12-arm fractal vane
geometry as compared to a standard Rheo-NMR concentric cylinder Couette geometry.
Specifically, we were interested in whether the fractal vane geometry reduced wall slip effects
for yield stress fluids, and if so, whether this was done in the absence of secondary flows. It was
also in our interest to observe if the stress field was axisymmetric, indicating that the fractal vane

serves as a concentric cylinder geometry with a ‘soft” boundary. The Newtonian response
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showed no wall slip for the concentric cylinder geometry at either applied shear rates in both 1D
and 2D imaging. In the case of the fractal vane however, while stator slip was absent, signs of
potential rotor slip was observed at both 5 s™and 7 s for select slice orientations (slices crossing
through the vane edge and the slices across the fluid filled cavities of the geometry). The slip
effect become more prominent as the shear rate was increased. The 2D speed maps for silicone
oil sheared with the fractal vane further provided evidence of this occurrence. While the 2D
speed map at 5 st for silicone oil with the fractal vane visually presented an axisymmetric
velocity field, the speed map for 7 s shows a prominent presence of a non-axisymmetric flow.
The rotor slip observed in the 1D velocity profiles hence may be attributed to a potential stress
depression resulting a non-axisymmetric flow.

For the 0.6wt.% Carbopol solution, a yield stress fluid, the 1D velocity profiles
determined that the fractal vane geometry was able to reduce stator slip as compared to the
concentric cylinder geometry, but rotor slip was increased. The 2D speed maps for the yield
stress fluid also showed more non-axisymmetric velocity fields compared to those of the
Newtonian fluid. 2D velocity maps of both fluids with the 12-arm fractal vane at both shear
rates conclude the absence of secondary flows between the vanes with 2D velocity maps in
v, being null.

In summary the use of the fractal vane to study yield stress fluids may be beneficial if the
correct slice orientation that is unaffected by the non-symmetric velocity field is chosen. This
process however is a time consuming and tedious so it would make more sense to make the
overall velocity field around the 12-arm fractal vane geometry more symmetric by either

widening the fluid gap or by increasing the number vanes (N=24).
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STEADY STATE AND TRANSIENT RHEO-NMR VELOCIMETRY ON MIXED

SURFACTANT-EMULSION SOLUTIONS

Abstract

The work here reports on the local flow behavior of four different concentrations of an
oil-in-water emulsion by means of Rheo-NMR velocimetry. A concentric cylinder Couette shear
cell with rotating inner cylinder (rotor), a stationary outer cylinder (stator) and a 1mm fluid gap
was used. Data was acquired at a range of shear rates surrounding the critical shear rate
calculated from the three component model of each emulsion concentration. The data acquired
comprised 1D startup velocity profiles and 1D steady state velocity profiles with up ramp and
down ramp profiles compared. Startup velocity profiles showed that a steady state flow was
achieved by all emulsion concentrations at each applied shear rate by 10 minutes of shearing.
Startup experiments also allowed to characterize the variances that were shown by the Rheo-
NMR rheometer at each imposed shear rate for each sample viscosity (which was concentration
dependent). At high emulsion concentrations, steady state velocity data showed spatial
inhomogeneity’s of the flow below a critical shear rate while they depicted a homogeneous flow
at applied shear rates higher than the critical shear rate. Also ramp up and down steady state
velocity profiles, at each applied shear rate for each of the concentrations, overlaying suggested

the absence of shear dependent flow behavior.

Introduction

Complex fluids seen in industrial applications are often yield stress fluids [1, 2]. Yield

stress fluids flow once a critical stress, the yield stress, has been overcome. Below the yield
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stress, they behave as solids [2-5]. Emulsions, dense suspensions, foams, and polymeric gels can
exhibit yield stress behavior and these fluids are ubiquitous in consumer products,
pharmaceuticals, foods and civil engineering. Emulsions are frequently used in personal care
product and cosmetic industries to ensure a pleasant texture and an even smear-ability, which
depends upon the yield stress properties [6][7][8-10]. For example, the yield stress property of
lotion is what allows for an even and thick layer of lotion to occur during application while the
internal micro-structure of the emulsion provides a desired smooth texture [6]. Emulsions are
made of two immiscible fluids, where the droplets of one fluid are dispersed in a continuous
phase containing a surface-active agent [6, 11]. Industrially, emulsions are appealing as they
have tunable rheological properties dependent on their composition and flow histories [7].

Flow curves of yield stress fluids are often modeled using the Herschel-Bulkley (HB)
model. The critical shear rate where yielding occurs can be calculated as , y yg = (0,,/K)™",
where g, is the yield stress, K is the consistency index and n, is the power law index [5, 12].
While the HB model accurately describes the flow behavior of yield stress fluids, it is limited by
the fact that K and n do not have a clear physical meaning, as they are simply fit parameters. The
three component (TC) model, introduced by Caggioni et al., combines the Bingham model and
the mode coupling model to bring in physical meaning to the model [13]. The TC model relates
how stress dissipation in sheared yield stress materials occurs due to elastic, plastic and viscous

dissipations respectively, as shown in Egn. 1 [13].

1

2
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where y ¢ is the critical shear rate and 7. is the Bingham viscosity (a viscosity related to the
continuous phase for the case of emulsions).

Yield stress fluids under shear often exhibit inhomogeneous flow patterns and wall slip
[8, 14, 15, 16]. Due to shear rate heterogeneities, the fluid in some locations may be above the
critical shear rate and will flow, while at other locations it is un-yielded and stationary or flowing
as a plug with wall slip at the boundaries [17]. In rheological studies, the presence of flow
heterogeneities and wall slip are undesirable, as it is then difficult to assign the bulk rheological
response to a particular material property. In the packing of personal care products however,
these features of the flow are useful. Toothpaste for instance will flow from the tube without
attaching to the walls as a result of wall slip.
In this work, Rheo-NMR, a non-invasive and non-destructive technique that allows for the
spatio-temporal observation of velocity was used to investigate flow heterogeneities and the

influence of shear history on yield stress oil-in-water emulsions [18].

Materials and Methods

Materials

Oil-in-water emulsions consisting of a continuous aqueous phase and a dispersed oil
phase at four different classified concentrations were provided by Proctor & Gamble. The
continuous agqueous phase contained linear alkylbenzene sulfonate (LAS), a surfactant with
hydrophilic sulfonate and hydrophilic alkylbenzene groups (P&G Chemicals). The dispersed
phase was a hydrogenated castor oil (HCO), a mineral oil (Paragon Scientific) [13].

For confidentiality of the sample concentrations, each of the concentrations was named

sample 1, 2, 3 and 4. Sample 1 had the highest concentrations of both LAS and HCO with a 4:1
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LAS/HCO ratio was the most viscous of the samples. Sample 2 had a 3.85:1 LAS/HCO ratio.
Sample 3, was the lowest concentration of all the samples also with a 3.85:1 LAS/HCO ratio.
Sample 4 had an LAS concentration equal to that of sample 2 but a low HCO concentration
equal to that of sample 3. The LAS/HCO ratio for sample 4 was 38.5:1. A 1,000cSt Silicone oil
sample (Consolidated Chemicals & Solvents LLC) was also used as an ideal Newtonian fluid in
order to establish baseline measurements accounting for flow cell geometry and rotational drive

affects. All experiments were run at a room temperature of 21.1°C.

Rheo-NMR Methods

All NMR velocity measurements were performed using a Bruker AVANCE 300
spectrometer equipped with a Micro-2.5 gradient system (maximum Gradient: 1.5 T/m 60A) and
a 25 mm diameter H radiofrequency coil, along with Bruker Paravision 5.1 and Topspin 3.5
software. Data was anlayzed using Prospa (Magritek, NZ) and MATLAB (MathWorks, Natick,
MA). A magneto safe, strain controlled Rheo-NMR rheometer, with the capability of inducing
constant rotations between 0.001Hz - 9.99Hz and a concentric cylinder shear cell was used for
all Rheo-NMR experiments. The shear cell had an inner rotating rotor of radius 8 mm and an
outer stationery stator of radius 9 mm, resulting in a fluid gap of 1 mm and a radius ratio (x = R/
Ro) of 0.89.

1D velocity images were acquired employing a pulsed gradient spin echo (PGSE) pulse
sequence with a double slice selection (Figure 1). The two slices were a 1mm thick slice in the
direction of flow and 10mm thick in the vorticity direction. The PGSE pulse sequence used two
gradient steps, each comprising two flow encoding gradients equal in duration (8) but opposite in

their magnitude (+/- g) between which a short observation time, A, was employed for the spin



190
displacements due to flow to occur. The flow encoding maximum gradient, which sets the
velocity encoding range, along with § and A were employed a wide range of value based on the
imposed velocity at the rotor wall. Imaging gradients giving a field of view of 30 mm with 512
read points were used for a 58.6 um resolution. The steady state experiments used 8 repetitions
of the 2 gradient flow encoding, the resulting velocity data being an average of the 16 scans
acquired over a period of 1 minute and 9 seconds. The transient start-up experiments used 2
scans per flow encoding gradient step, minimizing the data acquisition time to 8.16 seconds at
the cost of low signal to noise ratio.

At each shear rate, Rheo-NMR velocity profiles were acquired with flow and without
flow in order to correct for background magnetization phase shifts due to applied magnetic field
gradients. The data presented in this study are the result of the phase difference of the two
profiles- an analysis technique used to compensate effects from imaging pulses and any gradient

imperfections.
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Figure 1: PGSE flow encoding pulse sequence used (simplified)
and the region of the Couette shear cell imaged.
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Experimental Methods

Transient and steady state 1D velocity profiles were acquired during a shear rate ramp.
Shear rates were incremented from low to high (ramp up), then high to low (ramp down) over a
shear rate range around the critical shear rate ( y,;;) for each fluid. For each shear rate
increment, 1D velocity profiles of 8.16 s duration were collected for 10 minutes in order to
capture the transient response. After 10 minutes, the flow was assumed to be at steady state and
a 1D velocity profile with a 1 minute 9 second acquisition time (and therefore higher signal to
noise) was acquired. No equilibration time was allocated following an increment in shear rate
besides human response time (on clicking a button, roughly 30 seconds). The applied shear rates
were chosen to select a range of shear rates that were both far from and near the critical shear
rate (y.riticar) Or each emulsion composition. The critical shear rates for each sample, provided
by P&G, were found using bulk rheological measurements conducted using a concentric cylinder
geometry (Appendix A). The critical shear rate values were calculated from rheograms using the
three component (TC) model [13].

Sample 1 had a critical shear rate of y,,i¢icq; = 2.84 s and the shear rates applied during
the ramps up and down were 0.5, 1, 2, 2.5, 3, 4 and 5 s™* . Sample 2 had a critical shear rate of
Veriticar = 9-98 81 and the shear rates applied during the ramps up and down were 7, 9, 10, and
12 s, Sample 3 had a critical shear rate of y.,icq; = 0.7 st and range of applied shear rates of
0.4,0.6,0.7, 0.8 and 1 s™*. Sample 4 had a critical shear rate, ¥ ,iticq; = 0.6 S and shear rates

were applied at 0.2, 0.4, 0.5, 0.6 and 0.7 and 1 s during the ramps up and down.
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Discussion

Select data is presented in the main body of this paper represents applied shear rates with
interesting features. Rheo-NMR velocimetry data for further applied shear rates of each emulsion
concentration can be found in the appendices with Appendix A showing the applied shear rates
along with their bulk flow behavior deduced from rheograms provided by P&G.

The concentric cylinder geometry used in this project, with its 1mm gap, is expected to
generate linear velocity 1D velocity profiles for Newtonian fluids based on the narrow gap
assumption [19]. Newtonian Silicone oil shown in blue in all the acquired steady state velocity
profiles of Figures 2 and 3 shows the expected linear behavior. Here, a no slip boundary
condition allows the fluid at the stator wall to achieve a zero velocity, and close to the rotor wall,
to achieve a velocity numerically equal to that of the shear rate applied by the rotor. Deviations
from Newtonian behavior exhibited by the emulsion samples can be attributed to flow
inhomogeneities and the fluid’s micelle structure interactions upon shear, e.g. elastic effects,
yield stress and/or shear thinning.

Figure 2 shows the steady state velocity profiles observed for samples 1 and 2 on ramp up
and down over a range of shear rates compared to steady state behavior of the Newtonian fluid.
For velocity profiles of all shear rates examined refer to figures in Appendix B.

Sample 1, with the highest concentration of oil droplets and surfactant concentration in
the aqueous continuous phase, exhibits the most non-Newtonian behavior of all the samples.
Sample 1 exhibits rotor and stator slip-characteristic features of a yield stress fluid (Figure 2 a) 1)
and ii)) which decreases as the critical shear rate of 2.84 /s is surpassed (Figure 2 a) iii) and iv))

[20]. Aty < y..i+ Steady state profiles (Figure 2 a) i) and ii)) show a yielded and a narrow non-
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yielded region as well as stator wall slip. The non-yielded region is identified by a velocity
plateau ~160 um into the gap from the stator while the yielded region throughout the rest of the
gap shows shear thinning behavior [21, 22]. The extent of the sheared region of the material
increases till the critical shear rate (2.84 s™) is surpassed, the non-yielded region at an applied
shear rate of 2.5 s™! decreasing to < 100um of the gap (Figure 2 a) ii)). More homogeneous shear
thinning velocity profiles are observed beyond the critical shear rate which are similar to that of
the start-up velocity profiles (Figure D 1 - D 4).

Sample 2 is interesting in that it shows shear thinning behavior, and therefore is yielded
throughout the fluid gap, at all shear rates with rotor wall slip, but not significant stator slip.
(Figure 2 b) 1), ii), iii) and iv)). However the startup velocity profiles (Figure D 5 and D 6)
suggest the presence of a ~50um scale non-sheared unstable region near the stator at an applied
shear rate of 7/s. For both sample 1 and sample 2, the 1D velocity profiles acquired during the
ramp up and the ramp down at each of the applied shear rate overlay (Figure 2 a) and b) 1), ii),
iii) and iv)), suggest the absence of significant shear history effects in the two emulsion

concentrations.
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Figure 2: Steady state left hand fluid gap velocity profiles for a) sample 1 and b) Sample
2. a) 1) and 11) shear rates less than the critical shear rate, a) ii1) and 1v) shear rates higher
than the critical shear rate of 2.84 s’ for sample 1. b) i) and ii) shear rates less than the
critical shear rate, b) iii) and iv) shear rates higher than the critical shear rate of 9.98 s!

for sample 2.
- 1,000 ¢St Silicone oil, - sample 1 ramp up, - sample 1 ramp down, - sample 2 ramp up,

Figure 3 shows 1D velocity profiles for samples 3 and 4. The profiles show
homogeneous linear profiles, as seen for the Newtonian fluid, potentially because the HCO

concentration in these samples is low compared to samples 1 and 2. Samples 3 and sample 4 also
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showed a lack of shear history as the velocity profiles for the up ramp and down ramp at each
applied shear rate overlay on top of each other (Figure 3 a) and b) i), ii), iii) and iv)).
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Figure 3: Steady state left hand fluid gap velocity profiles for a) sample 3 and b) Sample
4. a) 1) and i1) shear rates less than the critical shear rate, a) ii1) and iv) shear rates higher
than the critical shear rate of 0.7 s! for sample 3. b) i) and ii) shear rates less than the
critical shear rate, b) iii) and iv) shear rates higher than the critical shear rate of 0.6 s°!

for sample 4.
— 1,000 ¢St Silicone oil, - , - sample 3 ramp down, - sample 4 ramp up,

In order to analyze how the velocity evolved with time following an increment in shear

rate, Figure 4 and 5 show the velocity of samples 1 and 3 respectively at three locations across
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the fluid gap plotted against time. These velocities were selected from the 1D velocity profiles
acquired every 8.16 seconds over 10 minutes immediately following an increment in shear rate
(shown in Figures D 1 — D 11). Locations were selected near the rotor at radius r = 8.23 mm, at
the mid-point of the fluid gap (r =8.53 mm) and near the stator (r =8.82mm). Velocity was not
analyzed for the pixels nearest the rotor and stator in order to avoid any possible partial volume
artifacts arising at the boundaries.

Figure 4 a) shows that for sample 1 at an applied shear rate of 0.5/s, which is below the
critical shear rate of 2.84 s!, the velocity near the rotor and at the midpoint of the fluid gap
increase over the first 250 seconds, i.e. is transient, before reaching a plateau. Within the
plateau, the flow can be assumed to be at steady state, while the transient velocity is indicative of
microstructural evolution that occurs within the emulsions following an increment in shear rate.
When the applied shear rates were higher than the critical shear rate ( ¥oppiieca = Veriticar) the
velocity has reached the plateau within the first 8.16 second acquisition, indicating that steady
state was achieved already within this time period (Figure 4 b) - d)). The velocities for all shear

rates and locations within the gap fluctuate with time about the average plateau value.
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Figure 4: Velocity change with time on a ramp up flow as sample 1 reached steady state
near the rotor (circle), mid gap (square) and stator (triangle) for sample 1. a) Applied shear
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Figure 5 a)-c) and e) shows that for sample 3 at shear rates equal to or less than the
critical shear rate, a steady state velocity is observed within the first 8.16 second acquisition with
fluctuations in velocity about the mean. For an applied shear rate of 0.8 s' however, the velocity
at the rotor oscillates between 0.4 s - 0.9 s! with a repeated ~50 second period (Figure 5 d)).
The same periodic trend was observed at 0.8/s during the down ramp (Figure C 3). The transient
velocity profiles examined over time from the start of the rotation with a ramp up of shear rates
for all other samples and shear rates showed roughly steady state velocities at each position

analyzed across the fluid gap (Appendix C) with only a small variance (Table E 1).
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In order to examine the nature of the fluctuations and oscillations in velocity with time,
the standard deviation of the data shown in Figures 4 and 5 were calculated and are shown in
Figure 6. The variance of the velocity data with time is proportional to the intensity of the
velocity time correlation fluctuation intensity,< V4% >,, where < Vy(t) - Vo (t + At) > =<
V5% > f(At). All the fluctuations exhibit deviations less than 0.5 indicating a reasonably high

average velocity confidence.
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Figure 6: Standard deviations of velocities over time at the rotor, mid gap and
stator for a) sample 1, b) sample 2, ¢) sample 3 and d) sample 4.
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There is an increase in standard deviation with an increase in rotor rotation rate. This
fairly linear increase, seen with the increase of applied shear rates, is consistent with an increase
in vibrations due to the stepper motor function. This indicates that the fluctuations in velocity
with time are due to motor vibrations being transmitted into the fluid. A noise spike, seen as an
increase in the standard deviation for both the Newtonian silicone oil and the emulsion sample, is
observed at 4 s in Figure 6 a) and at 0.8 s in Figure 6 c). At these particular rotation rates, it
is possible the stepper motor vibration is larger. Sample 3 also shows a larger standard deviation
relative to the silicone oil at an applied shear rate of 0.8 s, indicative of an amplification of the
fluctuation due to motor noise in the non-Newtonian emulsion of low viscosity compared to the

Newtonian silicone oil.

Conclusions

The study was successful in acquiring 1D startup and steady state Rheo-NMR
velocimetry data for four different concentrations of an oil-in-water emulsion. For the emulsions
with a higher linear alkylbenzene sulfonate (LAS) and hydrogenated castor oil (HCO)
concentration, steady state data concluded the existence of non-linear local velocities. Sample 1,
the highest concentration sample, exhibited yield stress behavior at applied shear rates below its
critical shear rate and power law shear-thinning behavior applied shear rates above the critical
shear rate. Sample 2, with a lower concentration, maintained shear thinning behavior throughout
the range of applied shear rates. Samples 3 and 4, the two samples with lowest LAS and HCO
concentrations, depicted Newtonian-like spatially linear velocity behaviors. A likely reason for

this would be the structural breakdown of the samples on sample loading. Ramp up and ramp
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down steady state velocity profiles conducted for all the samples overlaid on each other

eliminating any influence from flow history.
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APPENDIX A

RHEOGRAMS WITH APPLIED SHEAR RATES IN RHEO-NMR
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Figure A 1: Ramp up and ramp down flow curves with shear rates applied in rheo NMR

experiments marked for sample 1. Applied shears: a) 0.5/s, b) 1/s, ¢) 2/s, d) 2.5/s, €) 3/s, ) 4/s
and g) 5/s. The rheogram was sent in by and is the property of P&G.
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Figure A 2: Ramp up and ramp down flow curves with shear rates applied in rheo NMR experiments
marked for sample 2. Applied shears: a) 7/s, b) 9/s, ) 10/s and d) 12/s. The rheogram was sent in by
and is the property of P&G.
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APPENDIX B

STEADY STATE VELOCITY PROFILES
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APPENDIX C

VELOCITY TIME SERIES FROM STRAT-UP
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APPENDIX D

TRANSIENT START-UP VELOCITY PROFILES
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APPENDIX E

STANDARD DEVIATIONS FOR EACH SAMPLE
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Applied | Standard dev. At | Standard dev. at Standard dev. at
Sample shear Rotor (8.23 mm) | mid gap (8.53 mm) | Rotor (8.82 mm)
rate
0.5 0.0276 0.0243 0.0173
1 0.0436 0.03 0.0311
2 0.0969 0.0640 0.0557
Sample #1 2.5 0.1265 0.0806 0.0632
3 0.1871 0.1183 0.0825
4 0.3376 0.2145 0.0894
5 0.2429 0.1612 0.1049
7 0.2205 0.1780 0.1581
Sample #2 9 0.3162 0.2258 0.1703
10 0.3286 0.2429 0.1703
12 0.4733 0.3492 0.22
0.4 0.0447 0.0253 0.0152
0.6 0.031 0.0214 0.0170
Sample #3 0.7 0.03 0.02 0.0158
0.8 0.1414 0.0837 0.0313
1 0.0548 0.0346 0.0245
0.2 0.029 0.027 0.0069
0.4 0.027 0.0177 0.0126
Sample #4 0.5 0.0308 0.0212 0.0132
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0.6 0.0335 0.0241 0.0136
0.7 0.0361 0.0279 0.0164
1 0.0436 0.0297 0.02
0.2 0.0158 0.0075 0.0069
0.4 0.0245 0.0166 0.0152
0.5 0.0276 0.0182 0.00880
0.6 0.0326 0.02 0.0092
0.7 0.03 0.02 0.0158
0.8 0.0608 0.0374 0.0313
Silicone oil 1 0.0447 0.0332 0.019
2 0.0794 0.0574 0.0360
25 0.1245 0.0866 0.0469
3 0.1871 0.1304 0.0480
4 0.3317 0.253 0.0894
5 0.2145 0.1414 0.0917
7 0.2678 0.1926 0.1327
9 0.2608 0.1871 0.1304
10 0.3464 0.251 0.1949
12 0.4123 0.2811 0.2191

Table E 1: Standard deviations of velocities over time at the rotor, mid gap and

stator.
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CHAPTER EIGHT

CONCLUSIONS

The work encompassed this dissertation extends the use of rheo-NMR as a tool for the
spatio-temporal study of flow properties of complex fluids. In particular, we cover ways that this
technique can be used in studying transient flow behaviors, and steady state flow behavior of
fluids and be used in providing spatial information that is lacking in standard rheometry due to
the use of bulk flow measures under the viscometric assumption. New, advanced rheo-NMR
rheometer functions and a novel fractal vane geometry were explored. Changing the mechanical
deformation by subjecting materials to large amplitude oscillatory shear (LAOS) periodic
motions, in place of a unidirectional steady flow, was shown to provide unique velocity
distribution signatures for flow of fluids classified using different rheological models. The flow
impact on the fluid flow when the standard concentric cylinder geometry was replaced by a
fractal vane was also measured. With the ability to non-invasively investigate material properties
through velocity measurements, rheo-NMR further demonstrated to provide novel data for
studying complex fluids.

Rheo-NMR measurements used a magneto safe portable rheometer to create shear
deformations on fluid samples within a concentric cylinder shear cell in the narrow gap flow
limit. Rheo-NMR used magnetic resonance imaging (MRI) pulsed gradient stimulated echo
(PGSE) flow encoding to track the motion of spins in the fluid by means of residual phase shifts
in magnetization. Resulting 1D velocity profiles and 2D velocity maps quantitatively and
qualitatively allowed us to study the local velocity behavior of complex fluids exhibiting a range

of flow behaviors like shear banding, shear thinning, yield stress and a combination of the two.
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The technigue was also able to overcome the experimental challenge of providing high
resolutions sufficient to characterize local velocity responses of these fluids, under the wide
range of applied deformations, within the Imm fluid gap that held the sample.

The study observing transient shear banding of worm like micelle solutions, (6 wt. %
CPCL/NaSal solution) at shear rates exhibiting shear banding using 1D velocity profiles acquired
every 1s showed temporal fluctuations of the material in reaching steady state [1]. The resulting
time to steady state was determined and the fluctuations were quantified by taking the Fourier
transform of the time correlation functions, providing the velocity frequency. Two separate
protocols used in rheometry were analyzed: one with preshear and one without. Each protocol
exhibited different frequency shifts indicating the significance of pre-shear protocols when
studying shear banding materials.

Rheo-NMR was also employed using large amplitude oscillatory shear (LAOS)
deformations to characterize the velocity behavior of two predominant fluid behaviors in
industry and biology: shear thinning and yield stress. A variety of fluids modeled as Herschel-
Bulkley fluids in rheology (0.2 wt.% carbomer 940 carbopol, ketchup and drinking yogurt) along
with a fluid known to show power law shear thinning model fluid behavior (0.6% (w/v) xanthan
gum) were subjected to LAOS deformations for strain amplitudes of 6.3 and 25.2 at a fixed
frequency of 0.196 rad/s (of period T=32s). Strain amplitudes were chosen based on strain
sweeps acquired on an ARES G2 rheometer (TA Instruments, New Castle, DE) and finding the
strains in the non-linear viscoelastic region. NMR 1D velocity profiles of 32 velocity steps per
periodic cycle were acquired with 32 averages (16 scans per g-step for a 2-qstep sequence) for

higher signal to noise in data. Each of the resulting 1D velocity profiles taking over ~2 hours for
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its acquisition. Each LAOS velocity profile for each fluid was compared to the LAOS velocity
response of Newtonian fluids (water and silicone oil).

The complex fluid LAOS velocity distributions deviated from linear at different times
within the cycle. Yield stress fluids show velocity profiles going from plug flow to partially
yielded to fully yielded with a shear thinning behavior. The novelty of this data requires new
analysis approaches to fully utilize it to rheological fluid responses. One analysis method
introduced to study the differences between fluids is Lissajous-Bowditch approach using the
Newtonian fluid velocity response as the input and the non-Newtonian fluid velocity response as
the output wave function, hence measuring the deviation from the ideal velocity distribution. The
data also provides time dependent velocity fluctuations at each position across the fluid gap.

A characteristic feature of yield stress fluids is apparent wall slip [2] [3]. A rheometer
with a concentric cylinder geometry, as is often used in industrial R&D settings, also depicts this
wall slip so vane geometries have been developed [4]. A modified vane geometry, based on
fractals (bearing either 12 or 24 arms) was proposed as an ideal, easy to fabricate by 3D printing
and interchangeable geometry in reducing slip effects encountered with the concentric cylinder
cell [5]. Rheo-NMR is able to provide spatial velocity resolution to studying new rheology
advancements such as this. A 0.6wt.% Carbopol simple yield stress solution (Ultrez 10 from
Lubrizol) was used to study wall slip effects while a viscous 1,000cSt Newtonian silicone oil was
used to measure the fluid mechanics to determine whether secondary flows are generated by the
complicated geometry. 1D velocity profiles that analyzed the unidirectional flow velocity, Vg (1),
of carbopol showed reduction of wall slip. However the flow behavior in certain regions of fluid

exhibited secondary flows even for the silicone oil. Using 2D velocity maps, we were able to
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qualitatively show that this was due to the presence of a non-axisymmetric velocity field
concluded as null images were obtained for the radial and vorticity velocity components (V, =
Vv, = 0).

Rheo-NMR was also applied to study an oil-in-water emulsion. The critical shear rates of
different concentrations of the solution found based on a three component model applied in
interpreting the rheograms. The velocity distributions in the four different concentration of
hydrogenated castor oil dispersed in aqueous linear alkyl benzene surfactant solution were
resolved both temporally and spatially using 1D velocity profiles. Steady state velocity profiles
indicated that at low hydrogenated castor oil concentration the samples showed more Newtonian
like behaviors, while at higher surfactant and oil concentrations a Herschel Bulkley model
behavior was observed. The connection between the TC model and the velocity data was
discussed [6].

Rheo-NMR provides unique data on velocity distributions in complex fluids to study
localized flow behavior. Advancements in the rheo-NMR hardware is applied to extend its
application to rheology in general [7]. Rheo-NMR applications in industry have significant

potential and are currently underutilized.

Future Work

Oscillatory responses under short acquisition times for each 1D velocity profile in a single cycle
can be made shorter and repeated multiple times, without applying a pre-oscillatory shear, to
observe potential oscillatory startup effects. The questions being: 1) would a fluid exhibiting
shear induced networks, for example poly vinyl alcohol/sodium borate solution, lose its strain

hardening characteristic if LAOS is repeated over a long period of time? This question maybe
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applicable to weak strain overshoot materials like xanthan gum too, 2) What is an optimal
approach to measure thixotropy, where from hysteresis tests we know a loop is formed to
quantify thixotropy? Can this effect be observed in the back and forth motion, perhaps the
distortion of each periodic cycle changing over time for a thixotropic fluid?

It would be beneficial to vary the fluid gap by change the narrow gap to wide gap limit
and radius of curvature. Further vane measurements using large cups to avoid wall effects and
increasing the number of arms of the fractal vane to determine if the velocity field can be made
more axisymmetric are suggested. This will explore the possibility of using the fractal vane
geometry as a compliment to the concentric cylinder geometry in rheo-NMR experiments done
on yield stress fluids. While wall slip hinders industrial processes (interfering with a
homogeneous mixing process or requiring higher pressures and use of energy in transporting
fluids within pipes) it is a highly desired attribute in product packaging (for example, wall slip
contributes to get toothpaste out of the tube). Fabricating rheo-NMR geometries similar to that of
industrial mixers and exploring their velocity fields is an important extension of this project.
Further studies of surface interfacial effects by coating the concentric cylinders with chemicals
like LiquiGlide and using surface materials of varying controlled charge can also be a project to
encompass the study of wall slip.

Last and perhaps the most important future study would be including NMR relaxometry
and diffusometry methods to spatially localized regions of different material responses (shear
banding of wormlike micelles or yielded vs yielded regions of yield stress fluids) should be
developed. This will allow for the microscale structure and dynamics to be measured and

integrated into fluid response modeling.
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