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Abstract

For over 30 years, nuclear magnetic resonance (NMR) techniques have been used to
study materials under shear. Collectively referred to as Rheo-NMR, these methods
measure material behaviour due to external stimuli and provide spatially and tempo-
rally resolved maps of NMR spectra, intrinsic NMR parameters (e.g. relaxation times)
or motion (e.g. diffusion or flow). As a consequence, Rheo-NMR has been established
as a complementary technique to conventional rheological measurements. In this the-
sis, new hardware and experimental methods are presented with the goal of advancing
this exciting field through further integration of traditional rheometry techniques with
NMR experiments.

Three key areas of hardware development have been addressed, including: 1) in-
tegrating torque sensing into the Rheo-NMR experiment for simultaneous bulk shear
stress measurements, 2) constructing shear devices with geometric parameters closer to
those used on commercial rheometers and 3) implementing an advanced drive system
which allows for new shear profiles including oscillatory shear.

In addition to presenting the design and construction of various prototype instru-
ments, results from validation and proof of concept studies are discussed. This infor-
mation demonstrates that the hardware operates as expected and establishes an exper-
imental parameter space for these new techniques.

Furthermore, these methods have been applied to open questions in various phys-
ical systems. This includes exploring the influence of shear geometry curvature on
the onset of shear banding in a wormlike micelle surfactant system, observing shear
induced structural changes in a lyotropic nonionic surfactant simultaneously via deu-
terium spectroscopy and bulk viscosity as well as studying interactions of flowing gran-
ular materials. The interpretation and implication of these observations are discussed

in addition to motivating further studies.
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Chapter 1
Introduction

At some point in life everyone is introduced to the idea that “stuff” comes in a vari-
ety of flavours (e.g. gas, liquid, solid). However, it would be immensely difficult to
group typical materials into only one of these three classes. Where does melted cheese
belong? How about shaving cream? Over the course of the day the average person
interacts with numerous materials in a wide range of scenarios; from brushing one’s
teeth with toothpaste to drafting emails with the use of a LCD (liquid crystal display)
screen, many everyday items have complex responses to external stresses. Further ex-
amples include food products, cosmetics, materials used in petrochemical and mineral

resource recover, and even biological materials such as blood, sciatic fluid and DNA.

Understanding the dynamic response of materials, including polymers, liquid crys-
tals, emulsions and micelles, has a wide range of applications in consumer products
but is also a key focus of fundamental physics and the study of condensed matter. To
mirror the diversity of materials and their characteristic response there are numerous
analytical techniques that can be used to observe their intrinsic properties. One wide
spread technique includes the manipulation of nuclear spins, broadly referred to as nu-
clear magnetic resonance (NMR). While diagnostic medical applications (i.e. magnetic
resonance imaging, MRI) is probably the most familiar use of this technique, this appli-
cation to biological materials (e.g. tissue) is only the start of its potential in materials

science.

For nearly thirty years NMR experiments have been conducted on deformed (e.g.
flowed, stretched) materials so that dynamic responses could be measured as a function
of the testing circumstances. To further advance this field, this thesis focuses on the
development of new experimental methods to study materials under shear with NMR
techniques and includes early applications to three relevant physical systems. Chapters
2-4 introduce relevant background material; Chapters 5-7 contain original work and

results; and in Chapter 8 the thesis is concluded.



2 CHAPTER 1. INTRODUCTION

Chapter 2: Rheology and Rheometry

In this chapter core concepts of rheology (the study of flow and deformation) and
rheometry (the tools for measuring rheological response) will be introduced. Regarding
materials under flow, conservation laws and physical constrains will be used to build
models and constituent equations for basic materials (elastic solids and viscous liquids)
then these concepts will be further refined to introduce viscoelasticity and complex ma-
terial response. The chapter will conclude with an introduction to measurement tech-
niques used to characterise various materials. A key emphasis will be placed on drag
flow shear geometries, which will be the focus of the experimental work presented in
this thesis. Additionally, typical experiments and commercial instruments will be pre-

sented.

Chapter 3: Nuclear Magnetic Resonance

This chapter will serve as a primer for the NMR methods utilised in the experimental
chapters. Core principles such as nuclear spin and precession will introduce the ba-
sis of the NMR signal while concepts such as relaxation and magnetic field gradients
help explain simple NMR experiments. Finally, special attention will be given to spe-
cific NMR measurements that were used in this thesis, including magnetic resonance

imaging, velocimetry and spectroscopy.

Chapter 4: Previous NMR Studies of Materials Under Shear

To tie together the introductory concepts of the previous two chapters, this chapter will
serve as a brief review of previous work which used NMR techniques to study materials
under shear. In some literature this class of methods is referred to as Rheo-NMR. This
review will focus on developments of NMR pulse sequences, specialty hardware and

systems under investigation.

Chapter 5: Instrument Design and Control Software

This chapter will focus on the design and construction of the various components of
the new Rheo-NMR hardware presented in this thesis. This work can be divided into
four key sections, specifically: 1) shear geometries, 2) drive-shaft devices, 3) electronics
and 4) software.

Chapter 6: Hardware Validation Studies

Based upon the prototype hardware developed (and introduced in the previous chap-

ter) this chapter will explore validation and proof of concept measurements for the var-



ious devices. As appropriate these measurements will be bench-marked to commercial

instruments or other measurement techniques.

Chapter 7: Applications

This final experimental chapter includes examples of how the devices designed (Chap-
ter 5) and validated (Chapter 6) in this thesis have been utilised to study various mate-
rials. Key systems of interest will include a shear-banding wormlike micelle, granular

materials under shear flow and a mutlilamellar vesicle surfactant system.

Chapter 8: Conclusion

The concluding chapter will summarise the work presented in this thesis along with

providing an outlook on future Rheo-NMR studies and final closing remarks.
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Chapter 2

Rheology and Rheometry

2.1 Introduction

Derived from the Greek root “rheos”, meaning to flow, the term rheology was first used
in 1920 by E. C. Bingham of Lafayette College in Easton, PA, USA [1]:

“Rheology is the study of the deformation and flow of material.”

When the Society of Rheology was founded in 1929, the definition of rheology was
officially recognised. To distinguish rheology from other subjects it was concluded that
its definition would exclude the flow of electrons and heat. Additionally, as rheologists
of the time were interested in the properties and constitution of the matter under in-
vestigation, hydrodynamics, aerodynamics and the classical theory of elasticity would
similarly be excluded. Despite their official exclusion from the definition of rheology,
the roots of the field certainly trace back to early work in fluid and solid mechanics
with significant contributions pre-dating the field by more than 250 years (including
work by Hooke and Newton). This chapter will illustrate how modern rheology has
built upon the work of these pioneers to form fundamental models which describe the
response for various classes of materials to external forces. In the second half of this
chapter rheometry, the various instruments and physical measurements used to inves-
tigate these materials and their properties, will be introduced and discussed.

Practitioners in the field of rheology (rheologists) utilise simple forms of deforma-
tion and flow to study primarily complex materials. Experimental data can then be
fitted to constitutive equations which describe the stress response of a material due to a
strain or rate of strain. Having established a fundamental description of a material’s re-
sponse to external forces material scientists can apply this behaviour to complex flows
(developed for simple materials in fluid mechanics). The interplay between these dis-

ciplines is summarised in Table 2.1. Of course this is not to suggest that these fields
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Discipline Material Deformation

Rheology Complex fluids ~ Simple flows
Fluid mechanics  Simple fluids ~ Complex flows
Materials science Complex fluids Complex flows

Table 2.1: A summary of how various disciplines contribute to the study of soft ma-
terials and their use in practical applications (adopted from course notes of the 14th

European School on Rheology, Leuven, Belgium; September, 2013).

work in isolation, in fact it is quite important for the fluid mechanician to understand
rheological properties and for rheologists to understand flow mechanics. As such, in
addition to exploring material behaviours this chapter will examine the flow fields (al-
beit relatively simple flows) associated with rheological measurements.

The formatting of this chapter roughly follows the introductory textbook Rheology:
Principles, Measurements and Applications by C.W. Macosko [1] and draws from the cur-
riculum of the 14th European School on Rheology (Leuven, Belgium; September, 2013).
The notation used in this chapter follows the official conventions set by the Society of
Rheology [2]. Finally, the information presented in this chapter is only a survey of the
world of rheology and for a more thorough treatment, the reader is directed to intro-
ductory textbooks on rheology and rheometry [1, 3-7], continuum mechanics [8] and
fluid mechanics [9].

2.2 Tools for Modelling the Mechanical Behaviour of Materials

Key tools for describing material behaviour will be introduced in this section. This in-
cludes constitutive equations, conservation laws, assumptions of boundary conditions

and establishing appropriate frames of reference.

2.2.1 Constitutive Equations

In rheology constitutive equations describe the response of a material to external fields
or forces. Examples of these relationships from other disciplines include electrical resis-
tance or heat capacity. One of the ultimate goals of exploring the rheology of a material
is to describe how the material will respond to applied stimuli; these models can be
used to either describe how a material will behave in a practical situation (e.g. pump-
ing a fluid at a chemical engineering plant) or to explain underlying physical properties
(e.g. molecular dynamics).

In this chapter constitutive relationships will first be developed for true elastic solids

and pure viscous liquids. These concepts will be the foundation underlying general
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models for everyday materials.

Constitutive equations can be written in terms of either a force or energy balance.
To understand the experimental methods developed and used within this thesis, con-
stitutive relationships derived from a force balance are sufficient and this chapter will
focus on these models in particular. However, the reader should be aware that in certain
circumstances an energy balance may be more appropriate; one example is accounting
for the energy lost by viscous heating in a flowing fluid. Additionally, energy balance
equations can be derived from molecular arguments and provide a direct connection

between macroscopic response and molecular theory.

2.2.2 Reference Frames

In this chapter, two reference frames will be used. The first, the material coordinate
system or Lagrangian perspective, follows a material as it flows or deforms and is de-
scribed by points embedded within the material. The second, the spatial coordinate
system or Eulerian perspective, is described by points fixed in space. In general, ma-
terial coordinates can be helpful when studying solids by using the displacement of a
test particle (real or imaginary) within the material to describe the applied deformation.
However, for fluids it is typical to describe how the material flows through a fixed point
in space which requires spatial coordinates.

To identify the material coordinates, upper case letters will be used, with the posi-
tion vector X and points X;. Lower case letters will be used for the spatial coordinates,
with x and z; representing a position vector and point, respectively.

Vector functions! can be used to change between reference frames. The position
function to transform the position vector from the material to spatial coordinates is

described by
x = X(X, ) (2.1)

where the opposite transformation (spatial to material coordinates) is describe by
X = x(x,1). (2.2)

In continuum mechanics, a reference state is assumed such that at ¢ = 0 an arbitrary

material point, described as A, can be described in the spatial frame such that

x = X(A,0) = A. (2.3)

! As the same symbols are used to describe the vector and vector function it would be easy to confuse
the quantity with the function and vice versa. Additionally, different sources use various symbols for the
vector function. To help avoid confusion, whenever a vector function is used in this thesis this will be

explicitly stated.
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Furthermore, in the material frame, displacement and velocity can be described by
their respective functions U(X,¢) and V(X,t); in the spatial frame, the corresponding

functions are u(x, t) and v(x, ).

2.2.3 Balance Equations

Deformed and flowing materials must obey both conservation of mass and momentum.

Conservation of mass can be used to develop the continuity equation?

op
5= -V pv (2.4)

where V is the nabla operator, p is the material density and v the velocity vector. In
the case of an incompressible material, the density will remain constant in time and the
continuity equation becomes

V-v=0 (2.5)

in which the divergence of the velocity field is equal to zero. The continuity equation
for an incompressible fluid in three common coordinates (Cartesian, cylindrical and
spherical) can be found in Table 2.2.

The assumption of incompressibility is important not only for simplifying mathe-
matical descriptions of material behaviour but also in measuring the physical response
of a material to external stimuli. For an incompressible material, rheological measure-
ments made at different ambient pressures will still yield the same results as ambient
pressure does not lead to deformation. If this assumption was not valid rheologists
around the world would not be able to reproduce each others work.

From conservation of momentum, the Cauchy momentum equation can be derived?

0
g (pv) = =V -pvww+ V- 0o+ pg. (2.6)
In the case of laminar or unidirectional flow (e.g. simple shear) the nonlinear inertial

term V - pvv can be ignored and the momentum equation is simplified

0
5 (pv) =V -0 +pg (2.7)

where o is a tensor which describes all stresses acting on a body and g is the accel-
eration due to gravity. The components of the momentum equation (Equation 2.7) in
common coordinate systems can be found in Appendix A. Combined with the continu-
ity equation these equations are typically referred to as the equations of motion. Later
in this chapter Equation 2.7 will be used to derive the Navier-Stokes equation for an

incompressible viscous fluid.

2Derivation available [1, sec. 1.7.1].
SDerivation available [1, sec. 1.7.2].
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System Continuity Equation
Cartesian (z, ¥, 2) V-v= 8,”;; —1—%—1—%:0
Cylindrical (r, 6, z) V- v= %% (rv,) + %% + %vzz —0 )
Spherical (,0,¢) V-v=5%2 (r?v,) + 152 (vysin0) rsilneaig =

Table 2.2: The continuity equation for an incompressible fluid in three common coordi-

nate.

2.24 Boundary Conditions

Along with the equations of motion and descriptions of material behaviour (consti-
tutive equations) boundary conditions are needed to solve physical problems. Fur-
thermore, in developing rheological tests and experimental configurations, simplifying
assumptions regarding the boundary conditions are typically made. Included are the
no-slip and no-penetration conditions in which it is assumed that the material being
tested moves with the surfaces of the apparatus (theometer) and does not cross over
this boundary. Furthermore, a continuity of both shear and normal forces must ex-
ist from the test instrument and the sample under examination. In general, additional
boundary conditions may be necessary (e.g. liquid-liquid boundary within multi-phase

flow) but these concepts will not be explored in this thesis.

2.3 Deformation and Flow

This section will develop fundamental relationships (constitutive relationships) for var-
ious types of materials and their response to external forces, starting with ideal materi-
als (elastic solid and viscous liquid) and extending these concepts to more sophisticated
examples (e.g. viscoelasticity).

2.3.1 Elastic Solid

From experimental work in the 15th

century, R. Hooke noted that the extension of a
spring AL was directly dependent on the weight F' of a suspended mass, F' o< AL.

Today this relationship has been developed into Hooke’s Law,
F=—kx (2.8)

where the restoring force of a spring F' is equivalent to the displacement x multiplied
by a constant k. In terms of materials science, this form of Hooke’s Law yields nothing
regarding intrinsic properties of a material as the scaling constant £ can change due to

the geometry of the spring and is not uniquely determined by the material of the spring.
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In the subsequent sections, applied stresses and the resulting deformations will be used
to develop an equivalent to Hooke’s Law in three dimensions where the proportionality
constant will be determined by the properties of the material under test.

Stresses

To develop models that describe material deformation (either discrete or continuous)
the forces acting on any part of a given material need to be identified. For this purpose

the total stress tensor o is used?,

X1X1011 X1X2012 X1X3013
0 = [X2X1021 X2X2022 X2X3023 (2.9)

X3X1031 X3X2032 X3X3033

where a numbered coordinate system has been used (e.g. X1, X2 and X3 in place of X, §
and 2 for a Cartesian coordinate systems). For each component of the tensor, the first
unit vector denotes the direction of the plane normal vector on which a stress acts and
the second unit vector describes the direction of the stress. Tensors are mathematical
devices used to transform a vector. Following this description the vector dot product of
a plane normal vector fi with the total stress tensor o will yield a stress vector t, which

describes the three components of stress acting on the plane

011 012 013 n1011 + N2021 + N3031
t,=fi-0= [m n2 n3] ©|021 022 023| = |N1012 + N2022 + N3032 (2.10)
031 032 033 Nn1013 + N2023 + N3033

where, for convenience, the unit vectors (e.g. X;) for the components of the normal
vector fi and the stress vector t,, along with the unit double vectors (e.g. X;%X1) for the
total stress tensor are implied. The components of the stress tensor for an arbitrary
volume are illustrated in Figure 2.1.

For the nine components of the total stress tensor illustrated in Figure 2.1, three will
not produce a torque (i.e. the normal stresses 011, 022 and o33) while a torque can result
from any of the remaining six components. However, due to conservation of angular
momentum the moment created by any individual off diagonal element of the total
stress tensor must be balanced. As a result, 0;; = 0j; (i # j) and thus the total stress

tensor is symmetric with six unique elements®. The notation in Equation 2.9 can then

*Within this chapter matrix notation will be used when representing tensors, but readers should be

aware different conventions may be used in other sources [1, sec. 1.2.1].
> A non-symmetrical total stress tensor has been discussed in the literature, but never observed experi-

mentally for amorphous liquids. In this derivation only body forces due to gravity have been considered;
however, body torques can exist for particles in suspension [1, pp. 18 and ref. within] or due to electro-

magnetic forces (e.g. ferrofluids) but the treatment of these cases is unnecessary for this thesis.
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T3

Figure 2.1: The components on the total stress tensor acting on an arbitrary volume

element.

be reduced to
o111 012 013
o= |02 022 093] - (2.11)
013 023 033
Once the total stress tensor has been determined, a stress vector t,, can be calculated
for any arbitrary plane (as illustrated in Figure 2.2) using Equation 2.10. Having de-
termined the stress vector t,, acting on a plane the normal stress on the plane can be

determined by a dot product (projection of t,, onto f),
Opn =ty - 1. (2.12)

Finally, shear stress on the plane (orthogonal to the plane normal vector; defined by

unit vector 8§) can be determined from vector subtraction,
OnsS = t, — oppi. (2.13)

In the case of a stationary fluid the only external forces will be the uniform normal
stress from hydrostatic pressure p. In this case, the diagonal elements of total stress
tensor (011, 022 and o33) are all equivalent and all other components are zero. Using an

identity tensor I, the total stress tensor can be defined
o= —pl (2.14)

where a negative sign is used to indicate compression from the hydrostatic pressure.

Extending the concept above to a general case the total stress tensor can be defined
o=—-pl+T1 (2.15)

where T is the extra stress tensor®. As discussed previously, via conservation of mass

(Section 2.2.3), materials are typically assumed to be incompressible and thus external

®In some fluid mechanics literature 7 is referred to as the viscous stress tensor.
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Figure 2.2: Volume element with an arbitrary cut plane (illustrated by dashed line)
where normal stress to the plane can be defined by the unit vector fi and the shear
stress on the plane can be defined using the unit vector 8.

pressure does not lead to deformation. As a result, the extra stress tensor 7 carries all in-
formation relating to material deformation. Despite most constitutive equations being
developed using the extra stress tensor T, experimentally, it’s only feasible to measure
the total stress. As the pressure components of the total stress tensor are diagonal el-
ements the shear stresses of the total stress tensor and extra stress tensor are equal,
oij = Tij (i # j), however, pressure will influence the normal stresses. As a solution,

normal stress differences are reported

O11 — 022 = Ti1 — T22 (2.16a)

022 — 033 = T2 — T33. (2.16b)

In the event of simple shear, which will be explored in the following section, the normal
stress differences are referred to as V1 and V3 (Equations 2.16a and 2.16b, respectively).

Discrete (Step) Deformations

The total stress tensor developed in the previous section helps to describe stresses at
any arbitrary point within a sample. This section will build similar tools to characterise
discrete material deformations. For a material that has undergone deformation (Figure
2.3), a point in the reference configuration (defined with the materials coordinates X7,
X, and X3) needs to be related to a position in the deformed state some time later

(identified with the spatial coordinates z1, x2 and x3).

The deformation tensor F characterises the change in spatial position with respect to

the past position

ox
oX
dx =F . dX (2.17b)

dx

-dX (2.17a)
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Z3

t>0

Figure 2.3: Volume element in the reference (a) and deformed states (b).

where the components of the deformation tensor (in Cartesian coordinates) are

o0z [e3} Oz
0X1 0Xo 0X3
_ | Oxa Oxo oxo
F= 173 & %" (2.18)
Ox3  Ozz Oz
0X1 0Xo 0X3

Consider now the case of uniaxial extension (or compression), one of two simple
deformations to be introduced in this chapter. An example of this deformation is the
extension of a loaded bungee cord. In Figure 2.4a the reference, or initial, state of a
rectangular volume element is depicted. Subjecting this body to tension forces along

the z; direction” (Figure 2.4b) the resulting deformation can be seen in Figure 2.4c. As

T2
)
Axq
AX.
2 f f Axy

— ¥  — A—»

AX3 T1,41 1 X3 1
‘7"3/ T3

(a) (b) ©

z3,X3

Figure 2.4: A volume element seen in a reference configuration (a) is subjected to exter-

nal forces f (b) which result in uniaxial extension (c).

the deformation is homogeneous (i.e. deformation is the same at every point within
material) the initial position of any point can be related to its position after deformation

by an extension ratio for each axis

AXZ'

= AXZ Xi = OAZ’XZ'. (219)

g

Using the extension ratio along each axis «;, the deformation tensor for uniaxial exten-

"While tension on the z1 normal planes are used to illustrate uniaxial extension, note that other combi-

nations of external forces can result in this type of deformation.
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sion can be described by

a1 0 0
F=|0 a 0]. (2.20)
0 0 Qs

For uniaxial extension, there is symmetry around the axis of extension z; such that the
extension ratios o and a3 are equal. Furthermore, assuming the material is incom-

pressible the volume remains unchanged

AXlAXQAX;:, = AX]_AXZAX?) (221&1)
AX1AX2AX3
= —— 2.21
AX;AX2AX3 (221b)
1= 1003 (221C)
1 =003 (2.21d)

Using the result from Equation 2.21, s can be defined in terms of oy

1 _
ay=4/— =a;"? (2.22)

a1

and the deformation tensor can be rewritten in terms of o

a1 0 0
F=|0 o'* 0 |. (2.23)
0 0 o'

The second simple deformation to be considered is simple shear. To envisage simple
shear consider a desk of cards stacked one on top of another. Where the top and bottom
cards are displaced in opposite directions. This concept is illustrated in Figure 2.5. The
first panel (Figure 2.5a) shows the initial state of a volume element and subsequently
subjected to forces acting on the x> faces and directed along x; (Figure 2.5b) with the

resulting deformation seen in Figure 2.5¢c. To relate the initial position of any point in

z9,Xo

AX]

(a)

73,X3

Figure 2.5: A volume element (a) is subjected to external forces f (b) which result in
simple shear (c).

the volume to its position after the deformation, consider the descriptive example of
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the deck of cards with each card sliding over the card underneath it. Picture a point
drawn on the face of any card; regardless of the initial position, its height within the
stack doesn’t change (i.e. AXy = Axj). Also, within the shear plane, the position of
the point does not change along the axis perpendicular to the direction of shear. As the
coordinate axes have been drawn in Figure 2.5 this suggests that there will be no change
in the x9 or x3 directions. With regards to the z1 dimension, the final position will be
displaced from the initial position X; by a factor depending on the applied forces. As
a result of the deformation, an angle 6 can be defined between the x5 axis and the side
of the volume. For small displacements the angle can be estimated as

0 ~ tanf = v (2.24)

AXy
where strain v is a dimensionless quantity to describe the applied external stresses. As
a result, the position of any point within the volume experiencing simple shear would

be described using

1 = X1+ ’}/XQ (225&)
Ty = X2 (225b)
xr3 = X3 (225C)

where the deformation tensor can be defined as

1 ~ 0
F=1(0 1 0]. (2.26)
0 0 1

Although not the case for the two examples worked above, in general, the deforma-
tion tensor F includes a description of both stretching and rotation®. As no deformation
takes place during rigid body motion a more appropriate description of deformation
is needed. Using the polar decomposition theorem of linear algebra’, the deformation
tensor F can be treated as the product of a tensor describing deformation due to stretch-

ing (either V or U) and a tensor describing rotation R,
F=V-R=R-U (2.27)

where V and U are referred to as the left stretching tensor and right stretching tensor,

respectively. Using the tensor property (M - N)7 = N7 - M the rotation tensor can be

eliminated by the dot product of the deformation tensor with its transpose
B=F-F =(V.-R)-(V-RT=V.R-RT.VI =v.1. V7 (2.28a)
C=F.F=R-U)T-R-U)=U".RT.-R-U=UT.1-U. (2.28b)

®This can be shown by creating a deformation tensor for a volume having experienced solid body
rotation. In this case the deformation tensor would be equivalent to a rotation matrix.
Worked example available [4, pp. 49].
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The tensor product of a rotation tensor with its transpose will be unity (the transpose
negates the initial rotation). Here two new tensors have been defined, the Finger tensor
or the left Cauchy-Green tensor B and the Cauchy-Green tensor or the right Cauchy-Green
tensor C (Equations 2.28a and 2.28b, respectively).

Physically, the Finger tensor gives information regarding the ratio between local
area in the reference state dA to the deformed state da through a series of operations on
the normal vector of a plane in the deformed state fi

dA - dA
da-da

—f-B-h. (2.29)

Similarly, the Cauchy-Green tensor can be used to describe the change in lengths
due to deformation. An extension ratio at any point in the material can be determined

through operations on a normal vector in the reference configuration N

=N.C-N. (2.30)

Based on the two forms of deformation explored previously (uniaxial extension and
simple shear) the Finger tensor and Cauchy-Green tensor can be calculated for each

using Equations 2.28a and 2.28b. For uniaxial extension

a1 0 0 a; 0 0 a2 0 0
B=C=[0 o2 0 |- |0 /" 0 |=]0 o' 0 (2.31)
0 0 o o 0o o' 0 0 o

and for simple shear

1 v 0 1 00 1+4%2 v 0
3{010 {710{7 10 (2.32a)
0 01 0 0 1 0 0 1
1 0 0] [t v o0 1 v 0
C710]~010]71+72 0]. (2.32b)
00 1] [0 0 1 0o 0 1

As illustrated in the examples above, both the Finger tensor and Cauchy-Green tensor
are symmetrical.

Earlier in this section, Hooke’s Law was introduced (Equation 2.8) in which a linear
relationship was established between the restoring force and the applied extension of a
spring. The scenario of a stretched spring (the basis for Hooke’s experimental work) is
not unlike the situation of uniaxial extension presented in Figure 2.4. In this case and
using the coordinate notation established in previous examples, Hooke’s Law could be
rewritten as

o011 = Fe (2.33)
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where € is the ratio of the change in length to the original length

. AXl — AXl

2.34
Ax, (2.34)

€

This ratio (engineering strain'’) is scaled by a material property, Young’s modulus E,
to return the o1; component of the total stress tensor. This stress is the ratio of force
divided by area for each face of the body on which the extension is applied. Practically
Young’s modulus can be determined for a material using the above model and either
applying a defined force and measuring the resulting extension or vice versa. Despite
the name uniaxial extension this model is valid for both extension and compression.
Alternatively, in the case of simple shear, Hooke’s Law could be rewritten using the

coordinate notation established in Figure 2.5
012 = G’y (235)

where 7 (shear strain), previously defined in Equation 2.24 as the ratio between dis-
placement and the height of the material z%, is scaled by the material property, shear

modulus G, to return the 012 component of the total stress tensor.

Neo-Hookean Solid

In the case of Hooke’s Law for uniaxial extension (Equation 2.33), there is a linear re-
lationship between stress and strain. This matches experimental data for ceramics and
metals as these materials can typically only respond elastically for small strains (large
strains can cause plastic deformation and fracture). However, for materials, like rub-
ber, which can withstand large strains, a new model is needed. Utilising the total stress

tensor and the Finger tensor the Neo-Hookean model can be defined as
o=-pl+ GB (2.36)

where the shear modulus G is used to describe the intrinsic properties of the material
under test. The origin of this model will be discussed in the following section.

Using the Finger tensor in the case of uniaxial extension (Equation 2.31) the Neo-
Hookean model yields the following total stress tensor

—p+ Ga? 0 0
o= 0 —p+ Goél_l 0 . (2.37)
0 0 —p+ Gaj?

1OEngineering strain is a convenience in which the original material dimensions, not the instantaneous
dimensions, are used to describe strain; in the limit of very small deformations the engineering and true

values of strain and stress are proportional.
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If no forces, other than hydrostatic pressure, are applied to the x2 and z3 faces, 92 and
o33 equal zero and thus p = Ga;*. Using this result, the oy term can be defined

o1 = G(a? —a7h). (2.38)

To compare the model above to the case of Hooke’s Law applied to uniaxial extension
(Equation 2.33) the extension ratio along the z direction a; needs to be converted to a
strain. The extension ratio was previously defined in Equation 2.19 and combined with

the definition of strain in Equation 2.34 yields @ = ¢ + 1. When substituted into the

3e+ 3e% + €

which is clearly a more complicated response than the linear behaviour suggested by

solution above yields

Hooke’s Law.
Now considering the case of ¢ < 1, the Neo-Hookean model for uniaxial extension
reduces to 011 = 3Ge, suggesting that in the limit of incompressible, isotropic (G equal

in all directions) material under small strains
E =3G. (2.40)

Here Young’s modulus E is three times the shear modulus G. Other relationships be-
tween these two parameters have been established, including the use of Poisson’s ratio
in the case of compressible materials, however, these will not be explored in this intro-
ductory chapter.

In the case of simple shear, the Neo-Hookean model combined with the Finger ten-
sor found in Equation 2.32a yields a total stress tensor

—-p+G(1+~+%) Gy 0
o= Gy -+ G 0 . (2.41)
0 0 -+ G

The result of the o2 and o021 components match with the case of simple shear under
Hooke’s Law (Equations 2.35), however, the Neo-Hookean model makes an additional
prediction. Previously it was discussed that normal stress differences are used to negate
the influence of hydrostatic pressure on normal stresses and that for simple shear these

stress differences are referred to as Ny and N, (Equations 2.16a and 2.16b respectively)
N, = GH? (2.42a)
Ny = 0. (2.42b)
For an elastic material in simple shear, there will be a shear stress linear to the shear
strain 12 = G, a first normal stress difference which is a function of the square of the

shear stain and a second normal stress difference equal to zero. A result that matches

with experimental observations of materials such as rubber.
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Hyperelastic Solid

For some materials, the Neo-Hookean model is not sufficient to accurately describe the
response of real materials. In particular these materials will deviate at large strains and
may exhibit a non-linear stress to strain relationship. As a result, the framework for
a general model of elastics was proposed by M. Mooney [10] and further explored by
R.S. Rivlin [11]. Utilising the Finger tensor, the simple assumption is made that stress

is a function of deformation

o — f(B). (2.43)

Following the work of R.S. Rivlin [11], using a power series expansion, application of
the Cayley-Hamilton theorem!! and simple algebra, the stress strain relationship can
be defined as

o =gol+ g1B+ g2B™" (2.44)

where go, g1 and g are functions of the invariants of the Finger tensor B. Discussion of
tensor invariants will be held until discussion of a general model for viscous fluids later
in this chapter. However, it is worthwhile to note that the Neo-Hookean model is one
solution of the function above, where for an incompressible fluid, go = —p, g1 = G and
g2 = 0. This function is the framework for numerous sophisticated models of elastic
materials, however, these will not be explored in this thesis and the curious reader is
instead referred to the textbook by R.W. Ogden [13].

2.3.2 Viscous Liquid

Having discussed elastic solids and models to explain their response to uniaxial exten-
sion and simple shear (i.e. Hooke’s Law, Neo-Hookean and hyperelastic models) the
focus will now be shifted to viscous liquids. Shortly after Hooke published his work on
the extension of springs, Newton suggested that the local stress within a fluid is pro-
portional to the change of velocity with respect to position (velocity gradient) scaled by
a constant, known today as viscosity n'2. From Newton’s work it took nearly 150 years
to extend this constitutive relationship to three dimensions and this will be explored in
the following section.

"Worked proof available [12, pp. 158].
12 Alternatively, u can be used to represent the dynamic viscosity, however, following the Official symbols

and nomenclature of The Society of Rheology [2] this thesis will use n. Furthermore, do not let dynamic
viscosity be confused with kinematic viscosity v which is defined as ratio between dynamic viscosity and
density v = 1.
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Continuous (Steady) Deformations

In Figure 2.6 two arbitrary trajectories are represented (dashed lines) for two points
embedded within the fluid (and thus moving along the streamlines within the fluid).
At some past time, these points were found at P and ) where their separation could
be described by the vector dX. At a later time, these points are located at p and ¢ with a
separation dx and each had a respective velocity of v or v + dv. The quantity of interest
is the difference in velocity between the two points and more generally, as described by
Newton, how this separation in velocity dv varies with position. At any point within
the fluid the velocity in spatial coordinates v is a function of position x and time ¢ and
can be described by the vector function

v =v(x,t). (2.45)

Differentiating this velocity function with respect to position yields

ov
dv = % dx (2.46)

which describes the desired relationship, namely how the separation in position dx re-
lates to the separation in velocity dv. These terms are related by %, the velocity gradient
tensor, which will be labelled L3

dv =L dx. (2.47)

The velocity gradient tensor is defined (with the exclusion of the unit vectors) in Carte-

sian coordinates as
ovy vy v
o0z Oxrs  Oxs

— [ Qv2  Ouva Oug
L= T g | (2.48)

OQug  Ovg  Oug

Oxr1 Oxze Oz
Previously the deformation tensor F' was used to characterise the change in present
position with respect to a reference configuration. Taking the time derivative of the

deformation tensor

. d d [ 0x
F=—(F) = (ax) (2.49)
where, by the symmetry of second derivatives, the order of derivatives can be switched
0 (dx ov
Applying the chain rule
. ov [ Ox
F= <ax> <ax> ~L-F (2.51)

B Alternatively, the velocity gradient tensor can be defined as the dyad product of the gradient operator
V and the velocity vector v (Vv or V Q) v) which is equal to the transpose of L (Vv = LT).
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Figure 2.6: The trajectories for two points embedded within a fluid (red dashed line). At
some initial time the points could be found at P and ) with an infinitesimal separation
defined by the vector dX. At some later time these points could be found at p and ¢
where they are now separated by dx. At p and ¢ each point (travelling with the fluid) has
an instantaneous velocity (tangent to their respective trajectories) which differs from
the other by dv.

where the time derivative of the deformation tensor is the product of the velocity gra-
dient tensor and the deformation tensor. However, in the limit of instantaneous rate
of separation (¢ — 0), the current state of the material x is the same as the reference
configuration X such that

IimF=1 (2.52)
X—x
and thus,
lim L = F. (2.53)
X—x

From the relationship in Equation 2.53 it is evident that the velocity gradient tensor
L, like the deformation gradient F, carries information regarding both stretching and
rotation. Rigid body motion does not lead to deformation; in the previous sections the
Finger Tensor and Cauchy-Green tensor were constructed such that any contribution
from rotation was eliminated. Similarly, a rate of strain tensor 4 can be constructed
from the velocity gradient tensor L. Using the product rule to take the time derivative

of the relationship in Equation 2.27
F=R-U+R-U (2.54)

where the right stretching tensor U has been used; the above relationship could have
been rewritten in terms of the left stretching tensor V with the following result remain-
ing unchanged. In Equation 2.52 it was shown that in the limit X — x there is no
deformation (F = I). Applied to Equation 2.27, this suggests

ImU=R=L (2.55)

X—x

which combined with Equation 2.53

L=R+U. (2.56)
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Thus the velocity gradient tensor is comprised of a rate of spin tensor R and a symmetric
rate of deformation tensor (alternatively the rate of stretching tensor) U. Previously it was
discussed that R - R” = I suggesting that R” = R™!; thus adding the rate of spin tensor
R and its transpose R” will negate any spin

R+R7 =0. (2.57)
As the rate of stretching tensor is symmetric,
u=u", (2.58)

combining Equations 2.56, 2.57 and 2.58 any contribution from rigid body motion can
be eliminated using
A4=L+L1". (2.59)

Which defines the rate of strain tensor 4.
With the appropriate tools at hand, Newton’s equation for viscous fluids can be
written as
o =—pl+ny. (2.60)

From the examples in the previous sections the velocity gradient tensor L and rate
of strain tensor 4 can be calculated. In the case of steady uniaxial extension the velocity

gradient tensor takes the form

a1 0 0
L=|0 & O0]. (2.61)
0 0 s

Again, due to the symmetry for uniaxial extension, about x; in these examples, cy =
é3. Also, assuming an incompressible fluid, the continuity equation V - v = 0 (the

divergence of the velocity field is zero) can be used such that
G + 26 = 0. (2.62)

Solving for ¢ in terms of ¢ yields

Gy = -2 (2.63)
2
such that
a1 0 0
o o0 -«

“In some disciplines the rate of strain tensor is replaced with the rate of deformation tensor U and
recognised by the tensor D in which case note there is a factor of two difference 4 = 2D. Additionally,

some texts define 4 with the product of the gradient operator and the velocity vector % = Vv + Vv’
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Using the relationship in Equation 2.59, the rate of strain tensor becomes

2 0 0
¥=10 —€ 0. (2.65)
0 0 —¢

Where the relationship between extension « and strain ¢, @« = € + 1, has been used to
replace & with é. Utilising Newton’s constitutive relation (Equation 2.60)

—p+2me 0 0
o= 0 —p — né 0 . (2.66)
0 0 —p — né

If surface tension effects can be neglected the boundary conditions on the free sur-
face are such that
099 — 033 — 0. (267)

Combined with the total stress tensor for uniaxial extension (Equation 2.66) the only
non-zero component is o1,
g11 = 37]é. (268)

If an extensional viscosity ng is defined

np = 2, (2.69)

for this example of uniaxial extension, the extensional viscosity is three times the shear
viscosity,

ng = 31, (2.70)
a relationship known as Trouton’s law.

In the instance of simple shear, the velocity gradient tensor can easily be solved

04 0
L=|(0 0 0, (2.71)
0 0 0
with the rate of strain tensor
0 4 0
A=15% 0 0 (2.72)
0 0 0
and the resulting total stress tensor
el
o=y —p 0]. (2.73)
0 0 —p

In which the only contributions to normal stresses come from hydrostatic pressure.

Additionally, there are shear stress components, 012 = 021 = 77.
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General Viscous Fluid

Analogous to the discussions of a general elastic model, a general viscous model can be

developed from the simple assumption that stress is a function of rate of strain

o= f(%). (2.74)

Again, using a power expansion and the Cayley-Hamilton theorem, stress can be de-

fined as a function of the rate of strain tensor < and scalar functions ;'
o = ol +my + ny’. (2.75)

This relationship is commonly known as the Reiner-Rivlin constitutive equation and
named for the contributions from M. Reiner [15] and R.S. Rivlin [16]. The terms 71, 72

and 73 are functions themselves of the invariants'® of the rate of strain tensor

=tr(¥) (2.76a)
L, = % { tr4)2 — tr (~'y2)] (2.76b)
ITI = det (%) (2.76¢)

Generalised Newtonian Fluid Models

The Riener-Rivlin constitutive equation (Equation 2.75) can be simplified through a few
assumptions. Namely, for an incompressible fluid 179 = —p and for simple flows (e.g.
simple shear) I, = I11; = 0 such that 7; becomes a function of only /7;. Additionally,
the third term in 7042 predicts a first normal stress difference of zero which fails to
match experimental data such that this second order term is typically discarded. Based
on these simplifications, Equation 2.75 can be reduced to

o= —pl+n(IL)5. (2.77)

Furthermore, having focused on steady simple shear the relationship above can be de-

scribed without the tensor notation and can be simplified to
o12 = n(115)7. (2.78)

For the simplified equation above, in the case that 7 is constant, this is the descrip-
tion of Newtonian behaviour (Equation 2.60). Alternatively, fluids in which the vis-
cosity changes with the applied shear rate are referred to as Generalised Newtonian
fluids. Various models are used to describe this Non-Newtonian behaviour with the

most widely used discussed in Table 2.3.

A through treatment of general viscous fluid models is available [14, pp. 256].
16 A derivation of principal invariants is available [4, pp. 33]; tensor invariants are particularly useful

for constitutive equations as their values remain constant regardless of what coordinate system is used to

describe the tensor.
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Comments

Power law [14, chap. 17] n= kA1

Sisko model [17] n=ky + ko1

Cross model [18] 7;70__73;; = 1+(1g-1~y)1—"

Particularly useful for the process-
ing a range of polymeric liquids and
dispersions. The Power law is the
most common constitutive equation
for viscous fluids. There are two fit-
ting parameters £ and n where k can
represent a function of temperature;
n < 1 is referred to as shear-thinning
and n > 1 shear-thickening (Figures
2.7 and 2.8).

Originally developed for greases and
useful for other coating flows, the
Sisko model assumes there are flow
units; one Newtonian and one non-
Newtonian. There are three fitting
parameters k;, k2 and n where k; is
a constant to describe Newtonian be-
haviour at high shear rates while k-
and n correspond to the fitting pa-
rameters of the Power law.

The main feature of the Cross model
is asymptotic viscosities at very low
and very high shear rates, 7, and 7,
respectively. Written in an alternative
form the Cross model is referred to
as the Carreau model [19]. For poly-
mers melts, 7., can be set to zero re-
ducing the total fitting parameters to
three, a form referred to as the Ellis
model [6, pp. 18].

Table 2.3: Review of Non-Newtonian fluid models.

Yield Stress Fluids

In the case of the Sisko model (Table 2.3), if the fitting parameter n is set to zero, the vis-

cosity term 7 in the simplified form of the Riener-Rivlin constitutive equation (Equation
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Figure 2.7: Depiction of various fluid classes and their viscosity as a function of shear

rate: constant (blue), shear-thickening (red) and shear-thinning (green).

2.78) can be rewritten
n=ky+ ko (2.79)

Which forms the constitutive equation for the Bingham model [20]
o012 = k1Y + ka. (280)

Where the term k; is referred to as the yield stress. In brief, the Bingham model suggests
that a material acts as a rigid body below a critical shear stress; however above this

value it acts as a viscous liquid. This behaviour can be described as a piecewise function

0 012<]€2

i = (2.81)

—k ’
B o1 > ke

The Bingham model is graphically demonstrated in Figure 2.8 in which the strain-stress
relationship is linear above a critical shear stress. One alternative form of the Bingham
model is the Herschel-Bulkley model [1, pp. 97]” in which the viscosity term n(II) in
Equation 2.75 takes the form

n=Fky""" + ko (2.82)

Which forms a constitutive equation similar to the Power law (Table 2.3) with the addi-

tion of a yield stress term.

7 As the original reference from W.H. Herschel and R. Bulkley [21] is written in German the reader is al-
ternatively directed to a textbook. This strategy of citing original non-English work and an accompanying

English reference will be used elsewhere in this thesis without specific mention.
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Figure 2.8: Depiction of the shear stress response as a function of shear rate for various
classes of fluids: constant viscosity (blue), Bingham plastic behaviour (black), shear-

thickening (red) and shear-thinning (green).

While the concept of yield stress has been particularly useful for the characterisa-
tion of materials over a specific range of shear rates the existence of a true yield stress
quantity has been questioned [22, 23]. The ability to measure yield stress appears to
be directly related to available measurement techniques and further complicated by

thixotropy, aging, slip, shear banding and stress localisation [24].

2.3.3 Viscoelasticity

In the previous sections materials were presented to have either elastic or viscous prop-
erties (Section 2.3.1 and 2.3.2, respectively). However, it has been suggested that all real
materials simultaneously exhibit behaviour of both ideal liquids and ideal solids [6,
pp- 37], a characteristic termed viscoelasticity. Early quantification of viscoelastic be-
haviour dates back to 1835 when W. Weber [25][5, pp. 2] observed silk threads under
tension. Weber noted that when placed under tensile load the silk fibres immediately
responded with elastic extension, but when left in tension they would slowly continue
to elongate. In Figure 2.9 Weber’s experiment (single step stress) is applied to various
types of materials. Furthermore, Weber observed that when the applied stress was re-
moved the threads would eventually recover their original length. At the time pure
elastic or plastic deformation could not explain this behaviour. For a viscoelastic mate-
rial under test, as demonstrated by Weber, the response will depend on the time scale

over which measurements are made.
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Figure 2.9: Material response to a hypothetical step stress experiment (actual experi-
ments could not produce instantaneous change in applied stress). Single step stress
input (top left); response of ideal elastic (Hookean) material (top right); ideal viscous
(Newtonian) response (bottom left); viscoelastic material behaviour with initial jump

in strain followed by increasing strain with time (bottom right).

To describe the ratio between the characteristic times for a material A'® to the obser-

vation time ¢, in 1964 M. Reiner [26] introduced the Deborah number De
De = T (2.83)

In the limits, as the Deborah number approaches 0, the material behaves like a perfect
liquid (Newtonian); on the opposite end of the scale as De approaches oo the material
can be described as an ideal solid (Hookean). In between the material is viscoelastic
and names such as viscoelastic liquid and viscoelastic solid indicate how they are dis-
tributed across the spectrum (Figure 2.10).

An introduction to both linear and non-linear viscoelasticity follows but for a de-
tailed treatment the reader is referred to the text by J.D. Ferry [27] or the collection of
lecture notes from A.C. Pipkin [28].

Linear Viscoelasticity

The linear viscoelasticity regime describes the case in which the response (i.e. strain

or stress) of a material varies linearly with the controlling input (i.e. stress or strain).

8In the Official symbols and nomenclature of The Society of Rheology [2] the Greek symbol 7 with various
subscript to describe relaxation times; however, to avoid confusion with components of the extra stress

tensor, A will be used in this chapter to describe generic relaxation time.
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Figure 2.10: Number scale depicting the Deborah Number De (Equation 2.83) and cor-

responding material behaviours.

In previous sections, two forms of deformation have been discussed, uniaxial extension
and simple shear. However, in the limit of small strains, this distinction is not important
(a point which will be discussed later in the section).

Following the example of H.A. Barnes, J.E. Hutton and K. Walters [6, pp. 38], a gen-
eral differential equation can be constructed in one dimension for linear viscoelasticity
in simple shear

0 0? o d 0? "
<1+a1at+a28752+'“+anatn> o12 = <b0+b18t+b28tz+.”+bn8t”> v (2.84)

where the coefficients of the time derivatives are constant material properties (e.g. vis-
cosity, shear modulus). To explore the utility of this differential equation, briefly con-
sider two special cases. First if by is the only non-zero coefficient, Equation 2.84 reduces
to Hooke’s law with by as the shear modulus. Second if the b; term is the only non-zero
parameter the result is Newton’s equation where b, is viscosity.

Alternatively, if both by and b; (G and 7, respectively) were non-zero the result
would be the so called Kelvin-Voigt model [29][5, pp. 3]

o12 =Gy +ny (2.85)

where the stress is a sum of an elastic stress Gy and a viscous stress 1. Modelling
these two components with mechanical analogues (a Hookean spring and Newtonian
dashpot) the Kelvin-Voight model is depicted in Figure 2.11 where the two elements

are in parallel.

—AAMAAAAA—

722
|1

Figure 2.11: Mechanical representation of the Kelvin-Voigt model of viscoelasticity
where the spring element represents the pure elastic contribution and the dashpot the

viscous component.

Considering the mechanical configuration of the Kelvin-Voigt model a second vis-
coelastic model may be appropriate in which the spring and dashpot are placed in

series. Today this configuration is referred to as the Maxwell model (Figure 2.12) [30].
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Figure 2.12: Mechanical representation of Maxwell model for viscoelasticity.

The differential form of the Maxwell model in one dimension is
o12 + Ad12 = 17y (2.86)
and can be extended to three dimensions using tensor notation
o+ A6 =nY (2.87)

where in either form, the term ) is defined as the ratio between the viscosity of the
Newtonian dashpot and the shear modulus of the Hookean spring . This ratio carries
units of time and is referred to as a relaxation time.

An alternative to forming viscoelastic constitutive equations through differential
equations would be to use equivalent descriptions in integral form. In developing these
relationships a history of successive small steps (i.e. strain or stress) will be summed
over a discrete number and then extended to an integral of an arbitrary large number
of steps. This approach is known as the Boltzmann Superposition Principle [31][28, pp.
10]. For this approach a time dependent relaxation modulus G(t) will be used, defined
as

G(t) = ggg (2.88)

As an illustration of the relaxation modulus G(t) consider the hypothetical experiment
in Figure 2.13 where a single step strain is applied to various materials. In the ideal
case of a Hookean elastic solid the stress would remain constant as long as the strain
was maintained. However, in the case of a Newtonian viscous fluid there would be an
infinite stress during the instant the strain is applied. Of course for a real experiment
the strain would be applied over some discrete time and the respective materials would
behave appropriately. Finally, in the case of a viscoelastic material, once the strain has
been applied the stress would decay with time. The relaxation modulus is a parameter
which can be used to characterise this stress decay in a viscoelastic material. An analo-
gous experiment was described in the introduction to this section (Figure 2.9) in which
a single step stress was applied and the strain evolved as a function of time. In this case

a different function, creep compliance J(t), can be used to describe this behaviour
J(t) = —=. (2.89)

While there is certainly a relationship between these two material functions (i.e. G(t)
and J(t)) and the methods which follow could similarly be developed for creep com-

pliance, primary focus will be given to the relaxation modulus.
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Figure 2.13: Ideal step strain experiment to illustrate the relaxation modulus of vis-
coelastic materials. Under a single step strain input (top left) the stress is shown as a
function of time for an ideal elastic solid (top right), ideal viscous fluid (bottom left)

and viscoelastic material (bottom right).

At the start of the section a statement was made that in the limit of small strain the
exact form of deformation is not important; however, no specific evidence was given
to support this claim. The relaxation modulus described above is a time dependent
equivalent of the shear modulus which naturally arises from the scenario of simple
shear. However, in discussing uniaxial extension for Neo-Hookean model Equation
2.40 showed that for small strains Young’s modulus E was three times the shear mod-
ulus G and as such the shear modulus (and by extension the time dependent relaxation
modulus) can be used to describe uniaxial extension in the limit of small strains.

Considering the single strain step experiment presented in Figure 2.13 where a sin-

gle strain A, is applied at some time ¢,. Equation 2.88 can be rewritten as
o(t) = AyG(t — to). (2.90)

Here the relaxation modulus is dependent on the time lag between the current time ¢
and the time when the strain was applied ¢,; the strain input for this experiment is also
depicted in the top panel of Figure 2.14. If some short time later a second strain step is

applied the stress history would be the addition of these two individual events,
o(t) = AnG(t — t1) + AypG(t — t2), (2.91)

a scenario which is depicted in the centre panel of Figure 2.14. As more successive

strains are applied the Boltzmann Superposition Principle can be used to represent the
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stress history as a summation of past events

N
o(t) =Y AynG(t —ty). (2.92)
1

As the number of steps increase where each contributes some infinitesimal strain an
integral can be used to describe the stress history over all previous time (bottom panel
Figure 2.14)

o(t) = /_ t G(t —t")A(t)dt (2.93)

where the dv(t') term in the integral has been replaced by 4(¢')dt’. Commonly the
elapsed time ¢ — ¢’ is replaced by a single variable s. With this substitution and change
of the limits of integration a general constitutive equation for linear viscoelasticity can

be written

o(t) = / Gt — 5)ds. (2.94)

The integral in Equation 2.93 defines the stress response as a function of arbitrary
strain input with use of the relaxation modulus; however, it is still not clear what form
G(t) will take. Assuming an exponential decay with a relaxation time A the relaxation
modulus could take the form

G(t) = Goe 1 (2.95)

which substituted into Equation 2.93 is the one dimensional Maxwell model in integral
form (equivalent to Equation 2.86)

o(t) = /O h Goe 5/ 5(t — s)ds. (2.96)

In establishing both the integral and differential forms of the Maxwell model above,
it was assumed that a single relaxation time A was sufficient. In real materials these
relaxation times may be directly related to various molecular processes and a single
characteristic time may not accurately describe the complexity of the material. A gener-
alised Maxwell model can be constructed by allowing N numbers of Maxwell elements
to co-exist in a material; mechanically, this is depicted in Figure 2.15. In this case the

relaxation modulus is considered a sum of NV decays
N
G(t) =) Goe ™ (2.97)
i=1

which substituted into Equation 2.93 defines the Generalised Maxwell model in one

dimension

0o N
o(t) = /0 > Goie M (t — s) ds. (2.98)
=1
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Figure 2.14: Illustration of the Boltzmann Superposition Principle for viscoelastic mate-
rials. All plots show the strain history of a sample under test; single step strain A~ (top),
two discrete strain steps (middle) and many steps can be treated as a sum of numerous

steps (bottom).
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LAAMAAN

Figure 2.15: Mechanical representation of Generalised Maxwell model for viscoelastic-

ity.

Furthermore, the discrete set of relaxation times in Equation 2.98 can be replaced by

a continuous function F'(\)
G(t) = / F(\)e 7 dA. (2.99)
0

Typically an alternative distribution function, the relaxation spectrum H (), is used to

represent the spectrum of relaxation frequencies on a logarithmic basis
> d\
G(t) = / H(A)e—t“T (2.100)
0

Similar to describing the relaxation modulus G(t) with the relaxation spectrum
H()), it can be shown that creep compliance is the integral of the retardation spectrum
L()). Specific forms of these spectra and their interconversions will not be explored but
are discussed in detail in the textbook from J.D. Ferry [27].

Constitutive equations for viscoelastic materials are typically written in terms of
either the relaxation modulus or creep compliance because these material functions can
easily be measured. However, in the case of very short relaxation processes a simple
step experiment may not be sufficient. Instead sinusoidal strain waveforms are used.
For the remainder of this section the basics of oscillatory rheology will be discussed.

Consider an oscillating strain input ~(¢)

Y(t) = v, sin(wt) (2.101)

where v, is the strain amplitude and w is the angular frequency. Based on this strain,

the strain rate would oscillate as
F(t) = vYow cos(wt) (2.102)

where the strain and strain rate would be exactly 5 out of phase. In the case of an

ideal solid, described by Hooke’s law, the stress o(t) would be exactly in phase with
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the strain ~(¢); while a fluid with Newtonian behaviour would be exactly in phase with
the strain rate §(¢). A real (viscoelastic) material would have a stress response with a
phase shift § such that 0 < § < 5. A strain (strain rate) input and stress response of a
viscoelastic material is demonstrated in Figure 2.16.

The stress response to the sinusoidal strain input is described by
o(t) = 4,|G*| sin(wt + 9) (2.103)

where G* is the complex modulus and is composed of both a real and imaginary com-
ponent

G* =G +iG". (2.104)

The real part G/, called the storage modulus, represents the elastic behaviour while the
imaginary component G”, referred to as the loss modulus, characterises the viscous

behaviour. The stress from either component can be determined using

ol =7,G’ (2.105a)
ol = ~,G". (2.105b)

In the linear viscoelastic regime the complex modulus G* does not depend on strain

amplitude v, and is purely a function of angular frequency w.

Nonlinear Viscoelasticity

In the previous section linear viscoelasticity was described as the regime in which
a material’s response (e.g. stress, strain) is linearly proportional to input functions
(e.g. strain, strain rate, stress), an assumption which is reasonable in the limit of small
strains. Furthermore, a general theory of viscoelasticity Equation 2.94 and subsequently
the Maxwell model of linear viscoelasticity (Equation 2.86 or 2.96) were developed.
Written in three dimensions, with the rate of strain tensor, the Maxwell model could be
applied to the case of simple shear deformations where the model would not predict
normal stress differences. However, true materials (e.g. polymeric solutions) frequently
exhibit effects associated with non-zero normal stress differences, with examples found
in early work from K. Weissenberg [32]. To model both real materials and real-world
processes a nonlinear response must be considered. Beginning with early work in the
1930s numerous constitutive equations have been proposed. Due to both the quan-
tity and complexity of these models these concepts will not be explored in detail and
alternatively the reader is directed towards an excellent introduction (with further ref-

erences) in the text from C.W. Macosko [1, chap.4 and ref. within].
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o’ (viscous)
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Figure 2.16: Illustration of an imposed oscillatory strain waveform and the stress re-
sponse of a viscoelastic material. The top panel illustrates the sinusoidal input strain
waveform which could alternatively be described by a sinusoidal shear rate waveform
(bottom panel) which is phase shifted from the strain by 7. The middle panel illus-
trates the stress response (solid line) which can be described as the sum of an elastic

component (dashed line) and a solid component (dash dot line).
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2.4 Measurements

In the previous sections various models and subsequent constitutive equations were
developed to describe material behaviour when subjected to deformation. Practically,
these models would be used to predict how an actual material would respond in real-
world scenarios. However, before a model can be ascribed to a new material, its be-
haviour must be observed when precisely controlled stresses or deformations are ap-
plied. This is the essence of rheometry, which is the art of measuring rheological quan-
tities. A broad introduction and practical treatment of the subject can be found in the
text from C.W. Macosko [1, part II].

Today there are a number of commercial suppliers of industrial and laboratory
grade rheological instruments. In addition, the rheology community has generated a
great number of homemade devices over the past one hundred years. In general, these
instruments fall mainly into two categories: shear rheology and extensional rheology.

Extensional rheometers are particularly relevant for high viscosity materials. These
instruments are extremely useful for industry as numerous polymer processing op-
erations (e.g. injection molding, film blowing or fiber spinning) involve extensional
deformation.

Shear rheology can further be subdivided into drag flow and pressure driven flow.
Pressure driven measurements include capillary rheology and slit rheology which can
be operated in either a controlled drive pressure or controlled flow rate mode. Pressure
driven flow rheology is useful for process line measurements where rheological param-
eters are used as controls in industrial environments. In the case of drag flow rheology
materials are sheared between a moving and stationary boundary.

The experimental methods presented in this thesis focus primarily on rotational
drag flow shear rheology which utilises symmetric geometries to produce continuous
shear. For this reason the following section will focus on this topic. Extensional rheol-
ogy combined with nuclear magnetic resonance will be discussed in Section 4.4.3 where

a brief introduction to this class of measurements will be given.

2.4.1 Rotational Drag Flow Rheometers

The first rotary drag flow rheometer was introduced in 1890 by M. Couette [33][1, pp.
181] with commercially available devices appearing only two decades later [34]. Over
the past one hundred years rotary rheometers have continuously evolved and are now
a common tool in industry and academia. In addition to various experimental proto-
cols (e.g. step, continuous, sinusoidal waveforms) and available shear geometries (dis-
cussed in the following section), modern rotary rheometers may also have provisions to

measure normal stresses and for sophisticated sample temperature control [35][1, chap.
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8].

In the case of the theometer built by Couette the angular velocity of one shear sur-
face was controlled while a torque was calculated based on the angular deflection of
the opposing surface (in this design a concentric cylinder geometry was used and will
be discussed in the following section). For this and other controlled strain devices
the strain (or strain rate) is the independent variable while the stress (calculated from
torque) is the dependent variable. Strain input is typically provided by an electric mo-
tor with modern instruments utilising a DC motor operating with a position encoder
in a closed loop feedback (a configuration referred to as a servomotor). Optical or ca-
pacitance encoders allow for both discrete steps (position control) or continuous steady
shear (velocity control) including time dependent strain waveforms (e.g. sinusoidal).
Early instruments utilised a torsion element with various angular deflection methods to
measure torque. However, the requirement for angular displacement of the torsion el-
ement meant that in the case of step experiments (e.g. stress relaxation) the true strain
experienced by the sample would be the imposed strain minus the deflection of the
measurement device and additional transient errors would occur. Although the dis-
placement of the torsion element could be reduced by introducing corrections to the
control software a zero displacement torque measurement could be achieved with the
use of a force rebalance device. A servo motor was used to eliminate the angular de-
flection across a torsion element and the torque measurement was determined from the
current necessary to maintain this zero displacement. A modern strain controlled rheo-
meter (utilising a force rebalance transducer) can be seen in Figure 2.17a. Additionally,
a torque measurement on a strain controlled rheometer could be determined simply
from the current required to maintain constant rotation (the same theory is used in the
force rebalance transducer). Initially applied to DC motors this technique was later ap-
plied to devices with electrically commutated (or brushless DC) motors. One special
case of a strain controlled rheometer is a viscometer which is limited to measuring the

viscosity of a sample in steady shear flows.

Controlled stress devices are the inverse of the controlled strain rheometer described
above with the independent variable being shear stress and the dependent variable be-
ing the strain (or strain rate) [34]. Characterising the strain (or strain rate) is relatively
straight forward as angular displacements (or angular frequencies) can be measured
with the same elements used in the control routine for strain controlled rheometers
(e.g. capacitance or optical encoders). Controlling the torque input is a greater en-
gineering challenge. For early devices a weight attached to a string, coiled around a
pulley, would be dropped creating a torque on the central shaft of the pulley during
free fall. Of course practical considerations (e.g. drop length) limited the utility of such

devices. In the 1960s J. Deer modified the air bearing of a strain controlled rheometer
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(a) (b)

Figure 2.17: Examples of commercial rheometers: (a) TA Instruments ARES strain con-
trolled rheometer and (b) TA Instruments AR 2000 stress controlled rheometer.

such that continuous controlled stress was possible [36]. With time the air turbine drive
system was replaced by an asynchronous AC motor (referred to as drag-cup motor).
Figure 2.17b shows a commercial stress controlled rheometer with a drag-cup motor.
Modern stress controlled devices have the added benefit of pseudo-strain control in
which a feedback loop between the shaft position (or speed) and motor voltage can be

used to generate an input strain.

2.4.2 Rotational Drag Flow Geometries

Practically, true simple shear deformation is difficult to realise for viscous and viscoelas-
tic fluids due to sample containment and edge effects. Furthermore, physical limits on
the length of the geometry would not only be a substantial engineering challenge but
also limit the possible experiment time and range of obtainable shear rates. As an alter-
native, concentrically symmetric geometries are frequently used for continuous steady
shear, including: 1) concentric cylinders, 2) cone and plate and 3) parallel disks. How-
ever, due to deviations from the ideal case of infinite sliding plates each set-up has
specific benefits and disadvantages which will be discussed in the following sections.
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Concentric Cylinders

In the case of the concentric cylinder geometry a sample fills the annulus between two
coaxial cylinders (Figure 2.18). Shear is produced from relative motion between the
surfaces of the cylinders in contact with the fluid. In the case of the strain controlled
rheometer designed by M. Couette, the outer cylinder (cup) of the geometry was ro-
tated [33][1, pp. 181]. The opposite strategy was employed in the case of the stress
controlled rheometer designed by G. Searle that utilised a geometry where the inner
cylinder (bob) was rotated [37]. Both measurement strategies (illustrated in Figure 2.19)
are still used today; rotating the outer cup has the advantage of stabilising secondary
flows at high shear rates [38] while rotating the bob is a convenient option for multi-
purpose stress controlled rheometers.

In the case of an ideal concentric cylinder arrangement (cylindrical symmetry and
no eccentricity), assuming steady laminar flow in the azimuthal direction % = 0 and
no secondary flow v, = v, = 0, the equations of motion for a viscous fluid written in

cylindrical coordinates (Appendix A.2) can be reduced to

2

co 10y T
r-component : P = e (r7r) (2.106a)
f-component: 0= ;(7‘27}9) (2.106b)
z-component : 0 = 2(7'7'Tz) + pg. (2.106¢)

or

where the geometry has been aligned such that the only component from gravity acts
in the z direction. Normal stresses can be determined from Equation 2.106a, shear
stress from 2.106b and hydostatic pressure from 2.106c. Assuming no-slip at walls (i.e.
no discontinuities between the geometry and fluid velocity across the solid-fluid inter-
faces), the boundary conditions for a Searle device can be defined as vg(r;) = Qjr; and

vg(ro) = 0 where €; is the angular frequency of the inner cylinder.

Q
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Figure 2.18: Simple schematic of a concentric cylinder (cylinderical Couette) shear ge-

ometry.
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(a) Couette measurement mode (b) Searle measurement mode

Figure 2.19: Measurement strategies for viscometer and rheometer instruments.

Integrating both sides of Equation 2.106b with respect to r yields
c

or(r) = 2 (2.107)
where the viscous stress component 7,4 has been replaced by an equivalent term, the
total stress component o,¢9. The constant of integration c can be calculated from a torque
balance. To match the experimental methods used in this thesis torque will be measured

at the inner wall. For this scenario, the torque balance would be
M(ri) = (2mril) (ry) (CQ) (2.108)

T

where the three terms are the surface area, lever arm and shear stress at » = ;, respec-
tively. Solving for c and substituting the result into Equation 2.107 gives the shear stress

as a function of measurable quantity M (r;)

org(ri) = (2.109)

Torque M is the physical quantity either controlled or measured when the concen-
tric cylinder geometry is used on a rheometer. However, as illustrated in Figure 2.19,
there are additional drag artefacts from the bottom of the bob which would not be
treated in the equations above. In the original design from M. Couette, the solution was
to disconnect the central region of the bob from the top and bottom. By only connect-
ing the torque sensor to the central region these end effects were eliminated. However,
this complicates the design and alternative methods will be discussed at the end of this

section.
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Looking back at Equation 2.107 it is evident that shear stress varies with position 7.
The ratio of shear stress at the inner wall to the outer wall becomes

, 2
7ro(r) _ o, (2.110)
org(ro) T

In the case of Newtonian behaviour (constant viscosity) the ratio of the shear rate be-

tween the two boundaries is

y(ri) Tl
Tt 2.111)

Indicating that the shear rate (and shear strain) is not constant between the two cylin-
ders. However, as the curvature of the two walls becomes more similar the position
dependence diminishes. In the extreme the two surfaces are infinitely parallel, return-
ing to the case of simple shear.

From the definition of the rate of strain tensor % (Equation 2.59) and using the com-
ponents of deformation gradient tensor L (written in cylindrical coordinates [1, pp. 69]),
the shear rate is

Firol =7 = |7 o (0r) = 22+ 2 (ug) e112)
where the first term is zero (due to symmetry in #). The term vy describes the azimuthal
velocity of the fluid and varies as a function of r; alternatively vy could be described
by Qr where (1 is the spatially dependent angular frequency of the fluid across the gap.
As Q) varies as a function of 7, the product rule is used to evaluate the third term in the
shear rate description above, such that

r

5= ”aar (”")‘ (2113)

which describes, for the concentric cylinder geometry, how the shear rate + varies as
a function of position r. To evaluate the expression above, in the case of an incom-
pressible fluid, the total stress tensor in the momentum equation (Equation 2.7) can be

re-written in terms of dynamic viscosity 7
o= —pl+T=—plin (w n (W)T) : (2.114)

With this modification, the equation of motion is referred to as the Navier-Stokes equa-
tion [9, sec. 4.1]. In this form, the §-component becomes

0=n [(‘fr (1; (T‘U@))] : (2.115)

Integrating twice and solving for velocity vy,

vg(r) = cir + 672 (2.116)



2.4. MEASUREMENTS 43

Using the two boundary conditions listed earlier the constants of integration ¢; and
c2 can be determined and used to solve for the azimuthal velocity vy as a function of

position r
(12
ve (1) 4 <T° - 'r> . (2.117)

= 2
rs Ty r

For the velocity profile equation listed above, if both sides are divided by r, this func-
tion can be substituted into the formula for shear rate (Equation 2.113)

0 Q2 2
y(r) = |r4+ |5 -1 2.11
0= [ ()l i
and after taking the absolute value of the derivative
2€) r2r?
y(r) = — : . 2.11
i =53 (72) 119)

In which the #(r) %2 behaviour is evident. In the case that r, ~ r; any position across

the annulus could be represented by a average value 7

= Lo "; iy (2.120)

By expanding the r2 — 72 term in Equation 2.119 to (r, — 7i)(r, + 7i) and assuming
ro & i ~ T, simple shear behaviour is recovered
7

To — Ti

(2.121)

In the case that the ratio between the curvature of the two cylinders x = ;I is greater
than 0.99, curvature can be neglected and the equation above for shear rate in the case
of simple shear can be used [1, pp. 191].

In the work above determining the form of the shear rate was straightforward based
on the assumption of an incompressible fluid with Newtonian behaviour. An alterna-
tive derivation could be used where the shear rate function is defined in terms of shear
stress and subsequently developed for a generic fluid [1, pp. 191-195]. This function can
then be used to convert angular frequency to a true shear rate. However, for simplicity,
some practitioners choose to report an applied shear rate 5,,

Qir;

To — Ti

Yo = (2.122)

In formulating the equations of motion for the concentric cylinder geometry a no-
slip condition was assumed at the solid-fluid interfaces. For actual experiments this
may not hold due to the presence of true or apparent slip [39]. Without local velocity
measurements it can be difficult to detect slip. If multiple measurements are made on

a series of concentric cylinder geometries with varying dimensions it may be possible
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to correct for slip [40]. If slip is a genuine concern other geometries (i.e. parallel disks)
may be more appropriate.

In the opening paragraph of this section there was a reference to the work of G. I. Tay-
lor [38] who explored flow instabilities (Taylor vortices) at high angular frequencies.
Using the Taylor number Ta, a criterion for inertial instabilities (in the case of a rotating
inner cylinder) is given by [1]

P02 (o — 1)1

Ta = — < 3400. (2.123)
n(¥)

Although this criterion was developed in the case of Newtonian behaviour and a nar-

row gap (k > 0.99) it may be used generally to estimate stability in more complicated
scenarios. In other work [e.g. 41] inertial instabilities are described by the term >; de-

fined as

% = (1 - K) Re (2.124)
K

where Re is the Reynolds number, Re = dQT“", in which v is the kinematic viscosity. Using
the definitions described in this chapter it can be shown that the Taylor number and 3;
are related such that Ta = X2 for the case of a narrow gap. Furthermore, for concentric
cylinders with a rotating inner wall (frequently referred to as Taylor-Couette or TC
devices in the literature), elastic instabilities were first described for dilute polymer
solutions by R. G. Larson, E. S. G. Shaqgfeh and S. J. Muller [42]. This elastic instability
can be described by

%, = (1 — “> Wi (2.125)
K

where Wi= )y is the Weissenberg number [41]. Using Equations 2.124 and 2.125
it has been suggested that flow becomes unstable when either term exceeds a critical
coefficient on the order of unity [41].

Earlier in this section ends effects were mentioned briefly; today there are two com-
mon strategies used to account for flow underneath the rotor of the concentric cylinder:
1) machine a recessed pocket on the bottom of the bob which traps air when immersed
in the sample fluid, ultimately isolating the bottom of the rotor or 2) taper the end to
a cone (with appropriate angle) and account for the addition torque components when
converting a measured torque to a shear stress. Considering the second option the for-
mula for determining shear stress will now be derived. In this derivation it will be as-
sumed that the concentric cylinder validates the narrow gap approximation (x > 0.99);

in this case the shear rate and shear stress are described by Equations 2.122 and 2.109,

Y As mentioned previously, ) is used in this chapter as a relaxation time while in other sources it is

common for 7 to be used for this purpose.
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respectively. The cone on the bottom of the rotor can be treated as a cone and plate
geometry where the shear rate and shear stress are described by Equations 2.132 and
2.131, respectively (these relationships will be discussed in the following section). The
measured torque for an actual concentric cylinder geometry can be treated as a combi-

nation of torques from an ideal concentric cylinder and ideal cone and plate
My = Mee + M, (2.126)

where M, M. and M., are the measured torque, torque from an ideal concentric cylin-
der and torque from an ideal cone and plate, respectively. Using Equations 2.109 and

2.131 the measured torque could further be defined as
2 23
M = 27rilo. + 3T 0cp (2.127)

where o and o, are the shear stresses for the two geometries. In the event that the ap-
plied shear rates for the two geometries are matched, regardless of the underlying dy-
namics of the fluid, these shear stresses are the same (o.. = ocp). Using Equations 2.122

and 2.132 the geometric criterion for equal shear rates is

g="lo M (2.128)
i
Factoring out the shear stress in Equation 2.127
2 23
Mt = (27r7“i I+ 37T7’i) g12 (2.129)
and solving for the shear stress
M
019 ! (2.130)

T2l (14 5)

Comparing the shear stress equation adjusted for end effects (Equation 2.130) to the
ideal form (Equation 2.109) the correction factor in the denominator is clear. Further-
more, in the event that the immersion length [ is much larger than the radius of the
rotor r; the end effects can be ignored.

Normal stresses can be difficult to measure in the concentric cylinder geometry and
if this data is necessary a more appropriate shear geometry would be the cone and
plate. A summary of the characteristics of the concentric cylinder shear device can be
found in Table 2.4.

Cone and Plate

Originally introduced by M. Money and R. H. Ewart [43], the cone and plate configu-

ration is well known for generating homogeneous deformation and is convenient for
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Figure 2.20: Simple schematic of a cone and plate shear geometry.

measuring normal stress. A general schematic of the geometry can be seen in Figure
2.20. Practically, the angle 3 is limited to < 0.1 radians (= 6°) such that small angle
approximations can be used in deriving the equations for shear stress and shear rate.
Following the procedure demonstrated for the concentric cylinder geometry and util-
ising spherical coordinates shear stress can be calculated from a measured torque M
using

3M
T 2R3

where R is the radius of the cone (Figure 2.20). Furthermore, the shear rate is defined

(2.131)

0'9¢

as

=g (2.132)
Thus the shear rate is not dependent on position and the deformation is uniform through
the sample?.

As mentioned before the arrangement of the cone and plate allows for determina-
tion of the first normal stress difference N by measuring the total thrust force along the
axis of rotation [6, sec. 4.4.1]. The ability to measure thrust force is a common feature
of laboratory rheometers where a force rebalance transducer (discussed previously in
Section 2.4.1) is used to maintain the spacing between the two surfaces. To prevent nor-
mal forces from particles within the sample the tip of the cone (=~ 50 ym) is commonly

truncated.

Parallel Disks

The first parallel disks (plate and plate) configuration was used in an instrument de-
signed by M.Mooney to test unvulcanised rubber [44]. A simple schematic and impor-
tant dimensions for the parallel disks geometry can be seen in Figure 2.21.

Unlike the cone and plate geometry the deformation from the parallel disks is not
homogeneous and the shear rate (as in the case of the concentric cylinders) varies with

position r

()=~ (2.133)

Worked derivation available [1, pp. 205-208].
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Figure 2.21: Simple schematic of a parallel disks (plate and plate) shear geometry

where it has been assumed there is no slip at the boundaries, steady flow in the az-

imuthal direction and no secondary flows. Furthermore, the shear stress is defined as

M dlnM
09 = 5 <3 + dlnﬁ) (2.134)

where 4, is the shear rate at the edge of the geometry?!.

For the parallel disks arrangement, because the shear rate varies with position, mea-
surements of the total thrust give the difference between N; and N». Thus, if the first
normal stress difference N; is known (e.g. from cone and plate measurements), the
second normal stress difference Ny can be determined.

A significant advantage of the parallel disks arrangement is the ability to easily
change the geometry for an experiment by varying the distance h between the two
plates. Successive experiments at different heights can be used to detect wall slip and

in the case of Newtonian behaviour slip corrections are possible [40].

2.5 Conclusion

In this chapter fundamental concepts from continuum mechanics were introduced in-
cluding mathematical tools (e.g. the total stress tensor o and the rate of deformation
tensor 4 including their origin and application to basic forms of deformation, i.e. uniax-
ial extension and simple shear). These concepts were then used to generate constitutive
equations for elastic solids, viscous liquids and viscoelastic materials. It was mentioned
that most everyday items are some form of a viscoelastic material, having properties of
both a pure liquid and true solid. A key motivation in the field of rheology is to develop
material descriptions that account for one of more of the four key phenomena that can

not be explained from Hooke’s Law or Newton’s viscosity, including:
1. Shear rate dependent viscosity (e.g. shear thinning or shear thickening)

2. Normal stresses in steady flows

Z'Worked derivation available [1, pp. 217-220].
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Geometry Shear Rate Shear Stress Additional Comments
Concentric cylinder [33][1, pp. 181] 4(r) = w‘m Aﬁmw\ﬁmeQ o=3 %Mﬁw Ideal for low viscosity samples. Poten-
tial for secondary flow, especially when
rotating inner cylinder. Wall slip difficult
to detect without local techniques. Typ-
ically not suited for normal stress mea-
surements.

Cone and plate [43] g = mn o= mwwam Deformation is homogeneous and the
first normal stress difference N; can be
determined with total thrust measure-
ments.

Parallel disks [44] i =1 =3 Rﬁ Aw + Mﬂ/m v Wall slip can easily be explored through

successive experiments with varying dis-
tance between disks. Total thrust mea-
surements can be used to estimate N —
N, and with cone and plate data can esti-

mate No.

Table 2.4: Comparison of rotary drag flow shear geometries.

“In the case of incompressible Newtonian behaviour.
wHoBCm measured on inner cylinder.

‘B8 < 0.1 radians.

4See footnote c.
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3. Time dependence
4. Extensional thickening viscosity

In the latter portion of this chapter techniques used to measure the properties of
these samples were introduced with particular focus given to rotary drag flow shear
methods. Two forms of rotational rheometers were introduced with a description of
their evolution, the benefits of their design and the challenges of construction. Finally,
three common shear geometries (concentric cylinder, cone and plate and parallel disks)
were introduced, including a mathematical description of their primary characteristics
(strain rate and stress) and a brief discussion of the benefits and disadvantages of each.

As the fields of rheology and rheometry continue to evolve and expand a core chal-
lenge for researchers is to perform the most appropriate test for a sample and apply
the simplest model (constitutive equation) which accounts for observed physical be-
haviour. In this thesis new instruments have been developed to provide experimen-
talists with novel tools for studying simple and complex fluids within rotation drag
flow shear geometries. These shear geometries are specifically designed to mirror the
‘ideal” devices used in traditional rheometry, but also provide the flexibility to explore
assumptions of boundary conditions and inhomogeneous deformation. Furthermore,
the drive-shaft units presented in this thesis introduce new experimental methodolo-
gies which have previously been unrealised or undeveloped in the NMR community,
including shear profiles (e.g. oscillatory shear) and bulk rheometry measurements (i.e.

torque) acquired during NMR experiments.
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Chapter 3

Nuclear Magnetic Resonance

3.1 Introduction

The first nuclear magnet resonance measurements are attributed to the independent
work lead by E.M. Purcell [45] and F. Bloch [46], an accomplishment which lead to the
pair sharing the 1952 Nobel Prize in Physics “for their development of new methods
for nuclear magnetic precision measurements and discoveries in connection therewith”.
Nuclear magnetic resonance (NMR) theory and applications have blossomed over the
past 70 years. These principles are the key to aspects of modern chemical and biochem-
ical analysis (NMR spectroscopy), diagnostic imaging in medicine (MRI) and material
analysis (diffusion and solid-state NMR). This chapter introduces concepts of NMR
which are crucial for understanding the application of magnetic resonance techniques.
While the brief descriptions that follow may be acceptable for a practitioner of NMR
methods, those interested in exploring these ideas in detail are pointed to some of the

numerous textbooks available on the subject [47-51].

3.2 Nuclear Magnetism

As illustrated later in this chapter, the basic NMR experiment can be understood with
a semi-classical vector model in which no quantum mechanics knowledge is required.
However, in an effort to paint a complete picture of the intricacies and elegance of
magnetic resonance techniques, a brief look into the quantum underpinnings of NMR
is presented in this section. For additional information dedicated introductory texts on

quantum mechanics are available [52].

51
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3.21 Spin

As an entry point into the world of quantum mechanics, first consider angular momen-
tum from the point of view of classical mechanics. In the everyday world, filled with
cannonballs and planets, angular momentum can be described in two flavours. The
first, orbital, is associated with motion of an object’s centre of mass, while the second,
spin, relates to motion about an object’s centre of mass. Without being distracted by the
nuance of this distinction in the classical world, moving to the quantum realm there is
a fundamental difference between these forms of angular momentum. In the world of
protons and electrons, particles still carry an orbital angular momentum which is “ex-
trinsically” defined by a particle’s motion in space; however, spin angular momentum
S does not depend on any motion and is now an “intrinsic” property.

The spin of a particular species of elementary particle is quantised in increments of
1/2. Electrons and quarks (the elementary particles that make up protons and neutrons)
carry a spin of 1/2 (and by extension the nucleons also carry a spin of 1/2). In the case
of nuclear magnetic resonance, where the net spin of an atomic nucleus is relevant,
the nuclear spin is the sum of the individual nucleon spins and is represented by the
symbol 1.

From the spin angular momentum of a particle (and in the case of nuclear spin, the

net spin), a magnetic dipole moment, y, can be defined as

n=7S (3.1)

where v, the gyromagnetic ratio, is simply a proportionality constant. In the presence
of a magnetic field, B, the particle (or nucleus) may experience a torque resulting in
parallel alignment with the external magnetic field. The energy associated with this

torque can be defined by
H=—-u-B (3.2)

and can be expanded using the relationship in Equation 3.1
H=-+S-B. (3.3)

Considering a spin-1/2 system, such as a 'H (or proton) NMR experiment, the an-

gular momentum spin vector for each particle is defined as
S=(h/2)o (3.4)
where o represents the Pauli vector

o =04+ ij' + 0.k (3.5)
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with the individual Pauli matrices defined as

_ (0 1 [0 —i (1 0
ax—<1 0), O’y—<i 0), UZ—<0 _1>. (3.6)

If this system is placed within a uniform magnetic field, in this example applied in
the z-direction (B = BOR), the Hamiltonian associated with this scenario takes the form

H=—-vB,S. (3.7)
or, alternatively, in matrix form
vBoh (1 0
H=- 3.8
; (0 o (38)

vBoh
2

Figure 3.1, with a net energy difference of vB,h. This splitting is known as the Zeeman

where the eigenstates of H indicate two distinct energy levels, + , as depicted in

interaction where, generally, 2] + 1 orientations (or energy levels) are available.

Energy
YhBo

2
0 ‘< AE = vhB,
YhBo

T2

Figure 3.1: Depiction of the energy levels for a spin-1/2 system due to the Zeeman

interaction.

For the ensemble in the previous example, there will be a significant portion of spins
in the low energy state (“spin up”, E}, aligned parallel with the magnetic field) — 7327& ;
additionally there will be a large number of spins in the high energy state (“spin down”,
E,, aligned anti-parallel) @. This leads to polarisation of the population which is

defined by the Boltzmann distribution

% _ () (3.9)

where kp is the Boltzmann constant and 7" the absolute temperature.
As a consequence of the Boltzmann distribution, a bulk magnetisation, M, can be

given by!

N~%h%B,

M, =
4k, T

(3.10)

"Worked derivation available [53, chp. 1].
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where N is the total number of spins N = N; + N|. This net magnetisation will be a
starting point for discussing the basics of an NMR experiment using a semi-classical
model in Section 3.3

3.2.2 Precession

The two eigenstates (x) of H in Equation 3.8 can be used in the time-dependent

Schrodinger equation

ihaéit) = Hx(t) (3.11)
to express a general solution
iyBot/2
H = cos (a/2)e . (3.12)
sin (ar/2) e~ ¥7Bot/2

where the expectation value for the spin vector is generally defined as

(S) = x(1)1Sx(t). (3.13)

Using the definition in Equation 3.4 the expectation value of the spin vector can be

found

B sin a cos (yB,t)

(S)=| —Lsinasin(yBot) | . (3.14)

h
§COSO£

x

Figure 3.2: The expectation value for the spin vector ((S)) in an external magnetic field
(B) precesses around the field at the Larmor frequency (w) at a constant angle («). Note

this figure is not drawn to scale.

As depicted in Figure 3.2, the solution in 3.14 indicates that the spin vector is tilted
from the z-axis at a constant angle of « and precesses around the magnetic field at an
angular frequency

wo =B, (3.15)
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which is defined as the Larmor frequency. The Larmor frequency is determined by both
the strength of the external magnetic field and the gyromagetic ratio for the particle (or
in the case of NMR, the nuclei) under investigation. The experiments in this thesis
have been conducted at three field strengths for which the resonance frequency of each
is listed in Table 3.1.

B,/T w(*H)/MHz w(*H)/MHz

5.9 250 38.6
7.0 300 45.8
94 400 61.4

Table 3.1: Larmor frequency as a function of magnetic field strength for proton and
deuterium NMR

3.3 Fundamentals of an NMR Experiment

Based on the quantum mechanical descriptions in Section 3.2 the spin of a particle
placed in an external magnetic field results in discrete quantised energy levels and pre-
cession at the Larmor frequency around the applied field. In terms of a macroscopic
sample, the number of spins is on the order of the Avogadro constant (N ~ 10%?) and
thus an ensemble average is treated in lieu of individual spins. This concept is depicted
in Figure 3.3 where the sum of all individual spin vectors is called the macroscopic
magnetisation M,,.

Armed with a macroscopic quantity, the net magnetisation vector M, spin dynamics
can now be described through a semi-classical (or vector) model. Such a method was
introduced by F. Bloch [54] where the excitation and relaxation processes of magnetisa-

tion can be described by

dM

where M,, describes the steady state (thermal equilibrium) magnetisation and R is the

relaxation matrix

' 0 0
R=|0 7,0 o0 |. (3.17)
o o 17!

The components of R, 7} and 7%, describe the relaxation processes in the longitudinal
(2) and transverse xy directions, respectively. Methods for measuring these processes

will be discussed in Section 3.5.
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As As
| S— | ¢
T

y
(b)

Figure 3.3: Depiction of individual spin vectors aligned parallel and anti-parallel with

applied magnetic field B (a) and the net sum macroscopic magnetisation vector M.

For an arbitrary magnetic field B(t) = (B,(t)i, By(t)j, B.(t)k) and magnetisation
vector M(t) = (M, (t)i, My(t)ﬁ, M, (t)k), the three components of the Bloch equations

become

DL _ s 01y 08.08) - M08, (1) — a2 3182
2
DD o M 0)B0) - M08 - T (3.15)
2
D) o 0By 1)~ My Bu(r)] - e (318
dt T

where in this thesis it will been assumed that at thermal equilibrium the magnetisation
is aligned with the z axis, i.e. M, = (M,k). The transverse z and y components can
be simplified by defining the complex quantities M, (t) = M, (t) + iM,(t) (referred to
as the transverse magnetisation) and B, (t) = B, (t) + iB,(t). Thus the two transverse
Bloch equations can be replaced with

dM;,(t) = —iy [Myy (£)B.(t) — M (t) By (t)] — M%(t) '

(3.19)

Temporarily neglecting the influence of relaxation, in the case of a static magnetic

field B(t) = (B,k), the change in magnetisation with respect to time for an arbitrarily
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~ A~

orientated net magnetisation M(t) = (M,(t)i, M, (t)j, M.(t)k) becomes

d]\%(t) = —iy M,y (t)B, (3.20a)
dM(t)
= =0, (3.20b)

Solving the differential equation for the transverse magnetisation and the (trivial) case

of the longitudinal magnetisation M,

My (t) = My, (0)e= 1Bt (3.21a)
M, (t) = M.(0). (3.21b)

Indicating that the net magnetisation vector precesses about the longitudinal axis at the

Larmor frequency w, = vB,. A result similar to that found in the previous section.

3.3.1 Excitation, Detection and Relaxation

The three core components of all NMR experiments are excitation of the magnetisation,
signal detection and relaxation effects. These concepts will be explored in this section.
Thermal equilibrium of the net magnetisation, in which the net magnetisation vec-
tor is aligned with the longitudinal axis, can be perturbed (excited) by applying a sec-
ond magnetic field typically referred to as the B, field. Practically, this oscillating mag-
netic field can be described by By = (B cos(w; st + $)i, — By sin(w, ft+ #)j). The Bloch
equations can be used to visualise the evolution of the magnetisation due to the By,
however, it is convenient to first consider an alternative coordinate system. In the ex-
amples above the magnetisation was observed from a stationary point in the laboratory
reference frame. Consider a new reference frame which is rotating about the longitu-
dinal axis z; this appropriately called rotating frame is observed from the perspective
of the oscillating B, field. The following transformations can be used to move between
the two where (X, Y, Z) terms denote the rotating frame and (z, y, z) is reserved for the

laboratory frame

My (t) =™ My, () (3.22a)
My (t) =M, (t). (3.22b)

When the frequency of the B; field matches the Larmor frequency of the system
under investigation w,; = 7B, = w,2, the utility of the coordinate transformation can
be illustrated using the results found in Equations 3.21a and 3.21b. In the rotating frame

the Bloch equations are used to describe an arbitrary magnetisation vector in a static

Typical frequencies of the By field are in the radiofrequency range and thus the notation w;.; is used.



58 CHAPTER 3. NUCLEAR MAGNETIC RESONANCE

magnetic field

Mxy (t) = e“ri' My, (0)e~ Bt = M, (0) (3.23a)
My(t) = M. (0) (3.23b)

where, in principle, the magnetisation is stationary. Furthermore, as the magnetisation
does not appear to precess in the vector model of the rotating frame, the static magnetic
field B(t) = (B,k) is not present (Figure 3.4a).

Mo

(d)

Figure 3.4: Visualising the influence of the applied magnetic field B; in the rotating
frame. At thermal equilibrium the net magnetisation is aligned with the longitudinal
axis and stationary (a); the magnetisation vector begins to precess around the applied
B, field (b); by varying the duration over which the B; field is applied the tip angle of

the magnetisation vector can be controlled, e.g. 90° (c) or 180° (d).

Returning to the B; field mentioned earlier, using complex notation, the oscillating
field can be described by B,,(t) = Bj cos(wy st + ¢) — i By sin(w, st + ¢). When trans-
formed to the rotating frame using the method described in Equation 3.22a this be-
comes Byxy = Bie ™. So in the rotating frame the B; field is static and oriented in a
direction controlled by the phase shift ¢.

The application of B; in the rotating frame results in the precession of the mag-
netisation vector with the axis of rotation aligned in the direction of the applied field

(Figure 3.4b). By controlling the amount of time ¢, for which the B; field is applied the
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exact rotation of the magnetisation vector ¢ can be controlled
0 = vBit, (3.24)

where 0 is frequently referred to as the tip, flip or nutation angle. As ¢, is typically short
(107° — 1073 s) and w, is typically in the radiofrequency range, the By is frequently
referred to as a radiofrequency (RF) pulse.

In the rotating frame once the net magnetisation vector has been rotated away from
the longitudinal axis the transverse components of individual spins begin to precess
at different frequencies Q; = w,; — w;,r, where w,; is the Larmor frequency for the ith
spin. Following Faraday’s Law of Induction, the Fourier sum of the precession of all
components within the transverse plane can be detected through an induced voltage in
the resonator coil as seen in Figure 3.5 and is referred to as the NMR signal. Practically,
the coil which measures the precession was previously used to generate the excitation

RF pulse which started the experiment.

Figure 3.5: The precession of the net magnetisation M induces an EMF in the resonant

coil.

Consider now the net magnetisation some time after the application of an RF pulse,

remembering that in the rotating frame the magnetic field B = 0

— 3.25
dt T (3.25a)
dMyz(t) My — M,
= - .25b
dt Ty (3.25b)
The solutions of which are
Myy (t) = Mxy (0)e "/ (3.26a)

My (t) = Mz(0)e /T + M, (1 - e—t/Tl) (3.26b)
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where the Mxy (0) and Mz(0) are the magnetisation components directly after the ap-
plication of an RF pulse.

The relaxation mechanism in the transverse plane is the spin-spin relaxation with
the characteristic time 75. As the net magnetisation precessing within the transverse
plane is the vector sum of numerous (10%%) individual spins the spin-spin relaxation
describes the loss of coherence between these spins. Along the longitudinal axis the re-
laxation mechanism is the spin-lattice relaxation which describes how spins reach ther-
mal equilibrium and is characterised by the time constant 7. Methods of determining
both T} and T5 will be discussed in Section 3.5.

3.3.2 Free Induction Decay

At this point, a simple NMR experiment can be designed where the measurement of the
free induction decay (FID) results from a single pulse. The pulse programme schematic
for this experiment is shown in Figure 3.6. To obtain the maximum possible signal
a pulse is applied to rotate the net magnetisation by 90°. As previously described,
the precession of the transverse components of the magnetisation induces a sinusoidal

signal with exponential decay in the resonator.

™
2
’\ FID
N\ >

v
t

Figure 3.6: NMR pulse sequence for single pulse and signal acquisition.

The pulse sequence shown in Figure 3.6 shows the relative timing of an experiment.
Short RF pulses are depicted by vertical bars where the width indicates t,. As this
chapter progresses additional building blocks will be introduced in more sophisticated
pulse sequences. To denote the time at which measurements are made it is common to
depict the form of the expected NMR signal. In the case of the single pulse experiment
a depiction of the FID is shown.

Prior to visualising the measured NMR signal a brief discussion regarding modern
NMR spectrometers is necessary. Before the instrument can store the analogue signal
generated in the resonator coil the signal must be converted to digital. This process
is achieved with an analogue-to-digital converter (ADC), however, the oscillation of
this signal (= w,) may or may not be too fast for the ADC. As such the NMR signal is

mixed with a reference frequency set to w, s to generate a signal at the relative frequency
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Wrel = Wo — wys. In the example of measuring an FID, using quadrature detection with

respect to the reference frequency w, s, the digitised signal would take the form

Sa(t) = cos (wyet) e /T2 (3.27a)
Sp(t) =sin (wyet) e /T2 (3.27b)

where the two outputs can be combined into a single complex signal

S(t) = Sa(t) +iSz(t). (3.28)
N
\ \
AN
= > = y,
n %)
t t

Figure 3.7: Real component (left) and imaginary component (right) of the NMR signal

in a single pulse experiment.

To illustrate this result the real and imaginary components of the FID can be seen in
Figure 3.7. Both parts of the signal are contained within an exponential decay envelope
(depicted as dashed line in Figure 3.7). In an ideal case the time constant of this ex-
ponential decay would be 75, however, in actual experiments this decay may be faster
due to inhomogeneities in the static magnetic field which speed up the loss of coher-
ence between spin components due to spatially varying Larmor frequencies. Thus the

decay for the FID signal is characterised by 75

3.3.3 Spin Echo

Previously it was mentioned that the decay of an FID was characterised by 7% where in-
homogeneities in the static magnetic field contribute to the loss of coherence of the spin
vectors as each individual spin packet has its own local Larmor frequency. Provided
spins do not move, and thus always experience the same frequency of precession, it is
possible to cancel the effects of 775 through the use of a spin echo [55].

A pulse sequence depicting a spin echo can be seen in Figure 3.8. At the beginning
of the experiment, a 90° RF pulse oriented along the X axis is applied for ¢, to rotate
the net magnetisation vector into the transverse plane (Figure 3.9a). Following the ex-

citation, in the rotating frame, the individual spin components begin to precess at the



62 CHAPTER 3. NUCLEAR MAGNETIC RESONANCE
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Figure 3.8: Spin echo pulse sequence.

frequency defined by the difference between their individual local Larmor frequency
and the frequency of the RF pulse w,; — w,f, causing the net magnetisation to lose co-
herence (Figures 3.9b and 3.9¢c). At a time 7 after the first pulse was applied a second
pulse is activated for 2 x t, in the direction of the Y axis. By doubling the pulse time
the tip angle becomes 180° and the orientation of the pulse results in a rotation around
the Y axis. As seen in Figure 3.9d this flips the transverse plane by 180° around the Y’
axis. Afterwards, the individual spins continue to precess, but due to the inversion of
the transverse plane, the direction of precession has changed (Figure 3.9¢e) such that at a
time 7 after the second RF pulse the net magnetisation is refocused (Figure 3.9f). While
the spin echo is extremely practical for reducing the effects of 77 it can not be used to
negate relaxation due to 7. The utility of the spin echo will be demonstrated as more

sophisticated pulse sequences are presented in the remainder of this thesis.

3.3.4 Signal Averaging

Given the population distributions (Equation 3.9) for proton NMR at room tempera-
ture, typical laboratory magnetic field strengths and the resulting magnitude of the
magnetisation vector (Equation 3.10), it is astonishing that the precession of the net
magnetisation can induce a measurable voltage. To further increase the NMR signal
above background noise it is typical to add together successive transient scans. Due to
the reproducibility of the NMR signal it adds coherently while the background noise
adds randomly. By repeating an experiment N times the desired signal improves as a
factor of N. Simultaneously, the root mean square of the noise is constant but uncorre-

lated which causes the noise to grow proportional to v N. Comparing these two terms

N _ N (3.29)

2

Thus the signal-to-noise ratio improves at a factor of v/ N. For an in depth treatment of

the signal-to-noise ratio see the manuscript from D.I. Hoult and R.E. Richards [56].
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(d) (e) ()

Figure 3.9: Influence of the spin echo on spin evolution.

3.3.5 Phase Cycling

Thinking back to the single pulse experiment used to measure the FID, consider the
direction in which the 90° RF pulse was applied. In principle the same NMR signal
would be measured regardless of the orientation of the B; field although practically an
extra post-processing step would be required to orient the phase of the signal. If two
successive single pulse experiments were performed where the excitation pulses were
oriented in opposite directions (e.g. X and —X), due to the reproducibility of the NMR
signal, the results of these experiments should be the same except for a phase differ-
ence. Thus cycling the orientation (phase) of RF pulses provides a method to identifiy
systematic errors such as imperfect pulse timing and baseline artefacts. Furthermore,
through the appropriate addition or subtraction of successive scans the effects of these
experimental errors can be reduced.

Additionally, appropriate phase cycling can be used to both retain desired parts of
the NMR signal or eliminate contributions that have no significance. Phase of both RF
pulses and the receiver can be varied and the sophistication of these schemes increases

with the complexity of the NMR experiment. Methods to determine the appropriate
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phase cycle scheme for a specific pulse programme include the coherence-transfer path-
way approach [57].

3.4 NMR Spectroscopy

The NMR signal can be used to characterise a sample’s chemical spectra.

3.4.1 Proton Spectroscopy

In the case of a static and homogeneous magnetic field the local molecular environment
surrounding an individual spin can alter the local magnetic field and thus change the
Larmor frequency of an individual spin. Previously it was mentioned that the NMR
signal is a Fourier sum of all precession frequencies suggesting that the NMR signal can
carry information regarding the chemical structure of a sample. To analyse such data,
the NMR spectrum, displaying signal intensity as a function of frequency is generated
from a Fourier transformation of the measured time domain data

FIS@)} = s(f) = /

S(t)e 2 gt (3.30a)
~

FrUs(0) =Sl = [ s(pee (3.30b)

—00

where F and F~! represent the Fourier transform (FT) and inverse Fourier transform
(IFT), respectively. In Figure 3.10 the real and imaginary components of FID signal are

shown in both the time and frequency domains.

Figure 3.10: Visualising the real (blue) and imaginary (red) components of the FID sig-

nal in both the time domain (left) and frequency domain (right).

Mechanisms known to influence the local frequency of precession, and thus allow
the NMR spectrum to describe the chemical environment, include: chemical shift, due
to electron shielding of the magnetic field [58] and scalar coupling, due to the interac-

tion of neighbouring nuclei [51, sec. 4.4.3].
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3.4.2 Deuterium Spectroscopy

So far all discussion has focused on spin-1/2 systems. While in principle the methods
described in this chapter can be applied to numerous isotopes with nuclear spin / = 1/2
(e.g. 'H, 13C and '9F), due to both isotopic natural abundance and the prevalence of
water (thus hydrogen atoms) in nature, the majority of liquid state experiments focus
on the 'H nuclei. However, there are advantages to NMR techniques of systems with
I > 1/2. Nuclei with spin I > 1/2 exhibit a quadrupolar moment which interacts with
the electric field gradient generated by surrounding electrons and comprise over 65%
of NMR active nuclei. In general, quadrupolar interactions are of great value to the
field of solid state NMR. Pertaining to soft matter one specific nuclei, deuterium (*H;
I = 1), is sensitive to molecular alignments due to quadrupolar interactions and can be

used to derive order parameters from an NMR spectrum [59].

3.5 Relaxometry

In earlier discussions the relaxation time constants 77 and 75 were introduced. In this

section basic methods for measuring these relaxation parameters will be discussed.

3.5.1 Spin-Lattice Relaxation

Experimentally, knowledge of 7} is crucial when running successive transient scans
(e.g. signal averaging). For any NMR experiment if there is signal available to measure
the magnetisation the sample is not at thermal equilibrium. Thus between the end of
a scan and the beginning of the next experiment a time delay is necessary to allow
the magnetisation to return to equilibrium®. Common practice is to use a recovery time
~ 5xT. Furthermore, T can be used to describe material properties [61] (e.g. Viscosity)
and may be a physical parameter of interest beyond simply determining timing for an

NMR experiment.

B

Figure 3.11: Inversion recovery pulse sequence used to determine 7.

*There are techniques (e.g. FLASH [60]) which utilise small flip angles to retain longitudinal magneti-
sation and thus eliminate the delay between successive scans.
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One technique to measure 77 is the inversion recovery pulse sequence [62, sec. vi]
(Figure 3.11). The inversion recovery experiment begins with a 180° RF pulse which
inverts the spin populations by flipping the orientation of the net magnetisation. After-
wards, the magnetisation returns to thermal equilibrium. At some time 7, a 90° pulse is
applied and the resulting FID is immediately measured. Earlier in the chapter the Bloch
equations were used to solve the evolution of magnetisation in the rotating frame (i.e.
B = 0) and with no applied magnetic fields (i.e. B; = 0); the result was given in Equa-
tion 3.26b. In the case of the inversion recovery sequence the magnetisation directly
after the first pulse is M(0) = (—M,k). Substituting this result into and rearranging
Equation 3.26b yields

M(t) = M, (1 - 2e_t/T1> (3.31)

where the transverse components are zero based on M and Equation 3.26a.
By making measurements of the FID as a function of 7 the first point of each FID
can be plotted as a function of 7. Finally, the form of Equation 3.31 can fit to the experi-

mental data using a non-linear curve fitting routine to determine the value of 77.

3.5.2 Spin-Spin Relaxation

Analogous to T being used to determine repetition timing between successive NMR
experiments 75 can be used to determine the possible length of a pulse sequence. Co-
herence decay increases the entropy of a spin system and as the process does not in-
volve an exchange of energy total entropy is not conserved. Therefore the process of 15
is irreversible. Stochastic mechanisms that lead to loss of phase coherence can include
molecular translation, rotational diffusion and segmental motion of molecules [51, sec
4.5]. Regardless of the cause coherence loss of the NMR signal due to 7> cannot be
recovered through any RF pulse excitation (e.g. spin echoes).

A common method to measure T3 is the Carr-Purcell-Meiboom-Gill echo train [62,
63]. This pulse sequence is depicted in Figure 3.12. After a 90° excitation RF pulse
at time 7 a 180° pulse inverts the transverse plane with a spin echo forming at time
27. After the initial spin echo the spin system begins to loss phase coherence only to
be refocused with a subsequent 180° pulse and produce a new spin echo. In practice
the number of 180° RF pulses and subsequent echoes will be much greater than those
illustrated in Figure 3.12 (32, 64, 128 or more echoes). The envelope of decay for the

spin echo train can be defined from Equation 3.26a
M(t) = Myt (3.32)

By taking a single point (echo centre) from each spin echo experimental data can be fit

to Equation 3.32 and used to determine 75.
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Figure 3.12: CPMG pulse sequence used to determine the 75.

3.6 Magnetic Field Gradients

To this point the background field has always been idealised as static and homoge-
neous. Indeed these are necessary assumptions particularly in the case of high res-
olution NMR spectroscopy (Section 3.4.1). However, numerous techniques utilise a
magnetic field that varies in time and space. The utility of which will be exploited for
selective excitation (Section 3.6.1), imaging (Section 3.6.2) and encoding translational
motion (Section 3.6.3).

In Equation 3.15 it was shown that the frequency of precession is determined by
the product of gyromagnetic ratio and the applied magnetic field. If, in addition to
the static field B = B,k, a spatial varying magnetic field G(r) is applied through the

sample local precession will depend on position
w(r) =~ (Bo+ G(r)-r) (3.33)

where the G(r) is the gradient of the magnetic field in the z direction*

OB,: OB,; OB,
TR R (3.34)

In practice, NMR imaging systems have hardware (gradient sets) in which the change

G(r)=VB, =

in B, along a given axis (z, y or z) can be controlled independently. To illustrate the local

precession dependence on the applied gradient field consider the scenario in Figure

3.13 in which G(r) = aa% i. In Section 3.3.2 it was mentioned that a reference frequency
(typically w,¢) is subtracted from the measured signal prior to digitisation, as such the
vB, term can be ignored such that local precession is only dependent on the applied

field gradient.

3.6.1 Selective Excitation

One use for the spatially dependent magnetic field is the ability to selectively manip-

ulate regions of spins. Combining an RF pulse which affects only a specific region of

“The assumption has been made that the static field is much greater than the gradient field and thus
concomitant fields (i.e. 7 - VB, and r - VBy) can be ignored [51, chp. 5].
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Figure 3.13: Neglecting the B, field, the local magnetic field varies as a function of
position along the x axis due to an applied gradient field G(r) = %i (top). As a result
of this gradient field, the local precession (neglecting the Larmor frequency due to B)

shows a similar spatially dependent pattern.

precession frequencies with the gradient field discussed above, spatially selective ex-
citation is possible. So far in discussing NMR pulse sequences, the RF pulse has been
assumed to excite the entire sample within the resonator coil. In the case of short pulses

(tp =~ 10~ s) this assumption is reasonable, but will be motivated in this section.

The bandwidth of an RF pulse is inversely related to ¢, [47, sec. 2.4.8]. Drawing an
example from Translational Dynamics & Magnetic Resonance [51, sec. 5.3.3], applying a
tip angle 6 = 90° for the duration ¢, = 1 ms will selectively excite spin packets with a
resonant frequency within a 1 kHz bandwidth of the Larmor frequency. Thus, by tuning
the magnetic field gradient and the RF pulse duration, spatial selective excitation is

accomplished®.

In the NMR experiments discussed earlier in this chapter, the duration of the ap-
plied RF pulses would have been sufficiently short as to excite a broadband of resonant
frequencies. Typically the bandwidth of frequencies contained within these short RF
pulses is sufficient such that the exact shape of the excitation spectrum is not impor-
tant. However, in the case of selective (narrowband) RF pulses, the ideal form of the
frequency domain spectrum would be a hat function. This excitation spectrum can be
approximately achieved by applying the RF pulse as a sinc waveform. In practice, spa-
tially selective excitation is commonly achieved through the application of a shaped
RF pulses (e.g. sinc waveform) in the presence of an applied gradient field, as demon-
strated in Figure 3.14.

>Similarly, a narrowband RF pulse can be used to selectively excite nuclei within a specific range of

chemical shift. This method does not require magnetic field gradients.
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Figure 3.14: Example pulse programme for selective excitation.

3.6.2 Magnetic Resonance Imaging

In addition to spatial selectivity, magnetic field gradients can further be used to image
the density of nuclear spins, a technique frequently referred to as magnetic resonance
imaging (MRI). MRI is a common diagnostic tool in modern medicine, but similarly has
applications in physical science laboratories. The first successful use of magnetic field
gradients to produce a magnetic resonance image was demonstrated by P. Lauterbur in
1973 [64]; a feat which was recognised in 2003 when P. Lauterbur shared the Nobel Prize
in Medicine with P. Mansfield (some of Mansfield’s contributions to the development
of MRI will be discussed in the following section). While numerous textbooks have
been dedicated to MRI, two particular texts standout for their specific application of
imaging techniques to material science [47, 65].

The remainder of this section is dedicated to describing how magnetic field gradi-
ents are used in MRI. As a point of reference, Figure 3.15 illustrates raw and recon-
structed imaging data in the case of both a 1D and 2D experiment. The sample was a
concentric cylinder geometry, which can be clearly identified in the reconstructed 2D
image (lower right). The left hand column of Figure 3.15 displays the measure (k-space)

data. The formalism and acquisition of which will now be discussed.

k-space

For an arbitrary sample, the nuclear spins within a small volume element dV" will gen-

erate a signal dS(¢)
dS(G, t) x p(r)dV et (3.35)

where p(r) is the spin density at position r. In the presence of magnetic field gradi-
ents, the local precession w(r) is described by Equation 3.33. Ignoring any constant of

proportionality, the relationship between signal and spin density can be defined as

dS(G, t) = p(r)dV e (Bot Gt (3.36)
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Figure 3.15: Example magnetic resonance imaging data. Raw data for a 1D imaging
experiment is shown in the top left plot, where the blue trace is the real part of the NMR
signal and the red trace is the imaginary component. The reconstructed 1D projection
of proton spin densities is shown in the top right plot. The panel in the bottom left
shows the real component of the 2D k-space data while the bottom right panel contains

the real part of the real space image.

Previously, it was noted that the measured NMR signal oscillates at a relative frequency
Wrel = Wo — wrf. Setting the reference frequency w,; equal to 7B, causes the 7B, term

to drop out of Equation 3.36 and the relationship can be described as a volume integral

S(t) = / p(r)e" ST gy, (3.37)

In work from P. Mansfield and P.K. Grannell [66] the concept of a reciprocal space
vector k°,

Gt

o Gt

3.38
. (338)

®In their original work, the reciprocal space vector was defined as k = Gt with units of radm™!
opposed to the k defined in this thesis in units of m™*.
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was introduced and used in describing the Fourier relationship between k-space and

real space

S(k) = / p(r)e??™T gy (3.39a)
p(r) = / S(k)e kT gk, (3.39b)

In an MRI experiment k-space is sampled at discrete points with reconstruction tech-
niques used to general real space maps of spin density. In the case of sampling k-space

on a Cartesian grid, the Fourier relation defines the resolution in real space Al as

1

Al =
2kmax

(3.40)

where k;,q, is the magnitude of the maximum k-space vector. The field of view of the

real space image is defined by
N

kaacn

where NV is the number of data points sampled in k-space.

FOV =

(3.41)

k-space Acquisition

Examination of Equation 3.38 shows that it is possible to traverse k-space by stepping
either time or gradient variables. In practice, both strategies are frequently utilised and
are referred to as frequency encoding (when incrementing time) or phase encoding (in
the case of varying gradient strengths). Figure 3.16 illustrates two 1D imaging pulse

sequences where each uses either a frequency or phase encoding scheme. In the case

oS
3

™
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Figure 3.16: Pulse sequences for 1D imaging utilising either a frequency encoding

scheme (a) or a phase encoding scheme (b).

of frequency encoding (Figure 3.16a) the NMR signal is measured in the presence of
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a magnetic field gradient (referred to as the read gradient). In acquiring the signal an
entire line of k-space is sampled and the complete 1D image (neglecting signal aver-
aging or phase cycling) is acquired in one scan. The 1D imaging data in Figure 3.15
was acquired with frequency encoding. For phase encoding (Figure 3.16b) the imaging
gradient (referred to as the phase gradient) is pulsed prior to the signal acquisition. For
phase encoding, each measurement at a different gradient strength corresponds to a
single point in k-space. Using this pulse sequence successive scans are needed, each
at a different gradient strength. Although the phase encoding approach would take
more time to produce an equivalent 1D image to the frequency encoding method, one
advantage of phase encoding is that the NMR chemical spectra has been preserved [51,
sec. 5.3.2].

For 2D imaging, frequency and phase encoding are commonly combined into a sin-
gle pulse sequence (e.g. Figure 3.17). Utilising both of these strategies, it is possible to
sample a plane of k-space. An illustration of 2D k-space data can be seen in the bottom
left panel of Figure 3.15.

As numerous rapid k-space sampling strategies exist a treatment of these pulse se-
quences is not feasible, but an introduction to various methods can be found in Princi-

ples of Nuclear Magnetic Resonance Microscopy from P.T. Callaghan [47, sec 3.6].

3.6.3 NMR Velocimetry

The final application of magnetic field gradients to be discussed involves measuring
translational motion. The techniques used in this thesis for measuring fluid velocities
utilise the pulsed gradient spin echo (PGSE) pulse sequence (Figure 3.18). Following
the initial excitation in the PGSE experiment, ignoring any inhomogeneities in the static
magnetic field, the net magnetisation precesses at the Larmor frequency w, = vB,.
When the first gradient is applied, for the duration of the pulse §, the local precession
is momentarily described by Equation 3.33. Once the gradient is turned off, there exists
a position dependent phase shift of the transverse magnetisation. Next, the 180° pulse
inverts the direction of precession and the second gradient pulse imprints an additional
local phase shift. If, over the course of the experiment, the sample is stationary (e.g. no
flow) and the affects of diffusion are ignored the local phase shift accumulated during
the gradient pulses is negated. However, if the sample is moving in the direction of
the applied gradient with a constant velocity v the NMR signal will acquire a net phase
shift [67]

¢ = yégAv (3.42)

where g is the gradient strength and A is the time between turning on the PGSE gradi-

ents (Figure 3.18). Any inhomogeneities in the static magnetic field would cause an ad-
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Figure 3.17: Two dimensional imaging pulse sequence which utilises both frequency
and phase encoding.
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Figure 3.18: Basic pulse gradient spin echo (PGSE) pulse programme for encoding
translation motion.
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ditional phase shift of the signal which would influence the determined velocity. Thus,
practically, the PGSE experiment is performed at multiple gradient strengths with the
velocity calculated from the relative phase shift between successive measurements. To
spatially resolve fluid velocities the PGSE experiment can be combined with numerous
imaging sequences.

A second technique for velocity characterisation would be to measure the average
propagator [51, sec. 2.1.6][68] which carries information regarding both diffusion and
flow. For this approach a new reciprocal space vector, q, is used [51, sec. 5.6] [69]

vGo
=—. 4
9= 5 (3-43)
Using q-space a Fourier relationship is formed between the NMR signal and the aver-
age propagator. For this experiment, the PGSE pulse sequence can be used to sample

g-space, however, the data processing would be more complex [51, sec. 10.1.2].

3.7 The NMR Instrument

All experimental work presented in this thesis has been conducted in vertical bore su-
perconducting magnets (‘H resonant frequency of 250 — 400 MHz). A 400 MHz wide
bore magnet is shown in Figure 3.19. For these instruments, the polarising magnetic
field is generated by a solenoid of superconducting wire in which a persistent current

flows provided the coil is kept below a critical temperature.

Figure 3.19: Bruker Wide Bore 400 MHz superconducting magnet (spectrometer and

operator console are not shown).

An overview of the NMR instrument can be found in Spin Dynamics from M. Levitt [48,

chp. 4] with a more technical discussion available from E. Fukushima and S. Roeder [70].
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Furthermore, principles of resonator (RF) coil design have been examined by J. Mispel-
ter, M. Lupa and A. Briguet [71].

3.8 Conclusion

This chapter opened with a brief discussion of the quantum mechanic underpinnings
of the nuclear magnetic resonance phenomenon, however, it was quickly explained
that a semi-classical vector model would be sufficient to introduce various concepts of
nuclear spin dynamics. After exploring spin excitation, signal detection and relaxation
phenomenon, examples of practical spin manipulations and basic pulse sequences were
illustrated. These included the single pulse (e.i. free induction decay) and spin echo ex-
periments in addition to methods for characterising NMR relaxation times, such as the
inversion recovery experiment or use of the Carr-Purcell-Meiboom-Gill echo train to
measure T and 75 respectively. Finally, magnetic field gradients were shown to be use-
ful for spatially selective excitation, magnetic resonance imaging (MRI) and encoding
translation motion (e.g. diffusion and flow). The various concepts presented in this
chapter are the basic ingredients for modern NMR experiments and will be frequently

used through this thesis.
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Chapter 4

Previous NMR Studies of Materials
Under Shear

4.1 Introduction

One of the earliest uses of the term Rheo-NMR is found in a paper from A.I. Nakatani
and colleagues [72] published in 1990 where a cone and plate geometry was used
with '"H NMR spectroscopy to study the response of polymer fluids to shear-induced
anisotropy. Later, in 1993, the term was used by L.N. Goncalves and colleagues [73]
to describe a technique previously developed by the authors in 1986 [74]. This early
manuscript looked at ordering parameters of polymers aligned with the magnetic field
of an NMR spectrometer and to characterise the viscosity; the sample tube was rotated
relative to the magnetic field and the recovery of the director field to equilibrium was
measured via spectroscopy. Although this work predates that of the Nakatani group
by four years it did not involve a shear geometry which dominates current Rheo-NMR
studies. Today studies frequently utilise small continuous drag flow shear devices [75]
(e.g. concentric cylinder, cone and plate) or pressure driven pipe flow to study the
rheology of materials with NMR techniques [76-80].

In the modern literature the use of the term Rheo-NMR seems to be subjective; in
some cases a historical perspective (as described above) seems to influence some au-
thors, while at times Rheo-NMR is a nod to the commercially available hardware kit
(described in Section 4.3). Furthermore, perhaps in an attempt to differentiate emerg-
ing techniques, new terms have evolved such as MRI-rheology [81] and in the medical
community, flow-MRI [82]. As a result, it is difficult to both definitively identify the
origin of the term Rheo-NMR and define a specific meaning for its use. Regardless,
there is clear evidence that the application of nuclear magnetic resonance techniques

to investigate rheological properties of complex materials and materials under shear

77
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extends back at least three decades.

The work presented in this thesis is self branded as a new approach to studying
materials under shear with nuclear magnetic resonance. As such, it is necessary to not
only understand the context of the hardware and experiment but also the history of
previous experimental set-ups. A few substantial reviews of Rheo-NMR techniques
have been published by a notable pioneer in the field [83, 84], however, in the time
since the manuscripts were published there have been significant developments in the
magnetic resonance microscopy community that have impacted Rheo-NMR. Addition-
ally, included in this chapter is a brief introduction to magnetic resonance techniques
that previously have not been branded as Rheo-NMR but can be used to investigate

properties relevant to a soft matter scientist.

4.2 Motion Encoding Pulse Sequences and NMR Signal

Velocimetry is one NMR technique used to study materials under shear; as a spatially
resolved measurement, velocity images provide insight into local phenomenon such as
shear banding. Over the past decade, significant progress has been made in developing
pulse sequences for the rapid acquisition of velocity data with the potential to observe
turbulent phenomenon in flowing materials. A review of fast imaging methods can be
found in Translational Dynamics & Magnetic Resonance by P.T. Callaghan [51, sec. 10.3].

Of the pulse sequences discussed in the reference above, PGSE encoding coupled
with rapid acquisition relaxation enhanced (RARE) imaging balances both temporal
resolution and experimental robustness. Although it is not the fastest velocity imaging
sequence! PGSE-RARE can be used to acquire 2D velocity maps in approximately 2s
(for samples with a 77 ~ 500ms). Recent work has seen improvements to the PGSE-
RARE sequence to reduce the influence of imaging artefacts [80, 86, 87]. Additionally,
numerical simulations of fluid flow within a concentric cylinder geometry have illus-
trated the importance of selecting appropriate NMR parameters to reduce errors caused
by fluid flow over an NMR velocimetry experiment [86, 87].

Furthermore, NMR measurements on materials under shear have utilised various
nuclei. Proton (*H) NMR remains the most commonly studied nucleus and deuterium
(*H) spectroscopy was described in Section 3.4.2 as a tool for probing order parameters.
Additionally, a recent study has shown that the nuclear electric quadrupolar coupling
of Na can be used to determine molecular alignment in fluids of biological origin

where sodium ions are found naturally [88].

!Utilising spiral k-space sampling and compressed sensing techniques a recent publication presented

results in which NMR velocity maps were acquired at a rate of 188 frames per second [85].
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4.3 Hardware (Drag Flow Shear)

This section focuses on drag flow shear geometries which have been developed for
various NMR systems. For investigating materials under shear with NMR the vast
majority of experiment set-ups utilise drag flow shear devices (e.g. concentric cylinder
and cone-plate) and thus warrant specific discussion. Later in this chapter other types
of hardware are discussed including extensional flow shear devices, mechanical strain
wave generators, permanent magnet NMR spectrometers and magnetic field gradient

sets.

4.3.1 Commercially Available

Currently the only commercially available Rheo-NMR hardware is produced by Mag-
ritek Ltd. and distributed by Bruker Biospin GmbH (Figure 4.1). A description of this
kit can be found in the “2001 Bruker Annual Report” [89]. In general the system con-
sists of three main pieces: 1) a stepper motor and gearbox, 2) a drive-shaft and 3) a
shear geometry. With this kit the shear geometry is mounted to the resonator coil and
loaded from underneath into the NMR magnet. Next, the drive-shaft is lowered into
the magnet from above and coupled to the shear cell via a bayonet style connection.
Finally, the motor rig is installed onto the magnet and using an Oldham style coupling
the motor/gearbox assembly is connected to the drive-shaft. This system operates in
strain rate mode and the revolution of the motor can be controlled by a front panel
interface or NMR spectrometer TTL outputs. Furthermore, complex motor operations
can be accomplished through a RS232 connection which allows for single line motion
commands as specified in the Rheo-NMR User Manual (v3.1.1) [90].

4.3.2 Unique, Custom and One-Off

Examples of home-built shear hardware exist in the literature [e.g. 81, 91, 92] and at-
tention will now be given to some notable instances. This includes examples in which
torque measurements were utilised within a commercial NMR system. One of the most
exciting instruments was presented by D.A. Grabowski and C. Schmidt [91] in 1994. In
this manuscript a set-up was described in which a cone and plate geometry (5°) could
shear samples within the NMR magnet while torque measurements were made simul-
taneously via a torsion element and an optical sensor. A maximum torque was not
listed for the system but calibration curves showed that viscosities could be measured
in the range of 500 — 4000 Pas. As a strain rate controlled device it was said to operate
between 0.1 to 100s™! in a range of 5 — 100 °C using a modified Bruker temperature

regulator. In this communication (and a subsequent publication [93]), 2H spectroscopy
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(a)

(b) (©)

Figure 4.1: Components of Magritek Rheo-NMR kit. (a; left) Motor, gearbox and mount,
(a; right) drive-shaft and (a; centre) controller module. (b; left) Standard parallel disks
shear geometery and (b; right) 25 mm RF coil for Bruker Micro2.5 imaging probe. (c)
Shear device mounted in RF coil. Note: Figures 4.1b & 4.1c have been modified from original
images in the Rheo-NMR Manual (V3.1.1) [90].
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data was presented with simultaneous torque measurements. Although the cone and
plate device has been used in other publications, torque data is not presented outside
of the initial two manuscripts.

Another attempt to couple a torque sensor to NMR measurements can be found in
an article from J.S. Raynaud and colleagues [81] in 2002. In this manuscript a torque
sensor was placed inline with the drive-shaft and was capable of measuring a max
torque of 0.7 N m; however, due to “significant and fluctuating residual friction at the
bearing” the resolution was limited to 10% of the full range torque. As the torque
required to shear the sample (bentonite suspension) was on the order of 0.004 N m, no
data were presented from simultaneous torque and NMR experiments.

In October 2014 a colloquium, Workshop on Rheo-NMR, was held at Karlsruhe Insti-
tute of Technology (Karlsruhe, Germany) where aspects of this thesis were presented in
an oral contribution. In response to this talk, a fellow speaker (U. Scheler) reported that
their group had also constructed a Rheo-NMR instrument which could simultaneously
measure torque during the NMR experiment. This aspect of the hardware and sub-
sequent data were never published; however, custom hardware from this group was
published in which polymer melts were studied via NMR relaxation at temperatures
up to 190 °C within a commercial magnet [94].

Finally, simultaneous NMR and bulk rheological measurements have been realised
by the research group of M. Wilhelm where commercial rheometers have been outfitted
with home-built NMR systems (a reciprocal approach to those previously mentioned).
As these systems utilise permanent magnets, further discussion of this work can be

found in Section 4.4.2.

4.4 Emerging Techniques

This section explores hardware and techniques in which magnetic resonance is used to
investigate rheological properties; however, these methods, historically, have not been
classified as Rheo-NMR.

4.4.1 Magnetic Resonance Elastography

First purposed by R. Muthupillai and colleagues [95] in 1995, magnetic resonance elas-
tography (MRE) combines magnetic resonance imaging with mechanically imposed
harmonic strain waves to measure rheological parameters such as shear modulus (a
review of the technique is available [96]). MRE provides for local rheological measure-
ments, a key feature for studying heterogeneous materials such as biological tissue,

where the technique is commonly applied.
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In developing magnetic resonance elastography for the medical community phan-
toms of various gels have been studied. In addition, a yMRE set-up has been con-
structed for a vertical bore micro-imaging system [97]. However, despite the potential
for laboratory material science applications, MRE has been developed primarily as a

non-invasive and in situ diagnostic tool in medicine.

4.4.2 Permanent Magnet NMR Rheology

The footprint, costs and expertise needed to maintain a superconducting NMR system
are a few barriers which will continue to slow the growth of the Rheo-NMR commu-
nity. In general these factors have globally been recognised as limits to the fields of
high-resolution NMR spectroscopy, diffusion and micro-imaging. In response, a recent
trend can be seen in commercially available hardware that utilise portable/bench-top
permanent magnet set-ups, some of these have user-friendly “push-button” interfaces
with pre-defined NMR methods. Examples include, among others: the Magritek Spin-
solve, the NMReady Nanalysis and the Thermo Scientific picoSpin (for spectroscopy)
and the Magritek Benchtop MRI Tomograph, the Magritek Rock Core Analyzer, the
Bruker ICON and the Oxford Instruments GeoSpec2+ (for imaging and diffusion).

One such device is the NMR-MOUSE from Magritek. The NMR-MOUSE [98] is a
single sided NMR magnet which has continued to evolve since originally being intro-
duced in 1996. One iteration of this system utilised the strongly inhomogeneous B, and
B, fields in addition to planar gradient coils to measure velocity propagators in laminar
flow in a thin rectangular pipe [99]. These techniques were later extended to 2D veloc-
ity imaging with slice selection to measure flow in a circular pipe [100]. As pointed
out in both articles, the magnet geometry of the NMR-MOUSE enables ex situ applica-
tions where flow could be measured on systems not compatible with the confines of a
traditional closed magnet. Other work with the NMR-MOUSE has demonstrated the
potential to monitor the curing of rubber [101] and recently a prototype portable NMR
spectrometer [102] (< 1kg) illustrates these instruments are well suited for industrial
and other non-traditional applications. Beyond the NMR-MOUSE there is a growing
interest in permanent magnet systems for industrial process and quality control [103].
While this hardware is related to Rheo-NMR it does not solely focus on materials un-
der shear and is thus outside the scope of this review. As a low cost instrument with a
growing user base and the possibility to measure flow and diffusion along with NMR
relaxometry, the NMR-MOUSE would be well suited for the studies of materials under
shear in both the laboratory and the industrial environment.

Work with superconducting magnet systems has shown the possibility of measur-
ing viscosity in steady pipe flow with MRI techniques [104, and references therein].

This strategy has now been implemented in a commercially available permanent mag-
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net instrument: the Flowscan system from Aspect Imaging. It delivers real-time rheo-
logical measurements including: viscosity, apparent yield stress, apparent slip velocity,
phase separation and turbulence over time [105]. By utilising NMR methods, the on-
line fluid characterisations are non-contact and thus are well suited to a wide range of
industrial applications.

As an alternative to the methods mentioned above, where spatially resolved flow
profiles are used to calculate viscosity, early work by N. Bloembergen, E.M. Purcell
and R.V. Pound [61] suggested viscosity could be estimated from NMR relaxation data.
Well logging NMR techniques in the petrochemical industry, which utilise permanent
magnet systems and operate in the down hole environment, apply this concept for the
rapid prediction of fluid viscosity in situ [106]. Furthermore, numerical methods (Prin-
ciple Component Analysis and Partial Least Squares Regression) can be used to predict
the viscosity of crude oils based upon NMR measurements and an existing catalog of
characteristic measurements [107].

Finally, special attention is given to the work of M. Wilhelm and colleagues who
have developed Halbach permanent magnet systems which couple to commercial rheo-
meters [108]. Recently their home-built NMR system (\H Larmor frequency approxi-
mately 29 MHz) was coupled to a TA Instruments Ares rheometer [109]. For the experi-
mental set-up a custom cone-plate geometry was used with a diameter of 13 mm and an
angle of 12°. To characterise the influence of filler material on polymer crystallisation
T» was measured as a function of time during simultaneous measurements of G’ and
G" via small angle oscillatory shear profiles. Furthermore, steady shear experiments
were performed in which simultaneous measures were made of T3, T5, viscosity and
normal forces. In general, this recent work (2014) opens up an exciting new branch
of material investigation in which macroscopic mechanical properties are measured in
tandem with microscopic molecular dynamics. However, currently, spectroscopy and

spatially resolved measurements are not yet possible.

4.4.3 Extensional Shear NMR

Despite the prevalence of extensional deformations in numerous processing operations
and the direct impact of extensional flow on the final properties of polymer products [1,
chap. 7], the majority of rheological experiments conducted within the confines of an
NMR magnet utilise either drag flow or pressure driven shear geometries. In general,
extensional rheology measurements are difficult, in particular for low viscosity materi-
als. Although bulk rheological parameters (e.g. extensional viscosity) is not measured,
various devices have been used to study extensional shear with NMR, including the
four-roll mill [75, 110], cross jet [75] and semi-hyperbolic converging die [111] geome-

tries
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Both the four-roll mill or cross jet geometries generate stagnation flows [1, sec. 7.7].
In both cases, the flow is not homogeneous and shear stresses are generated at the
surfaces of the geometries. However, in the centre of the flow, at the stagnation point, it
is possible to generate strong extensional strains. As a result, for samples comprised of
polymer molecules or other asymmetrical particles, at the stagnation point there may
be a high degree of orientation detectable by NMR measurements.

For pressure driven flow through an axisymmetric channel, it is possible to de-
termine a channel profile such that the velocity at the centre of the channel increases
linearly and thus generates a constant extensional shear rate [112]. Utilising a semi-
hyperbolic profile, this approach has been realised for NMR velocimetry and spec-

troscopy measurements [111].

4.4.4 Pulsed Second Order Field NMR

As described in Section 3.6.3 successive experiments at varying gradients strengths can
be used to measure translation displacements (diffusive and flow). In the case of homo-
geneous samples with coherent flow recent work [113-118] has shown that a spatially
dependent pulsed gradient field (second order gradient field) can be used to simulta-
neously sample a range of gradient strengths. By combining traditional imaging gradi-
ents and a second order encoding field it has been demonstrated that single acquisition
NMR experiments are capable of capturing an average propagator [116, 118] and thus
yield a description of flow behaviour in real-time. Furthermore, as currently imple-
mented, the measured NMR signal (echo) is the characteristic function (averaged prop-
agator), eliminating the need for complex post-processing. As suggested by W.C. Kit-
tler, M.W. Hunter and P. Galvosas [118] future applications of this technique could in-
clude online monitoring of batch reactions via measurements of the material under

flow.

4.5 Conclusion

In short, Rheo-NMR is a diverse field and it is reasonable to expect further development
and applications in academia and industry as new NMR instruments become portable,
cheaper and easier to use.

To continue advancing the field of Rheo-NMR, the motivation of this thesis was to
close the gap between NMR experiments and traditional rheometry. To this end the
experimental work in the following chapters will contribute to the following three key

areas:

1. Improved shear geometries for Rheo-NMR
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e Maintain “ideal assumptions”

e Consideration for temperature control
2. New Rheo-NMR experimental protocols and control

e Steady, step and oscillatory strain waveforms

e Interaction between NMR acquisition and deformation
3. Simultaneous bulk rheometry during Rheo-NMR experiment

To set the stage for the remainder of this thesis, the present chapter has introduced
various work from the past three decades which has utilised NMR techniques to in-
vestigate material properties during deformation or to infer a rheological parameter.
As is relevant for this thesis on methods development, this literature review focused
mainly on the instruments developed and their implementation in previous studies.
Furthermore, techniques were explored from very different disciplines, ranging from
diagnostic medicine to down-bore petrochemistry. Magnetic resonance measurements
of materials under shear have included both spatially resolved and bulk spectroscopy,
relaxation and flow encoding. Where systems based on both superconducting and per-

manent magnets have been utilised.
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Chapter 5

Instrument Design and Control

Software

5.1 Introduction

The following chapter explores the design and construction of various new pieces of
Rheo-NMR hardware including: drag flow shear geometries, drive-shaft units, elec-
tronics and software. Individually each piece is only a component of a Rheo-NMR ex-
periment and needs to be combined with other parts to enable an NMR experiment. In
particular the control software can be used for numerous shear geometries and drive-
shafts although not all functions would be utilised by any one configuration. For sim-
plicity this chapter is sub-divided into the individual projects; however, to keep the
respective big picture and end goal in mind, below three themes are introduced. In
reading through the chapter these concepts will be revisited to help understand how
an individual part contributes to the new methods developed in this thesis.

5.1.1 Improving Shear Geometries

One goal of this thesis was to not only develop NMR geometries that resemble their
rheometry counterparts, but provide experimentalists with the ability to investigate as-
sumptions of ideal geometries in their studies. As such, a scaleable concentric cylinder
design was developed so that the influence of curvature could be explored. Addition-
ally, the length of this geometry could be easily changed to explore end effects or the
surface of the rotor modified to explore wall slip. Furthermore, a parallel disks ge-
ometry was built where the side of the sample could either be a fluid-air boundary or
immersed in a sea of fluid. Additionally, the gap in this parallel disks set-up could be
altered and by replacing one surface, a cone and plate geometry could be realised. This

strategy allows for Rheo-NMR experiments which closely resemble traditional rheom-
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etry (e.g. concentric cylinders with negligible curvature, cone and plate that meet the
small angle approximation, similar boundary conditions) or specifically address an ex-

perimental parameter (e.g. wall roughness, curvature).

Although methods were developed in this thesis such that bulk rheometry measure-
ments could be made during the NMR experiment, shear devices were constructed for
a commercial rheomter (AR2000, TA Instruments). Thus the design and construction of
new shear devices (e.g. materials, dimensions) could be evaluated with conventional

techniques.

5.1.2 New Experimental Protocols

The Rheo-NMR kit produced by Magritek and distributed by Bruker Biospin was pre-
viously introduced in Section 4.3.1 with the core hardware shown in Figure 4.1a. The
shear cells sold with this kit are stabilised within the resonator coil through a concentric
fit between the geometry and the NMR machine. Mounting cells in this configuration
impedes the flow of gas over the sample which is part of the temperature control strat-
egy for the Bruker hardware. Additionally, while explicit commands can be sent to the
motor via a serial command line, it would be difficult to implement time dependent
shear profiles without additional hardware. The only real-time control over the motor
is via the TTL outputs of the spectrometer connected to the RESET and INCREMENT
functions of the motor controller; these are used to stop the motor and increment the

motor frequency in pre-defined steps, respectively.

In this chapter, a new concentric cylinder design is presented which can easily be
scaled for various magnet geometries and is compatible with the Bruker temperature
control system. Incorporating sinusoidal shear waveforms required a new motion drive
system and a redesigned mechanical coupling to eliminate the backlash inherent in the
bayonet connection used to connect the drive-shaft to the shear cell in the currently
available Rheo-NMR kit. Furthermore, to synchronise the time dependent shear wave-
form with the NMR acquisition, a digital interface has been developed between the
motor electronics and the existing TTL outputs and trigger inputs of the Bruker spec-
trometer. Programmed into the motor firmware are options for: 1) the motor to trigger
the spectrometer (due to timing or position) or 2) the NMR system to trigger specific
conditions on the motor (e.g motion start, stop, increase or decrease). This feature is
particularly useful for oscillatory shear in which subsequent NMR experiments can be
executed at the same position in the sinusoidal profile but could easily be adapted for

other applications.
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5.1.3 Simultaneous Bulk Rheometry

A third goal of this thesis was to combine bulk rheology measurements with NMR
techniques. Utilising a strain rate controlled instrument (as has been typical of Rheo-
NMR to date) this meant the inclusion of a torque measurement in order to calculate
the bulk shear stress response. As mentioned in the previous chapter (Section 4.3.2)
this concept has been applied previously, however, limited results exist in the current
literature.

To measure torque two approaches were used: 1) an estimate from the current nec-
essary to drive a servo-motor and 2) an analogue inline sensor was added to the drive-
shaft unit. In addition to mechanically integrating this hardware, software and auxil-

iary electronics were needed to calibrate, sample and store the torque measurements.

5.2 Shear Geometries

As part of this thesis, a number of shear cells have been designed and constructed. The
types of geometries include concentric cylinders, parallel disks, and a hybrid planar-
cylindrical Couette device. Included in this section are discussions including: 1) in-
tended use, 2) selection of materials (NMR safe and machinability) and 3) mechanical
design. Exploded view diagrams for each of the devices discussed in this section can

be found in Appendix B.

5.2.1 Concentric Cylinder

A key feature of the new concentric cylinder design is the provision for air flow be-
tween the device and the inside bore of the resonator (Figure 5.1a). This void allows
the shear cell to be used in conjunction with a temperature control unit (e.g. BVT 3000)
which utilises the flow of temperature regulated gas (typically dry compressed air or
N3 gas) to maintain a set point temperature within the resonator. Viscosity is extremely
sensitive to temperature; for example, in the case of water, the viscosity can vary as
much as 3% for a 1° C change in temperature [6, sec. 2.2.2]. In general, higher viscos-
ity fluids have a greater dependence on temperature making temperature control an
important constraint of any rheological experiment [6]. The annular air jacket allows
for the flow of temperature regulating gas where the use of glass tubing (rather than
PEEK) for the outer surface of the concentric cylinder shear cell allows for greater dis-
sipation of heat (assuming similar wall thickness and temperature gradient) from the
sample due to glass having a higher coefficient of thermal conductivity (1.1 W m~! K~}
at 0° C for borosilicate glass [119, sec. 12] versus 0.25 Wm ™! K~! at 23° C for unfilled
PEEK [120, 121]). Thermal conductivity of the cell material is important to both heat the
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sample above ambient conditions and/or remove excess energy generated by viscous

heating.

Furthermore, the concentric cylinder design presented above was modified for use
with the new backlash free drive-shaft (presented in Section 5.3.1). For this variant
the resonator coil mount pieces were unnecessary as the shear device coupled directly
to the drive-shaft housing. To attach the cell to the drive-shaft housing a threaded
connection is used and the top cap in the assembly above (seen in Figures 5.1b and 5.2)

is replaced by a version with male threads.

Variable Temperature

Due to the fit between the end caps and glass tubing of the concentric cylinder device
and the difference in the coefficient of thermal expansion between the PEEK and glass
materials (3 — 5.5 x 1075 K~ for borosilicate glass [122] versus 1.7 — 4.8 x 107 K~! for
unfilled PEEK [120, 121]), an increase of temperature within a reasonable experimental

range (20 — 65° C) has the potential to crack the precision bore glass tubing.

The issue with stressing the glass tubing at the two ends is further exacerbated by
the process of cutting the glass to length. In cutting glass small micro-fractures are
formed which, left untreated, can lead to significant cracking. A common solution to
this issue is to heat the freshly cut glass ends (e.g. flaming the glass), however, while
this approach seals any cracks it also deforms the inner bore of the tubing. As the
design presented required pieces to be machined to fit within the tubing heat sealing
the tubing ends was not an option. As an alternative the glass tube lengths were over
cut and then precision ground to length. The grinding operation had less potential to

form micro-fractures and made the heat treatment unnecessary.

Despite the approach to treating the ends of the glass, as discussed above, the ther-
mal expansion of the PEEK plastic pieces within the glass tubing frequently lead to
failure. To combat this problem the plastic material was replaced with a machinable
ceramic (i.e. MACOR®, Corning Incorporated [123]). This ceramic was chosen as
the coefficient of thermal expansion (8.1 x 1075 K~! [123]) closely matched that of the
borosilicate glass tubing. Thus regardless of the tolerance chosen between the end caps
and the tubing, as the shear device is heated or cooled, the fit should be maintained.
Due to material costs and considerations for wear (part lifetime) MACOR is not sug-
gested to be a direct replacement of PEEK but would be used in the case of Rheo-NMR

experiments conducted at temperatures > 30 °C.
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Figure 5.2: Concentric cylinder device built for new drive-shaft unit with cross section.




5.2. SHEAR GEOMETRIES 93

Super Wide Bore

In Section 2.4.2 the appropriate tools were used to develop a description of the velocity
field, shear rate and shear stress in the case of the concentric cylinder geometry. In
particular it was noted that when 7, ~ r; the geometry can be treated the same as
simple shear between two infinite parallel plates (Equation 2.121). To compare the radii
of surfaces, a dimensionless constant x can be used [1]

k=1 (5.1)

To

where curvature can be ignored in the case of x > 0.99.

For Bruker wide bore micro-imaging systems commercially available resonators are
limited to < 30 mm. Furthermore, signal-to-noise concerns practically limit the size of
imaging voxels which in turn motivates gap widths on the order of 1 mm. Considering
a geometry where r; = 10 mm and r, = 11 mm, x = 0.91 and (for a sample with Newto-
nian behaviour) the shear stress increases by more than 20 % across the gap (Equation
2.110). In this case the geometry certainly does not represent simple shear between in-
finite plates. Depending on the fluid under investigation and desired comparisons to
other work geometries with different x values may be necessary.

Utilising a Bruker super wide bore magnet samples may have diameters up to
66 mm allowing for larger shear cells and (for a fixed gap) lower « values. Such a
magnet was available through collaborators in the Magnetic Resonance Microscopy
Laboratory at Montana State University, Bozeman (USA). The concentric cylinder de-
sign illustrated in Figures 5.1b and 5.2 was scaled for this instrument and a number of
shear cells were constructed with various interchangeable rotors (a full list of the pos-
sible combinations can be found in Table 5.1). To allow the rotors to be changed, the
bottom cap was modified. Previously there was a “crown” on the cap which helped to
maintain the alignment between the rotor and cup. This feature can be seen in the cross
section of Figure 5.2. As the thickness of this feature was the same as the desired gap
this strategy was not compatible with interchangeable rotors and was thus removed.

For a number of the possible geometries listed in Table 5.1 the « value is quite small
(k < 0.7) indicating the stress variation across the gap for Newtonian behaving fluids
is quite large. Despite the inhomogeneous velocity field across the fluid domain these
devices can be particularly useful in studying granular material. In these cases, grains
can be on the order of 1 mm and when many grains are desired between the shear

surfaces, the utility of gaps on the order of 10 mm is apparent.

High Resolution NMR (Narrow Bore Magnet)

Furthermore, the concentric cylinder design could be scaled down for use with High

Resolution NMR magnets. These vertical bore magnets do not include the imaging gra-
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cup radii /mm

9.00 12.50 17.00 23.65
635 | 2.65(0.71) 6.15(0.51) 10.65(0.37) 17.30(0.27)
710 |  1.90(0.79) 5.40(0.57) 9.90(0.42) 16.55(0.30)

g 760 | 140(084) 490(061) 940(0.45) 16.05(0.32)

E 800 | 1.00(0.89) 4.50(0.64) 9.00(047) 15.65(0.34)

= 1110 - 1.40(0.89) 5.90(0.65) 12.55(0.47)

= 1150 - 1.00(0.92) 5.50(0.68) 12.15(0.49)

g 15.10 - - 1.90(0.89)  8.55(0.64)
16.00 - - 1.00(0.94)  7.65(0.68)
21.00 - - - 2.65 (0.89)
22.65 - - - 1.00 (0.96)

Table 5.1: Concentric cylinder shear cell combinations available with constructed com-
ponents. Listed in the table is the gap and in parenthesis the s value of a Newtonian

fluid for each rotor and cup pair.

dients and are primarily used for NMR spectroscopy. The resonators on these systems
have a maximum sample diameter of 5mm. Previous designs for concentric cylinder
geometries used an NMR tube (outer diameter ~ 3 mm) placed inside another tube
(5mm outer diameter). At the top of the device a plastic spacer was inserted into the
5mm tube to concentrically align the inner cylinder. At the base the tube alignment
relied on the curvature of the tubes. Actual performance of this design would vary
greatly depending on variation between the NMR tubes.

In an updated design the bottom of the outer (5 mm) tube is removed and replaced
by a machined PEEK insert. The insert is produced to fit the inner diameter of the
outer tube while a pocket was machined to match the outer diameter of the inner tube.
With this design the alignment of the cell no longer depends on the arbitrary curvature
of the bottom of the tubes but instead the diameters of the cells. Currently, modified
NMR tubes are used for the two surfaces but they could be replaced with precision bore
glass tubing or injection molded PEEK parts.

An additional benefit of using an open tube for the outer surface (i.e. cup) is that
loading high viscosity samples is much easier. Instead of waiting for the sample to flow
to the bottom of the tube the open geometry could be used as a pipette with a suction

bulb drawing the sample directly into the bottom of the tube.
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Commercial Rheometer

In an effort to bridge traditional rheometry techniques with NMR methods a custom
concentric cylinder accessory (Figure 5.1c) was built for a TA Instruments AR2000 rheo-
meter (Figure 2.17b) such that bulk rheometry experiments could be conducted in a
shear cell with the same dimensions and materials as are used within the NMR mag-
net. A three piece aluminium adaptor was machined to align a glass or PEEK tube
(the cup of a concentric cylinder) within the “AR Series Smart Swap Concentric Cylin-
der Peltier Jacket” (PN 545611.901, TA Instruments). Rotors were also machined from
PEEK and were designed with a concentric transition fit to the rheometer motor. Fur-
thermore, the rotors had tapped threads to match the drawbar of the rheometer for a

secure attachment.

5.2.2 Parallel Disks

In addition to the concentric cylinder shear cells presented above a new parallel disks
geometry has been developed. Included in the design are provisions to easily change
the gap distance or alter the boundary condition on the side of the sample. The ge-
ometry was built to mount directly to the new style of drive-shaft (Section 5.3.1) such
that oscillatory shear experiments are possible. The shear surfaces can also be mounted
onto a commercial rheometer for comparison studies. Finally, one of the flat plates can

be swapped out for a cone making the device a cone and plate geometry.

The overall parallel disks device can be seen in Figure 5.3. The upper piece of the
housing has threads to attach to the housing of the drive-shaft unit and contains bush-
ings and a spindle on which the upper shear surface is mounted. Utilising washers,
the depth of the geometry can be modified; using plastic shim stock, washers on the
order of 10 um can be realised. A machined tube is used to connect the upper portion
of the geometry to the bottom where the lower shear surface is attached. Two versions
of the tube are available such that the sample can be immersed in excess fluid or alter-
natively the edges can be cleaned. As necessary these two approaches could be used to
investigate edge fractures and other influences of the boundary.

As previously mentioned the upper shear surfaces can be directly mounted onto
the spindle of an AR2000 rheometer. To mount the lower surfaces, an adaptor piece
was built to sit onto of the peltier stage, “AR Series Smart Swap Peltier Plate” (PN
531051.901, TA Instruments), such that the surface conditions (e.g. roughness) of the

hardware could be investigated.
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Figure 5.3: Parallel disks device built for new drive-shaft unit with cross section.
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5.2.3 Planar-Cylindrical Hybrid

As described previously the flow field between two concentric cylinders is an approx-
imation of simple shear between two infinite plates. While new concentric cylinder
devices allow the influence of curvature (and the resulting inhomogeneous flow field)
to be reduced a geometry which eliminates curvature entirely is desirable. Experimen-
tally a parallel plate geometry has been extremely difficult to realise for a variety of rea-
sons [1, sec. 5.2]. Various designs have been used to visualise or measure the flow field
of planar Couette flow using hot-wire anemometry [e.g. 124] and 3D particle tracking
velocimetry (3D-PVT) [125]. For viscosity measurements, some analogues include the
falling cylinder, band viscosmeter, falling ball, or rolling ball set-up; however, these of-
fer little flexibility in the range of obtainable shear rates or timing of the experiment. An
alternative approach is a hybrid geometry in which regions of both planar and cylindri-
cal flow exist. Such a geometry was previously developed for laser Doppler velocime-
try and computer assisted flow visualisation [126] and in this thesis was realised for
NMR micro-imaging.

The original design and construction of the prototype hybrid device was carried
out in tandem with the new drive-shaft design and thus the shear cell was specifically
designed for use with the Magritek Rheo-NMR kit. The shear cell is mounted to the
resonator and couples to the Magritek drive-shaft using the bayonet style connection.
As the primary goal of the hybrid shear cell was to eliminate curvature induced stress
variations across the shear gap mechanical backlash was not a concern. However, fu-
ture iterations of this device could be constructed to mount onto the new drive-shaft
unit.

The NMR planar-cylindrical hybrid cell (Figure 5.4a) is significantly smaller than
similar devices previously reported in the fluid mechanics literature [126]. The cell was
designed for a 25 mm resonator coil with a 1 mm gap between the stationary and mov-
ing surfaces. To shear the fluid two pins were used to drive a moving band similar
to that of conveyor belt. These pins were constructed out of PEEK (diameter of 6 mm)
to prevent the pins from failing when the band was under tension. Based on the di-
mensions above the cell was designed to allow for the highest aspect ratio between the
length of the planar section to the width of the gap.

The majority of the device was constructed from PEEK plastic, however, in the case
of the band a two part silicone elastomer (Sylgard 184, Dow Corning) was produced in
the lab using a custom mold (Figures 5.4b & 5.4c). The band was cast as a cylindrical
tube to prevent creating any shape memory. The dimensions of the mold were chosen
to match the perimeter of the installed band with the dimension slightly modified so
that the band would be under tension. During casting the two part elastomer was

mixed by hand and poured into the mold. The mold was then placed in a bell jar and
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Figure 5.4: Hybrid Couette shear cell (a) with regions of cylindrical and planar Couette flow. Stainless steel mold (b) for producing

silicone bands (c).
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the atmosphere was removed. The process of pulling a vacuum above the mold helped
to degas the elastomer and prevented bubbles from forming within the final parts. This
was a particularly important step as bubbles within the band would have weakened the
part and created inhomogeneities in the magnetic field due to differences in magnetic
susceptibility.

Additionally, a PTFE spacer was machined to fit within the void between the pins
(in the centre of the device). This piece is shown in Figure 5.4a and can be used to

support the planar sections of the silicone band if necessary.

5.3 Drive-Shaft Unit

In this thesis the term drive-shaft is applied to two different pieces of hardware which
share a generic morphology but differ in complexity. Regarding the existing Magritek
Rheo-NMR kit, the drive-shaft is the component that transfers rotational motion from
the motor to the shear cell; as the motor and shear device are both independent of the
drive-shaft the unit is comprised of a housing, bushings and main shaft. With regards
to the new hardware presented in this thesis the drive-shaft still refers to the housing
and main drive component, but also the motor and shear device which are directly
mounted onto the unit. The hardware presented in this section is a replacement to the
existing commercially available hardware.

Within the following sections a core design will be presented which enables new
Rheo-NMR experiments such as oscillatory Rheo-NMR. Subsequently, two variants of
this design will be presented which either scale the hardware for use in a Bruker super

wide bore magnet or incorporate an inline torque sensor.

5.3.1 Overview (Drive-Shaft Generic)

The drive-shaft unit developed in this thesis incorporates the shear device, drive-shaft,
and motor into a single piece of hardware. A desire to eliminate backlash led to mount-
ing the shear geometry to the drive-shaft housing outside of the magnet. Furthermore,
with the new drive system (ST-23 EVA Robotics Pty Ltd [127, 128], Section 5.4.1) gear-
boxes were no longer necessary to access a wide range of motor frequencies (0.01 —
10 Hz) allowing the motor to be mounted directly onto the drive-shaft as there was no
need to change gearboxes between experiments. An example of an assembled drive-
shaft unit can be seen in Figure 5.5 [129].

The entire assembly fits concentrically within the bore of the spinner housing on a
wide bore magnet. A set screw on a collar at the top of the device controls the insertion

depth into the magnet; this collar also takes the weight of the unit.
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Figure 5.5: Super wide bore drive-shaft unit with cross section.
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Previously it was mentioned that the existing commercial hardware utilises a the
bayonet style connection between the drive-shaft and the shear cell. While this form
of a mechanical link creates undesired backlash it does allow for axial misalignment.
The distance from the resonator coil to the top of the magnet is on the order of 1 m and
even the smallest errors in the fabrication process could lead to an axial offset over the
length of the assembly. Additionally, the components of the NMR system (e.g. resona-
tor, probe) are designed for easy assembly/removal and have a generous clearance fit;
thus axial misalignment on the order of 1 mm can be caused between the resonator coil
and room temperature bore. Incorporating the shear device into the drive-shaft unit
can address the issue of the resonator not being precisely aligned with the axis of the
magnet, however, there is a challenge in designing and constructing a 1 m rotating part
with negligible run-out (wobble at one end). To address this concern the rotating shaft
is divided into two sections. Above the shear geometry a smaller section is mounted
between two bushings or bearings so that the motion is precisely controlled. This short
shaft connects directly to the rotating element of the shear geometry and attaches to the
motor through a second, longer part. This longer shaft is not forced into alignment and
instead utilises helical couplings or universal joints such that alignment errors can be
accommodated. These couplings simplify the design as strict tolerances do not need to
be maintained over the majority of the length. As the drive-shaft suspends the shear
cell in the resonator coil the exact positioning of the coil is no longer important.

Additionally, the one-piece design allows for air flow around the shear cell within
the resonator. This is of crucial importance when using a Bruker variable temperature
controller (described when discussing the variable temperature concentric cylinder ge-
ometry). Using such a control system it is important to place the shear cell in direct
contact with the temperature regulated gas, but not block the flow of temperature con-
trolled gas. In the current design, while there are provisions for air flow around the
shear cell, the bore of the magnet is blocked above the resonator. To ensure proper gas
flow plumbing lines in the spinner housing part can be used to provide a conduit for
gas to flow to the outside the magnet. To use this plumbing the tubing that supplies air
for lift and spinning of samples, used in conjunction with the spinner housing, needs
to be removed. As these features are not used during shear experiments there is no loss

in functionality to the system.

5.3.2 Super Wide Bore Variant

The first prototype of the drive-shaft unit described in the section above was built to fit
within the bore (50 mm) of the spinner housing on a Bruker wide bore magnet. Due to
internal features of the spinner housing the shear geometries cannot have a diameter

larger than 34 mm. For the wide bore system this is reasonable as the largest commer-
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cially available resonators for the imaging system only accommodate samples up to
30mm. However, using a super wide bore magnet (SWB), resonators up to 66 mm are
available allowing for larger shear geometries. A second prototype (Figure 5.5) was
built specifically for a SWB by scaling up the design presented in the previous section.

An additional challenge in developing the SWB drive-shaft unit was securing the
device inside the magnet. In the case of the wide bore design the assembly is con-
centrically aligned within the bore of the spinner housing with the weight supported
by a collar outside the magnet. For the SWB no such housing was available by de-
fault. The combined shim and gradient unit is mounted within the room temperature
bore (152 mm) with wiring and coolant lines running down from the top of the magnet.
These connections prevent the drive-shaft unit from fitting concentrically within the
room temperature bore. Instead an additional part was constructed to create a contin-
uous empty bore from the top of the magnet to the resonator, analogous to the spinner
housing on the wide bore magnet. To avoid fabricating a 1 m long NMR safe tube the
upper portion of the wide bore shim system was used. The SWB at Montana State Uni-
versity can also function in wide bore mode by installing a second room temperature
shim and gradient set; thus when performing shear experiments in the SWB configura-
tion excess parts are available to be re-purposed. A custom end piece was machined to
thread onto the upper shim barrel. With the custom piece installed the barrel would be
lowered into the SWB shim/gradient system until the part came to rest on the installed
resonator. The custom part had an o-ring on the exterior so that an interference fit could
be established between the barrel and the shim/gradient system. Although the barrel
reached the resonator, the weight of the tube (and the installed drive-shaft unit) was
supported by a flange on the magnet shell which also centred the barrel along the mag-
net axis. An illustration of the SWB drive-shaft mounted within the magnet shell can
be seen in Figure 5.6.

The upper portion of the shim barrel is a Bruker part and is constructed from at least
two separate pieces threaded together. Due to the connection the drive-shaft unit could
not be designed to fit concentrically within the inner bore of the tube as the bore would
not be smooth across this joint. To align the drive-shaft unit the lower portion of the
housing was designed to concentrically fit within the custom adaptor; the dimensions
of this fit were undersized from the inner bore of the shim barrel so that the drive-shaft
could easily be lowered and raised. At the top of the shim barrel a collar (fit to the outer
diameter of the shim barrel) clamped onto the drive-shaft for concentric alignment and

control the vertical position of the unit.
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Figure 5.6: Illustration of the super wide bore drive-shaft unit mounted inside a magnet
shell. The shim/gradient unit is coloured green, the probe/RF coil is coloured orange,
in red is part of the wide bore shim system re-purposed for these experiments with the

help of the custom built adapter shown in light blue.
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5.3.3 Torque Sensor Variant

An inline analogue torque sensor was incorporated into a wide bore drive-shaft unit for
bulk measurements during steady shear experiments [130]. Sourcing a torque sensor
with the appropriate measurement range and resolution for fluids of interest and for
appropriate volumes was not a trivial task. Additionally, the sensor needed to operate
correctly in the presence of a strong magnetic field and fit within the 50 mm bore of the
spinner housing.

Ultimately, a transducer (TQ Mini 5.0) with a custom housing was sourced from
Vibrac [131]. The device had a full measurement range of 5ozin (= 35.3 x 1073 N m)
with a stated accuracy of 0.5% of the full range.

As illustrated in Figure 5.7a, the device uses two encoder style discs connected by a
torsion element where the amount of light transmitted through the pair is proportional
to the angular displacement and thus torque. This optical twist angle type measure-
ment was ideal for use in the NMR magnet. After discussion with the company a
sensor was built in a custom cylindrical housing (49 mm diameter) with the wiring re-
located to one of the end caps (Figure 5.7b). Furthermore, the end caps were machined
with tapped mounting holes.

(b)

Figure 5.7: A Vibrac torque sensor was incorporated into a drive-shaft unit for bulk
measurements during steady shear experiments. (a) Simple schematic to illustrate the
operation of the sensor, i.e. light is transmitted through discs with an optical pattern,
coupled by a torsion element, the amount of light detected relates to the angular dis-

placement between the discs and thus torque. (b) The custom sensor built by Vibrac.

One aspect of the transducer that the vendor was not able to change was the use of
carbon steel in the shaft and bearings. As these components were strongly magnetic
it was not possible to fully lower the device into the magnet. During controlled exper-
iments it was determined the transducer must be at least 300 mm above the resonator
coil. The motor was connected to the input of the torque transducer via a long shaft

and helical couplings. The sensor wiring (signal and power) was taped to the outside
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Figure 5.8: The torque variant drive-shaft photographed during bench-top calibrations
with cross section. The water bath was used to control the sample temperature.
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Figure 5.9: Illustration of the drive-shaft with inline torque transducer mounted within
a wide bore magnet shell. The room temperature shim unit is coloured purple, the
Micro2.5 gradient unit is coloured green, the probe/RF coil is coloured orange, the
upper portion of the shim barrel is coloured red and the torque transducer is shown in
yellow.
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housing and routed outside the magnet (supporting electronics for the transducer will
be discussed in Section 5.4.3). A shaft located by two bearings connected the transducer
to the shear geometry. The bearings were constructed from ceramic races and glass ball
bearings as these low friction parts would not significantly influence the torque mea-
surement; furthermore, the materials are ideal for use in a magnet.

A concentric cylinder geometry was specially built for this instrument. To prepare
the device for a measurement, a rotor (r; = 6 or 8 mm) was first attached directly to the
drive-shaft. Next the cup (r, = 9mm), loaded with a sample, was pushed onto the rotor
and connected to the housing of the drive-shaft unit via matching threads. The rotor
was attached using a location transition fit with M2 screws to clamp onto the shaft; a
threaded connection was tested but resulted in a poor alignment which could not be
fine-tuned by the end-user. When installing the rotor, a dial indicator would be used
to measure the eccentricity of rotation and help adjust the alignment through tighten-
ing/loosening the screws. Regarding the length of the rotor, if the ratio of the length to
the gap between cylinders is in excess of 100, end effects are negligible (torque from the
fluid underneath the rotor) [sec 2.4.4][6]. Due to manufacturing limitations the max-
imum immersion length was 70 mm; using rotors which produced either a 1 or 3mm
gap the end effects could not be neglected. The bottoms of each rotor were taper into a
cone (as discussed in Section 2.4.2). While it may seem reasonable to use Equation 2.128
to determine the angle S for these rotors this relationship (Equation 2.128) was based
on the assumption of a narrow gap (x > 0.99). As this criterion was not satisfied for
either geometry an angle 5 = 5° was used as a first order correction for the end effects.
Furthermore, both cones were machined to have a truncation gap of 60 pm.

5.4 Electronics

This section explores the various electronic components utilised in the hardware and
instruments developed in this thesis. An overview of which is presented as a block

diagram in Figure 5.10.

EvoDrive < Arduino Due <—| Raspberry Pi <~ Remote Computer

| ! |

Motor Custom PCBs NMR Spectrometer

|

Torque Sensor

Figure 5.10: Block diagram of electronic components.
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The central component of the Rheo-NMR hardware is an Arduino Due board (Sec-
tion 5.4.2). The microcontroller embedded on the Arduino Due board interprets user
input to manage the motion generated by the drive system (Section 5.4.1). A user can
access the Arduino Due board via a local network connection through a simple server
(Section 5.4.4). Custom printed circuit boards (PCB) add additional functionality (e.g.
digital interface to spectrometer and external memory) and interface with the analogue
torque sensor (Section 5.4.3).

Circuit schematics, bills of material and component layouts for all custom PCBs can
be found in Appendix C.

5.4.1 Eva Robotics ST-23 and EvoDrive

The servo-stepper motor package (ST-23) used in all of the drive-shaft units was pur-
chased from Eva Robotics. There are three main components of the package, includ-
ing: 1) stepper motor, 2) optical encoder and 3) EvoDrive controller. Specifications and
application notes for the ST-23 package can be found in the product integration man-
ual [127].

A stepper motor is a brushless DC motor specifically designed such that it moves in
discrete steps. In general there are various methods in both constructing and control-
ling a stepper motor which define characteristics such as step size and torque output!.
The motor included in the ST-23 package is a hybrid synchronous stepper motor with
full steps of 1.8°. The windings are rated to 2.8 A and the motor can generate a maxi-
mum torque of 1.8 Nm. The motor is a NEMA-23 frame with a dual shaft.

When driven in either full step or half step [132] stepper motors can be used reliably
in an open-loop system (provided the stepper motor has been properly rated, i.e. can
produce the necessary torque for the application). Micro-stepping is a technique where
the winding current is modulated as a function of time such that the motor moves
in small steps between the physical poles. While this scheme provides higher position
resolution (i.e. small steps) and smoother motion there is a risk that the motor may miss
a step. To take advantage of micro-stepping, but maintain confidence that the motor
will complete the desired motion, the Eva Robotics system utilises an optical encoder.
The encoder provides a feedback loop to the EvoDrive controller so that corrections
may be applied for missed steps; this closed-loop system could also be referred to as
a servo motor or in the case of the stepper motor a servo-stepper motor. Practically,
operating in a closed loop, the step size is limited to half the resolution of the position
encoder. The optical encoder hardware installed in the ST-23 package generates 2,048

pulses per revolution which, combined with quadrature detection, is 8,192 counts per

' A general review of these concepts is outside the scope of this thesis; however, numerous descriptions
of stepper motors can be found online or in textbooks from various fields, e.g. mechatronics [132, sec. 7.2].
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revolution. Thus the ST-23 servo-stepper motor has a reliable step size of 0.088° (4096
positions per revolution) for either position or velocity commands. Additionally, Eva
Robotics has implemented vector control (also referred to as field orientation control)
such that the motor can be used to apply a set torque or the torque required to move
the motor can be measured. Due to the resolution of this technique and variability
between motors torque values are treated as a percentage equivalent to the percentage
of current needed to drive the motor (e.g. 50% torque means 50% of the available drive
current is flowing through the motor windings). More precise measurements can be
made through calibrating a motor with known torques at similar conditions to testing.

Communication with the EvoDrive electronics is possible using a serial connection
(RS232, RS485 or USB). The physical connection to the EvoDrive can be found on a
custom PCB on the top of the ST-23 package. In Section 5.5.1 the software used to

communicate with and control the EvoDrive will be discussed.

5.4.2 Arduino Due and Custom Shield

Arduino [133] is an open source platform for developing microcontroller based hard-
ware. The wide community support and low entry costs have seen a rapid rise in the
popularity of Arduino in hobbyists and researchers alike [134]. In this thesis an Ar-
duino Due [135] was used to manage interactions between users, the NMR spectrome-
ter, the torque sensor and other peripheral devices. At the heart of Arduino Due board
is a 32 bit ARM Cortex-M3 processor (AT91SAM3XS8E, Atmel Corporation [136]). The
processor was programmed with the Arduino IDE via the native high speed USB port
on the SAM3X.

To utilise the features of the SAM3X processor a custom printed circuit board (PCB)
was designed and constructed. This two layer PCB was designed to mount directly
onto the Arduino Due; this style of board is typically referred to as a “shield” in the
Arduino community. During experiments the Arduino Due and custom PCB (shield)
are mounted to the ST-23 servo-stepper motor package (Figure 5.11a).

The shield included the physical connection for the serial interface with the Evo-
Drive via a logic level conversion circuit (the EvoDrive electronics operated at 5 V while
the SAM3X operated at 3.3 V). Additionally, SMB style coaxial connections were avail-
able to interface the drive-shaft unit with the Bruker spectrometer (Figure 5.11b); as the
spectrometer digital lines operated at 5V the input channels were stepped down via
a voltage divider and the output channels were driven from a 5V power supply via
transistors.

A micro-SD card socket and media on the shield provide removable external mem-
ory. The processor and micro-SD card communicate using the serial peripheral interface

(SPI) bus. The primary use of the micro-SD card is for logging data during experiments
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(a) (b)

Figure 5.11: (a) Arduino Due development board and custom shield mounted to the
ST-23 package for NMR experiments. (b) Digital lines for real-time synchonisation of
motion and NMR pulse sequence. Note: The shield shown here is an earlier version and does
not match the schematics/PCB layout found in Appendix C.

(e.g. frequency, input/output states, torque); however, it also contains a settings file.
Utilising this external memory these settings are non-volatile and read on boot to pre-
vent the electronics from reverting to the default settings in the firmware; the settings
can be updated by the user via serial command or user interface.

The SAM3X processor also has internal quadrature decoding which can be used
with the optical encoder in the ST-23 package (Section 5.4.1) to monitor the frequency
of rotation without having to poll the EvoDrive. The shield has a physical connection to
tap into the encoder signal without affecting the normal operation of the ST-23 feedback
loop. While this functionality has been tested, currently the firmware (Section 5.5.1)
does not utilise this feature.

To help when assembling the drive-shaft unit on the bench a hand-held push-button
pendant could be plugged into the shield. When the push-button was depressed, the
motor would rotate at a pre-defined frequency (adjustable through user interface, Sec-
tion 5.5.2)
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The Arduino Due board and shield were powered from the same 24 V supply used
by the ST-23 package with various voltages provided by components on the shield.

5.4.3 Torque Interface Card and Custom Electronics

The Vibrac torque sensor (Section 5.3.3) required a signal conditioning card (e.g. 1312
Interface Card, Vibrac [137]). The card required £15V to drive the board and trans-
ducer; additionally, an input DC voltage was used to zero the torque signal. The board
had two analogue outputs (torque and reference channels) were the £10 V torque signal
was proportional to the measured torque with 10 V representing the full range torque
value. The polarity of the torque signal indicated the direction of the torque (i.e. CW or
CCW).

An Arduino Due (Section 5.4.2) was used with the torque sensor drive-shaft variant,
however, because the additional electronic components could not fit onto a single PCB
(e.g. shield) three stackable PCBs were designed and assembled. These boards had
the basic components as described in the previous section (e.g. serial communication,
micro-SD card, digital input/output channels) in addition to £15 V power supplies, an
analogue-to-digital converter (ADC) and a digital-to-analogue converter (DAC). The
Arduino Due and stacked PCBs were mounted with the interface card onto a single
piece of acrylic (Figure 5.12) for easy set-up on the bench or above the NMR magnet.

The external 12 bit DAC was controlled by the SAM3X via SPI; a reference voltage
for the DAC was provided by an external chip. The DAC was used to generate the —10 —
0V zeroing signal. The SAM3X processor includes an internal 12 bit DAC, however, the
output range (nominally 0 - 3.3 V) was not sufficient for the zeroing signal. Additional
components could have been used to invert and add gain to this output range, however,
the external device was sufficient for the work in this thesis.

A standalone two channel 12 bit ADC was used to digitise the analogue torque
and reference signals. The chip that was used could accept a true bipolar analogue
signal between +10V and was ideal for use with the interface card. The SAM3X also
includes an internal 12 ADC, however, as was the case for the DAC (described above),
additional components would have been necessary to connect the +£10V signal safely
to the processor.

5.4.4 Raspberry Pi Server

To avoid driver issues when connecting the Arduino Due board to various operat-
ing systems a Raspberry Pi 1 Model B+ single-board computer was used as a bridge
between a local network and the USB connection of the control electronics. The Pi

runs the Raspian (Debian, Linux) operating system and uses the relay utility Socat
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Figure 5.12: Vibrac torque interface board (back) shown connected to the Arduino Due

and custom printed circuit boards (front).

(v1.7.2.3) [138] for bi-directional data transfers between a TCP port (network connec-
tion) and a TTY device (USB connection).

Additionally, the Raspberry Pi computer can run the graphical user interface (de-
scribed below in Section 5.5.2). Utilising a secure shell (SSH) network connection with
X11 (mechanism for forwarding graphical interfaces) the control software can be run
from a remote machine regardless of the remote computer’s operating system. This
functionality simplifies implementation by eliminating: 1) the need to write a cross-

platform control programme and 2) the maintenance of multiple software installations.

5.5 Software

The instrument developed in this thesis relied on two types of software?: 1) the Arduino

Due firmware and 2) the user interface.

ZA Git repository with all software is available at http://oscar.ecs.vuw.ac.nz/~tb/

motionControl/.
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5.5.1 Firmware

The Arduino Due board interfaces with the ST-23 through a UART device communi-
cating using the RS485 standard [128]. An Arduino library [139] was developed by
Eva Robotics for an 8 bit microcontroller (including the EVA Robotics EvoDuino) to
interface with the EvoDrive. This library was modified for use with the 32 bit SAM3X
core of the Arduino Due. Utilising the modified EvoDuino library (referred to as Evo-
Duino4Due) an embedded controller (Section 5.4.2) was developed and programmed
using the Arduino IDE. The firmware® for the Arduino Due board was written in
C/C++ and compiled to machine code through the default Arduino build process.
This firmware serves as an abstraction layer between the user and the ST-23 package to
convert rheology experimental parameters into the EvoDrive motion commands (e.g.
setVelocity, setTorque). The two major tasks of the firmware are: 1) managing the serial
communication between the Arduino board and a host system (i.e. desktop computer
on local network) and 2) real-time control of the EvoDrive.

The firmware receives commands using a string of 32 ASCII characters. A review
of the serial command structure (options and key string formatting) can be found in

Appendix D.

Motion Routines

A full list of available motion profiles can be found in Appendix D. In the section below
a brief introduction is given to oscillatory and start-up follow routines.

Using this system, oscillatory shear profiles are available for Rheo-NMR experi-
ments. Although the initial motivation was to develop motion routines for non-linear
viscoelasticity rheology (i.e. large amplitude oscillatory rheology, LAOS) the method
can also be used for small angle oscillatory (linear viscoelasticity) rheology studies.
When the firmware receives an oscillatory motion command a position vector is cal-
culated for one period of the sinusoidal motion based on the desired strain amplitude
and angular frequency. Once the motion begins, at regular intervals, the firmware uses
the current shaft position to calculate a velocity command so that over the following
interval the shaft (in theory) would reach the next coordinate in the position vector. In
this way the programme is constantly self-correcting for small errors in motion. The
number of points within the position vector is based upon the period of motion and the
position update frequency (50 Hz by default). A timer interrupt is used to trigger the
update of motion.

To investigate the response of fluids during acceleration from a steady state (e.g sta-
tionary or constant velocity) a start-up profile routine has been developed. Previously,

3see footnote 2; the firmware source code is included in this repository and can be viewed online [140].
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start-up flow could be studied by ramping the motor frequency in discrete steps, how-
ever, this new approach takes advantage of the acceleration setting of the EvoDrive.
Based upon a desired maximum shear rate and a desired interval of time the firmware
calculates an acceleration value and updates the motor settings. The start of this mo-
tion programme can be triggered by the NMR spectrometer to synchronise the motion
profile and NMR acquisition. Additionally, a delay is available between the start of the
motion and the set acceleration command which allows NMR data to be collected in
a reference state prior to deformation. After the maximum shear rate is reached the
motion will be stopped; alternatively, this routine could be continuously looped in a
sawtooth type pattern.

Motor Settings

In addition to real-time management of the motion the firmware also manages the read-
/write functions of the micro-SD card, interfaces via digital I/O with the Bruker spec-
trometer and controls both the analogue-digital converter (ADC) and digital-analogue
converter (DAC) used as part of the analogue torque measurement system.

If desired the firmware can write motion parameters, torque measurements and
input/output state to the mounted micro-SD card. Functions are available to create
and delete files and also transfer data to a remote system via the USB connection. As
part of the datalogging routine, the firmware can also stream values directly to the USB
connection (which can be used for real-time monitoring on a remote system).

The firmware has a number of routines related to the torque measurement system
(including debug functions for the ADC and DAC) the most important of which is a

successive approximation routine to zero the torque sensor.

5.5.2 User Interface

An additional layer of software abstraction is provided by a series of user interfaces
which allow users to set-up experiments in terms of rheological parameters (e.g. shear
rate, shear stress) but sends commands to the motor system in generic motion terms
(e.g. angular frequency, torque). Two types of UI were implemented including a stand-

alone control programme and modules for the TopSpin environment.

Stand-alone GUI

For debugging, stand-alone operation (i.e. bench-top rheometer) and advanced control
a graphical user interface (Figure 5.13) is available for the various new Rheo-NMR in-

struments. The module is written in Python (v2.7) [141] and utilises the cross-platform
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application framework Qt (via the Python-Qt wrapper, Pyside v1.2 [142, 143]) for visu-

alisation.

@ & @ motionControl - v2.0.0

Shear Controlled | Stress Controlled Settings Utilities
Steady Shear = Oscillatory Shear Other Profiles

Peak Hold | Stepped Flow

Shear Rate: 0|s’
] Reverse Direction

] Pre-Shear:

] Motion Enable Mode

Reset Fields Update Motion

Help Clear RT Plot Window Stop Close

Figure 5.13: motionControl graphical user interface.

The graphical user interface (GUI) is called “motionControl.py” and in addition
to setting up experiments manages data transfers from the micro SD card, provides a
simple interface for viewing and updating motor settings and can be used for various
debugging tasks (e.g. measure ADC channel, toggle outputs, read state of inputs).

Set-up for experiments is partitioned into various functions (modelled after the TA
Instruments control software). Both strain controlled or stress controlled experiments
are available. Additionally, the user can define the type and dimensions of the shear

geometry.

TopSpin Modules

While the torque sensor drive-shaft variant can be used as a stand-alone instrument the
primary purpose of the hardware is to be used with Bruker NMR systems. For ease
of operation, programmes have been written for the Jython environment within the
Bruker NMR control software suite, TopSpin (tested on TopSpin v2.1, v3.1PV and v3.2).
Python scripts run within TopSpin can be used to simultaneously set up the parameters
for the NMR acquisition and communicate with the motor electronics. Furthermore,

higher level modules have been written so that multiple NMR experiments (with mo-
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tor control) can run sequentially without user input (see Figure 5.14). This would be
analogous to setting up a stepped flow (or similar) experiment on a rheometer where

sample properties are measured at multiple shear rates.

/ flowCurve.py,
Flow Curve Parameters

Starting Shear Rate: 0.5 (1/s)

Ending Shear Rate: 10 (1/s)

Sampling Scheme: log ‘log" or "linear”

MNumber of Experiments: |20 including start and end pts.
Rotor Outer Radius: 9 (rmm)

Gap: 1 {mm)

Server |[P Address: 127.30.255.198

Server IP Port: 50007

Figure 5.14: TopSpin interface module.

For real-time synchonisation of the NMR pulse sequence and drive-shaft motion
digital lines (Figure 5.11b) are available to trigger either the NMR spectrometer or mo-
tor. Bruker spectrometer consoles (tested on Avance and Avance III) have a range of
TTL-like outputs which can be used to trigger the motor. This function is particularly
important for experiments investigating start-up flow. Additionally, Bruker consoles
have a limited (< 4) amount of trigger lines which allow the pulse sequence to be con-
trolled by motion parameters (e.g. a certain position or speed). This function is particu-
larly useful for periodic experiment (e.g. oscillatory shear) where the NMR acquisition

should be executed at a precise position of the drive-shaft.

5.6 Conclusion

Various pieces of hardware were presented in this chapter and each individually con-
tribute to the goals laid out in the introduction: 1) improving shear geometries, 2) new
experimental protocols and 3) simultaneous bulk rheology. Assembling these compo-
nents into complete instruments there are three main assemblies that will be discussed
in the following chapters: 1) drive-shaft unit with integrated torque sensor, 2) wide
bore Rheo-NMR kit compatible with the Bruker variable temperature control, offering
a range of shear geometries and numerous never before realised experimental proto-
cols (e.g. steady shear, oscillatory strain, stepped functions and spectrometer interface)
and 3) a super wide bore instrument including all the features described for the wide

bore design.
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Hardware Validation Studies

6.1 Introduction

This chapter explores the hardware introduced in Chapter 5. Moving forward from
the designs previously described, proof of concept and validation studies will now be
presented.

6.2 Shear Geometries

This section explores the new concentric cylinder and planar-cylindrical hybrid shear
geometries. In both cases water (Newtonian behaviour) was used in combination with

1D and 2D velocity imaging pulse sequences to compare the measured flow to theory.

6.2.1 Concentric Cylinder (Super Wide Bore)

The 1D velocity imaging pulse sequence used to validate the super wide bore concentric
cylinder shear geometries can be seen in Figure 6.1a. This pulse programme utilised
double slice selection (Section 3.6.1) by exciting slices along the y (velocity direction)
and z (vorticity direction) axes. A graphical description of this sampling scheme can
be seen in Figure 6.1b where the 1D imaging was along the x axis (velocity gradient
direction) and displacements were encoded in the y (velocity) direction.

Velocity profiles of water were measured in five concentric cylinder geometries. The
curvature ratio x (Equation 5.1) for three of these geometries was the same x = 0.89
with dimensions 7’:—; = %, % and %.

or smaller (0.71) x, respectively indicating a smaller or larger difference in curvature.

The remaining cells had either a larger (0.96)
Experiments were conducted across a reasonable range of shear rates (1 — 10s™!

shown) with the experimental data compared to the theoretical velocity profile (Equa-

tion 2.117). Examples of these comparisons for the three shear geometries with the

117
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Figure 6.1: (a) Pulse program diagram for Pulsed Gradient Spin Echo (PGSE) motion
encoding with double slice selection and 1D imaging acquisition. (b) Illustration of the
imaging region. In this study, the x axis aligns with gradient direction, the y axis aligns

with velocity direction and the z axis aligns with vorticity direction.

same x can be seen in the top panel of Figure 6.2 and comparisons for the remaining
two geometries can be found in the middle panel of Figure 6.2. In both panels, for each
geometry, a velocity profile is shown which is the average of the two gaps on either side
of the rotor. Additionally, the gap position and velocity values were both normalised
to simplify comparisons between different geometries.

For the geometries with the same curvature (top panel Figure 6.2), all normalised
example datasets agreed and also fit the shape of the theoretical curve. However, a
stark difference in the velocity profile can be observed between the two geometries with
differing ~ values (middle panel Figure 6.2), although the normalised measurements

again agreed with the individual theoretical predictions.

In the top panel of Figure 6.2 the velocity gradient is nearly linear while curvature
is apparent in the x = 0.71 profile (middle panel) due to the curvature difference be-
tween the two boundaries. To demonstrate the accuracy of the NMR technique and
the functionality of the hardware the bottom panel of Figure 6.2 plots the coefficent of
determination (R?) from fitting the experimental data to theory as a function applied
shear rate (for simplicity the applied shear rate is defined as in Equation 2.122, where
curvature effects are neglected) for the various shear devices. As shown all are close to
R?*=1.



6.2. SHEAR GEOMETRIES 119

1.0 | [ .

".0.6_ \ _

Uy, norm
o

=~

T

1

0.0 | ol T
| | | | | |
0.0 0.2 0.4 0.6 0.8 1.0
dnorm
I I I I I I
1.0 | ey .
\.‘.
0.8 |- ”';‘. ]
N
R
£ 06| 'o..; |
5 Q
2 Seege
: =
S04 N ]
....\
°§.=
0.2 | .Q -
0.0 | "tt .
| | | | | |
0.0 0.2 0.4 0.6 0.8 1.0
dnorm
11 I I I I I
LOF o g ° 8 ] 8
[} P o
0.9 | ]
0.8 | ]
[}
~
0.7 | ]
0.6 |- -
0.5 | ]
0.4 1 1 1 1 1
2 4 6 8 10
Ay 1871

Figure 6.2: Normalised velocity measurements for three shear cells with the same stress
variation across the gap (top); x=0.89, :—; = % (o), % (o), % (@). And the two ge-
ometries with the greatest difference in stress variation across the gap (middle); x =0.71
(@) & 0.96 (®). The dashed line represents the theoretical velocity profile. R? values from
comparing velocity profiles to the theoretical curve as a function of applied shear rate

(bottom).
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6.2.2 Planar-Cylindrical Hybrid

Velocity measurements were conducted on the planar-cylindrical hybrid device using
a 2D PGSE-RARE sequence [80, 144]. Water doped with 0.15mM GdCls (17 = 0.465,
Ty = 0.23s) was used as the calibration fluid. The loaded hybrid device was placed in
the RF coil at an arbitrary orientation. For these experiments, the PTFE spacer described
at the end of Section 5.2.3 was not used. During experimental set up the axes of the in-
plane gradients were rotated to align the x parallel to the long axis of the geometry
and the y axis parallel to the short axis (Figure 6.3). The field of view of the image
was 25mm (z) by 12mm (y) with 128 pixels collected along each axis; the signal was

averaged over a 3 mm slice in the z direction.

The Reynolds number Re for planar Couette flow can be determined with [125]

Re = vd (6.1)
vy

where v is the velocity of the belt, d is half the distance across the fluid domain and
v is the kinematic viscosity. Previous flow measurements conducted with 3D particle
tracking velocimetry reported a laminar flow regime for Re < 320 [125]. For the hybrid
geometry constructed in this thesis the distance between band and stationary wall was
1mm (d = 0.5 mm). Using water at room temperature as the test fluid (v ~ 1 mm?s™!)

and shear rates 4 = 5 between 1 —20s™! laminar flow was expected.

In Figure 6.3 the normalised results of the 2D PGSE-RARE experiment are com-
pared to finite element analysis simulations. Simulations were made with the compu-
tation fluid dynamics module of the COMSOL Multiphysics software [145] (v4.3); the
dimensions within the COMSOL model matched the construction of the hybrid device,
the physical properties of water were used to describe the fluid and laminar flow was

assumed.

Qualitatively, the comparison of the NMR experiments and numerical simulations
(Figure 6.3) is quite exciting. However, to evaluate the utility of the hybrid device for
generating simple shear deformation the velocities measured by NMR were further
compared to theory. In Figure 6.4, the velocity profile between the moving band and
stationary wall has been plotted. The normalised data (marks) reported in Figure 6.4
were extracted from the centre pixels (approximately x = 0Omm) of the 2D velocity
image (flow encoded in z direction). The slope of the straight line (solid) has a mag-
nitude equal to unity. The data appear to have a linear relationship and suggests that
continuous simple shear deformation is possible within a wide bore superconducting

magnet.
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Figure 6.3: Comparision of 2D COMSOL simulation results (left column) to 2D NMR

velocity images (right column). The top row compares the = component of velocity

while the bottom row compares the y component of velocity. Note: The PTFE spacer

described at the end of Section 5.2.3 was not used during this experiment.
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6.3 Drive-Shaft (Generic)

In this section the functionality of the drive-shaft units will be explored. The perfor-
mance of the shear profiles (Section 6.3.1) and the digital interface between the motor
and NMR spectrometer (Section 6.3.2) are applicable to all iterations of the new drive-
shaft units (wide bore, super wide bore and torque sensor variants). With regard to
simultaneous bulk rheology measurements (e.g. torque) exciting results will be pre-
sented from estimating torque from the servo-stepper motor where an auxiliary trans-
ducer is not required (Section 6.3.3). Proof of concept work for the drive-shaft unit with

the inline analogue torque transducer will be discussed in the following section (6.4).

6.3.1 Strain Rate Controlled Motion Profiles

In Section 5.5.1 various motion profiles were introduced; Figure 6.5 shows represen-
tative data for oscillatory, controlled start-up and shear quench! experiments. For the
oscillatory and start-up profiles the motor data (either angular position ¢ or frequency

f) logged as a function of time behaved as expected.

With regard to oscillatory motion it is currently possible to access angular frequen-
cies up to 20rads™! for strain amplitudes up to 1 (for the concentric cylinder with
ri = 8mm and r, = 9mm). The strain amplitude can be further increased for lower
values of angular frequency; additionally, utilising concentric cylinders with varying

dimensions could also expand this parameter space.

The bottom panel of Figure 6.5 depicts a shear quench profile where the dataset was
included to illustrate one feature of continuous motion with the EvoDrive. Specifically,
at high shear rates (high frequencies), oscillations are evident; however, at the lower
rotation speed the magnitude of this feature is reduced. This ripple is caused by the
closed-loop feedback of the EvoDrive system and can be fine-tuned by changing the
steps per revolution parameter setting on the motor. As previously described the Evo-
Drive system drives the stepper motor via micro-stepping (Section 5.4.1); the steps per
revolution parameter is used to change the resolution of the micro-stepping routine. At
low frequencies (< 0.1 Hz) a high steps per revolution parameter is crucial for smooth
continuous motion; however, for high frequencies this parameter can be reduced with-

out any loss of performance.

!Shear quench (or pre-shear), involves preconditioning a sample at a higher shear rate for a period
prior to making a rheological measurement at some lower shear rate; typically this method is used to

establish the same shear history between multiple tests.
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Figure 6.5: Oscillatory shear waveform with angular position as a function of time (top);
“Sawtooth” profile with motor frequency plotted as a function of time (middle); and
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6.3.2 NMR Acquisition Triggered by Motor

To demonstrate the functionality of the digital interface between the drive system and
the NMR spectrometer a 1D velocity image was acquired during an oscillatory shear
profile. This experiment utilised the NMR pulse programme illustrated in Figure 6.6.
With regard to the NMR excitation and acquisition the sequence is the same as that
used for the super wide bore experiment (Section 6.2.1).

In preparing the experiment a motion command was sent to the drive system via
the serial (USB) connection. However, the motor did not start moving until a positive
edge was seen on the TTL output channel of the spectrometer, identified as the motion
enable line in Figure 6.6.

Once the experiment was started and the motion began each excitation was trig-
gered by the drive electronics using a trigger input on the Bruker spectrometer. As part
of the serial command the drive system was told how many triggers to generate per pe-
riod (details on the oscillatory motion command can be found in Section D.1.3). In the
TopSpin pulse sequence there was a conditional statement line before the initial hard
90° pulse which waited to see a positive edge on the trigger channel. This is depicted in
Figure 6.6 where the start of the 90° excitation is timed with the low to high transition
of the trigger line.

To help illustrate the data acquisition Figure 6.7 shows the timing of the triggering
events on the applied oscillatory shear profile. In this experiment 32 trigger pulses were
sent during one period of the sinusoidal motion; however, data was collected for two
complete periods. A shear amplitude of 100 and an angular frequency of 0.1rads™!
was used resulting in a period of approximately 63 s and about 2 s between each NMR
acquisition.

The sample fluid was distilled water. The geometry used for this experiment in-
cluded a rotor with r; = 8 mm and a cup with 7 = 9mm; the rotor included a 10 mm
diameter void at its centre which was also loaded with the distilled water sample. The
measured signal for each trigger was averaged through eight successive scans for each
of the four g-gradient strengths. Capturing motion over two periods the total experi-
ment time was approximately 67 min. The processed data is shown in the left plane of
Figure 6.8. The dataset is represented in two dimensions constructed from 1D velocity
profiles oriented along the horizontal axis and position along the oscillatory waveform
indicated by the vertical axis (i.e. position of the respective trigger). To illustrate this the
right plane of Figure 6.8 shows the applied sinusoidal profile (solid line) and discrete
positions of the individual triggers (markers). Each 1D velocity profile was constructed
from successive averages and PGSE gradient strengths and is thus a time average over
the entire experiment. Despite the long experiment time (> 60 min) the coherent ve-

locity profiles suggest that the trigger scheme between the motor electronics and NMR
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spectrometer worked as expected. Furthermore, it can be inferred that the oscillatory
motion was stable over the length of the NMR experiment.

6.3.3 Torque Measurements (Vector Control)

Previously it was mentioned that the EvoDrive can utilise a vector control method
to either generate a constant torque output or measure the torque required to gener-
ate the desired motion (Section 5.4.1). When reporting a measured torque value the
EvoDrive system returns a percentage of the maximum torque. This maximum torque
value varies between motors due to both the stated torque per current rating and differ-
ences in construction. Currently, the drive-shaft units developed for this thesis utilise
a stepper motor capable of producing a torque of 1.8 Nm at 2.8 A. Using the EvoDrive
settings it is possible to limit the maximum torque by changing the amount of current
available to the motor, which can be updated via the serial interface. From the returned

percentage Mg, a torque M can be calculated

M‘?’ Mmotor
M = - Tinax 6.2
<100> < Imotor > e ( )

where M otor and Iotor come from the motor rating and I,,.x is the EvoDrive current
setting. In practice individual motors slightly deviate from the listed nominal torque
and current rating requiring calibration under a known torque.

To test the possibility of making rheological measurements with the ST-23 system a
silicone oil with a kinetic viscosity of 100k cSt (PN 378437, Sigma-Aldrich; viscosity was
verified with a commercial rheometer) was loaded into the concentric cylinder shear
cell with r; = 8 mm and r, = 9mm. To simulate different fluid viscosities, experiments
were conducted at three fill heights (i.e. 45, 71 and 100 mm). For each of these samples
the torque required to move the rotor was recorded as a function of applied shear rate
over 1 - 30s~! (top panel of Figure 6.9).

The sample with a fill height of 100 mm was used as a reference standard; using
Equations 6.2 and 2.109 (ignoring end effects) the percent torque measurements were
converted to a torque and then shear stress. The slope from a linear fit (with intercept
set to zero) was used to estimate the viscosity. From the calculated viscosity and the
known viscosity (determined using a commercial rheometer) a calibration factor was
generated.

The raw measurements in the two remaining datasets (fill heights 45 and 71 mm)
were similarly converted into shear stress values before the calibration factor (deter-
mined above) was applied to each point. The corrected flow curves for these two
datasets can be seen in the bottom panel of Figure 6.9. The horizontal error bars rep-

resent the standard deviation of the applied shear rate while the vertical error bars
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Flow curves (45 and 71 mm) after data was normalised with the 100 mm “calibration”
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represent the standard error of the shear stress values. The slope of the solid line is the
known viscosity of the sample. Both datasets capture the expected viscosity within the
reported error.

These proof of concept measurements were made on the bench-top, however, as the
motor would be located outside the NMR magnet, it would be possible to collect the
same data during NMR experiments. It should also be mentioned that the concentric
cylinders and drive-shaft used for these experiments were not specifically designed for
a torque measurement (i.e. simple PTFE bushings were used in both the drive-shaft and
shear device). Furthermore, the rotor had a taper feature to maintain alignment with
the cup. In addition to the fluid response the friction of these elements would have
contributed to the overall torque measurement. Due to both the current resolution
of the ST-23 torque measurements and the engineering of the drive-shaft and shear
geometry a sample with a particularly high viscosity was used for these initial tests.

Looking at both the raw measurements and corrected flow curves in Figure 6.9 be-
tween 20 and 255! there is evidence of some anomalous behaviour in the measured
value. As the current torque measurement resolution is not fine enough for use as a
rheometer (for the types and size of samples which are currently studied with NMR)

this artefact was not further explored.

6.4 Integrated Analogue Torque Sensor

Based on the measurements described above the potential for a torque measurement
from the servo-stepper motor package is extremely exciting. Such a device would pro-
vide for a dynamic range of torque measurements and open up the possibility of stress
controlled NMR shear experiments. However, significant work is still necessary (in
drive system electronics, motor hardware and the mechanical design of the drive-shaft)
to develop these methods. In the case of steady strain controlled experiments an inline
torque sensor can be used to calculate dynamic viscosity (the design of this device was
presented in Section 5.3.3). In this section, various aspects of the torque variant drive-
shaft unit will be explored including a discussion of error and sensor drift. Proof of
concept data from the bench-top will be presented in addition to measurements made
within the NMR magnet during experiments on water and a shear-banding wormlike

micelle solution.

6.4.1 Data Sampling and Averaging

If torque measurements are to be made during an NMR experiment it is important to

know the time over which the torque signal must be averaged in order to capture the
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true behaviour of the material under examination. In this section different sample times

will be explored to probe the minimum torque measurement time.

For these experiments a silicone oil with nominal kinematic viscosity of 60k cSt (PN
181838, Sigma-Aldrich) was used. All measurements were made on the bench-top with
the sample temperature maintained at 25° C using a water bath. A total of 14 stepped
flow experiments were conducted with data points collected at 25 shear rate values
logarithmically spaced from 0.1 to 255! (r; = 8mm and r; = 9mm). The sampling
time at each shear rate was varied between 1s to 5 min. For each of the 14 experiments
the flow curve measurements were used to calculate a viscosity based on a linear fit
with intercept set to zero. The determined viscosity (along with the standard error of

the fit) as a function of averaging time can be seen in Figure 6.10.
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Figure 6.10: Viscosity calculated from flow curves acquired as a function of experiment

time. The experiment time ¢}, lists the length of data acqusition at each strain rate step.

A discussion of the accuracy of similar viscosity measurements will come later (Sec-
tion 6.4.4) and for now it is assumed that the viscosity values reported in Figure 6.10
capture the actual fluid viscosity. This assumption is not unreasonable as the nominal
viscosity is 60k cSt and all measurements are within approximately 5% of this value.
In fact, regardless of the averaging time all measurements are within an envelope of
60-64k cSt and there appears to be little difference in the determined viscosity between

the averaging extremes of 1s and 5 min.
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6.4.2 Background Torque

When discussing the design of the drive-shaft unit with the integrated torque trans-
ducer (Section 5.3.3) it was described that there is a shaft of approximately 300 mm
between the shear geometry and the transducer. This length of drive-shaft is aligned
with two bearings which will contribute a torque to the measured value due to internal
friction. Furthermore, mechanical misalignment in the construction of the drive-shaft
or coupling to the torque sensor could add a periodic torque as the shaft completes a
full rotation. Characterising this background torque helps to identify the minimum er-
ror in a measurement and ultimately identifies the lower limit of measurable torques.
Furthermore, it is important to know how the internal torque of the drive-shaft unit
changes with the applied motor frequency.

To address these concerns a stepped flow experiment was conducted on the bench-
top without a sample. Torque measurements were averaged over 20s at 50 shear rates
from 0.1 to 285! (r; = 8mm and 7, = 9mm). In Figure 6.11 the torque data are

presented as a function of applied shear rate.
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Figure 6.11: Torque data to show the magnitude of background torque as a function of

rotation rate.

For the torque transducer, Vibrac TQ Mini 5.0, the stated error is 0.5% of the full
range which, in terms of torque, is approximately 0.2 x 1073 Nm (0.05 V). This value
is the approximate magnitude of the standard error of the measurements reported in
Figure 6.11 and suggests that the design of the drive-shaft unit and the electronics do
not act as a significant source of uncertainty in the bulk measurements.

Prior to collecting the data in this section the torque signal was zeroed while the
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shaft was stationary. All torque measurements shown in Figure 6.11 are within
0-0.6 x 1073 N'm (0-0.15 V). To reduce the error in measuring the torque response of a
fluid the system could be zeroed while moving; however, this would have to take place
before the sample was loaded. Regardless, based on the presented measurements and
experimental procedure the torque error in the system due to the mechanical design is
approximately 2% of the full range of the transducer.

Furthermore, the standard error in the applied shear rates (horizontal error bars)
suggests that the drive-shaft has a lower limit of approximately 0.5s~1 (0.01 Hz).

6.4.3 Stability and Drift

To examine the stability of the transducer and electronics the torque signal was recorded
over a 7 hour period. In this bench-top experiment the drive-shaft was not moving.
After sitting unpowered at room temperature for a long period (i.e. overnight) the in-
strument was powered on and immediately the torque signal was zeroed. Afterwards,
the torque and reference channels were continuously measured as a function of time.

The collected data can be seen in Figure 6.12 where the top panel shows the raw
torque signal and the middle panel the reference signal. According to the user manual
for the Vibrac torque interface card [137] the transducer should be allowed to warm up
for 30 minutes prior to use?. Thus in actual experiments data would not be collected
in this initial half hour and therefore these measurements have been excluded from
Figure 6.12 and the subsequent analysis. To reduce the measurement noise a running
average was calculated for both data sets (plotted as a solid black line in both panels).
From this experiment it is apparent that the torque signal will drift over long periods.
The drift trend in the torque and reference measurements is identical; for the data pre-
sented in Figure 6.12, if both sets of data are scaled and offset appropriately, the two
measurements lay on top of each other.

To account for the drift of the torque signal the reference channel data could be used
to correct measurements in post-processing. An example of this correction is shown in
the bottom panel of Figure 6.12; the reference measurement (scaled by a constant) was
subtracted from the torque measurement to correct for drift. The scaling constant used
above must be determined empirically through an experiment for the environment in
which torque measurements will be made (i.e. ambient temperature in laboratory or
within thermal environment of NMR magnet bore). Alternatively, in lieu of a post-
processing correction, the reference channel could be used as part of a closed-loop sys-
tem where the zeroing signal is varied in real-time to maintain the reference channel at

a fixed value, however, this strategy has not yet been explored.

?Unless otherwise stated all analogue torque measurements in this thesis were made at least 30 minutes

after powering on the Vibrac transducer.
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Figure 6.12: Raw torque (top panel) and reference (middle panel) voltage signals; for

both sets of data a running average has been calculated (black trace). Using the refer-

ence signal the torque data was corrected for drift. The bottom panel compares the raw

torque signal (blue trace) to the drift compensated torque data (red trace).
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Alternatively, drift could be reduced by re-zeroing the signal. However, in the case
of series of stepped flow measurements, it may not be feasible to zero the electronics be-
tween each experiment. Using the data in Figure 6.12 to imagine a worst-case scenario,
if the instrument ran for one hour (in which it is not possible to zero the sensor) and
the experiment was started immediately after the warm-up period (when the greatest
drift is observed) the drift would be approximately 0.04 V (0.4% of the measurement
range). This is less than either the error of transducer or the error due to the design of

the instrument.

6.4.4 Benchmark to Commercial Device

Based on the data presented in the two previous sections (6.4.2 & 6.4.3) the measure-
ment error of the drive-shaft unit with the inline torque sensor due to the mechanical
design and electronic circuits is ~ 2% of the full torque range of the Vibrac transducer
with measurement drift potentially contributing an additional ~ 1% error. However,
even with an estimate of the torque measurement error it can still be difficult to estimate
the error of a bulk rheological parameter (e.g. viscosity). To further probe the measure-
ment accuracy of this instrument stepped flow experiments were made on three dif-
ferent silicone oils where the viscosity calculated from the torque measurements was
compared to the viscosity determined by a commercial rheometer (TA Instruments AR
2000).

The three silicone oils used are listed in Table 6.1 along with the viscosity as mea-
sured by a commercial theometer (TA Instruments AR 2000). The commercial rheo-
meter measurements were made at 25° C with a 60 mm 2° stainless steel cone and plate
geometry. The drive-shaft unit measurements were conducted on the bench-top with a
concentric cylinder geometry (r; = 8mm and r, = 9mm) and the sample temperature
maintained at 25° C by a constant temperature water bath. In setting up the shear cell
a 0.5 mm shim was always used to space the rotor from the bottom of the cup; as the
truncation gap of the cone on the rotor was 60 pm this spacing would have violated the
assumption that the bottom of the rotor behaved as a cone and plate geometry. How-
ever, as the treatment of end effects in concentric cylinder geometries, as discussed in
Section 2.4.2, assumed a narrow gap (x > 0.99) the use of Equation 2.130 is only an
approximate correction. Viscosity was calculated from the applied shear rate and shear
stress where Equation 2.130 was used to calculate the stress based on the physical di-
mensions of the rotor.

Table 6.1 lists both sets of viscosities and the percent error. The individual measure-
ments can be seen in Figure 6.13 were the error bars represent the standard deviation of
the torque measurement (converted to a shear stress) and the slopes of the dashed lines

are equal to the viscosity determined by the commercial rheometer.
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Figure 6.13: Rheology flow curves for three silicone oils, measured by NMR compati-
bile rheometer (markers) and compared to viscosity determined from commercial rheo-
meter (dashed lines); nominal viscosities: 10k (@), 60k (@) and 100k cSt (e).

The reported percent errors in Table 6.1 may seem high considering the uncertainty
in the torque measurement is approximately 3%, however, in calculating viscosity there
is a noticeable second source of error. For the concentric cylinder geometry shear stress
can be calculated from torque using Equation 2.109 (ignoring for the moment the in-
fluence of end effects). Combining this equation with the viscous model of Newtonian

behaviour (Equation 2.60) and solving for viscosity yields:

M

- 6.3
(= (63)

Assuming all parameters are independent and the only source of errors is the torque
M and sample fill height [, the uncertainty in the viscosity s, can be approximately

defined by
s O G o9

Sigma-Aldrich PN Known Viscosity /Pas Measured Viscosity /Pas % Error

378402 9.99 10.68 6.9
181838 54.91 59.26 7.9
378437 99.96 102.98 3.0

Table 6.1: Viscosity data for three silicone oils measured by a commercial instrument

and the drive-shaft unit with inline torque transducer.
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The relative error of the torque measurement %% has already been discussed and is
on the order of 0.03; however, an estimate of uncertainty for fill height will now be
explored.

For the three stepped flow experiments presented in Figure 6.13 the concentric cylin-
der geometry was nominally filled to 50 mm. If this height were to vary +2 mm the rel-
ative uncertainty % would be 0.04. For a height of 2 mm the volume within the annulus
over this length v = 7l (r2 — rZ) would be approximately 0.1 mL. Although the utmost
care was taken in measuring out the appropriate sample, due to the narrow diameter
and long length of the concentric cylinder geometry, it is possible that a small portion
of sample < 0.1 mL may stick to the wall of the cup and not join the continuous fluid
domain. Looking back at Equation 6.4 the resulting uncertainty in the viscosity would
be on the order of 5%. When considering the uncertainty in the torque measurement
and the fill height the percent error of the measured versus known viscosity for each
sample in Table 6.1 seems appropriate.

Finally, all three of the estimates of viscosity from the drive-shaft were higher than
expected. There may be a systematic error due to an offset in the torque signal (i.e. at
zero torque the voltage was non-zero). In subsequent experiments the firmware was
updated so that before starting a stepped flow series of measurements the torque sig-
nal is measured over a short period (e.g. 30s) while the drive-shaft is stationary. This
provides a baseline torque signal that can be subtracted from all measurements. This
modification allows for agreement with data from a commercial rheometer (e.g. Fig-
ure 6.14) even for samples with a viscosity much less that the silicone oils used in this

benchmark test.

6.4.5 Simultaneous Torque and NMR Data Acquisition

In discussing the performance of the drive-shaft unit with the integrated torque trans-
ducer (previous four sections) all measurements thus far have been made on the bench-
top. As the main purpose of this instrument is simultaneous NMR acquisition and bulk
rheometry measurements this sections explores the results of torque measurements
made within the magnet during 1D NMR velocimetry experiments.

Two samples were used in these simultaneous measurements: a silicone oil with
a viscosity of 60k cSt (also used in Sections 6.4.1 & 6.4.4) and a wormlike micelle so-
lution (discussed in Section 7.2). The silicone oil was selected as a calibration fluid
with Newtonian behaviour while the response of the wormlike micelle solution is non-
Newtonian.

The 1D NMR velocimetry used for these experiments was the same as the approach
described in Section 6.2.1. Furthermore, the torque signal acquisition and subsequent

calculation of shear stress followed the methods previously described in Section 6.4.
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The results from both sets of simultaneous experiments can be seen in Figure 6.14.

The top two panels of Figure 6.14 display the measurements on the silicone oil. The
top left panel is the rheology flow curve where the shear stress is plotted as a function
of shear rate. The error bars depict the standard deviation of the measured torque (con-
verted to shear stress) and the shaft rotation (converted to shear rate). A linear model
with zero intercept was fit to the data and plotted as the dashed line showing the torque
sensor within the magnet did capture the expected Newtonian behaviour. The top right
panel shows the velocity profile across the fluid gap where the shading of the marker
indicates the applied shear rate (light to dark shading is equivalent to low to high shear
rates). The applied shear rate of each velocity profile can be determined from the corre-
sponding flow curve. The two dashed lines help to visualise how the velocity profiles
change with increasing shear rate and are strictly qualitative; these are straight lines
which is reasonable as an approximation for the curvature of the concentric cylinder

(k = 0.89) used in these experiments.

The bottom two panels of Figure 6.14 show the results from the simultaneous mea-
surements on the wormlike micelle solution. As will be described in Section 7.2, below
a critical shear rate (7 < 3s7!) this sample is known to have shear thinning behaviour
while at higher shear rates the shear stress remains constant. This response can be seen
in the bottom left panel where the shear stress is plotted as a function of shear rate.
The green markers represent the data collected with the drive-shaft unit while the un-
filled markers were measured with a commercial rheometer (60 mm 2° stainless steel
cone and plate geometry, TA Instruments AR 2000). Both stepped flow measurements
of the wormlike micelle solution show reasonable agreement; this is particularly true
around the transition to the stress plateau. This result is quite exciting considering the
measurement range of the shear stress (0 — 150 Pa). The bottom right panel of Fig-
ure 6.14 contains the 1D velocity profiles obtained as a function of shear rate. As was
the case for the silicone oil the shading represents the magnitude of the applied shear
rate. Additionally, dashed lines have been plotted to help visualise the flow. In partic-
ular, at higher shear rates, a shear banding phenomenon is observed where two phases
of differing viscosity co-exist in the sample. The shear banding observed in the velocity
profiles corresponds to the shear stress plateau in the flow curve. The wormlike micelle
system and response to deformation will be thoroughly introduced and explored in the
following chapter. For now these measurements are simply presented to illustrate the
ability of the instruments developed in this thesis to study complex fluids and their

behaviour.
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Figure 6.14: Simultaneous rheological flow curves and 1D NMR velocimetry for two samples; silicone oil (top row) and wormlike
micelle solution (bottom row). The shading of the markers between flow curve (left) and velocity data (right) indicate the applied
shear rate. In the case of the silicone oil, a straight line has been fit to the data to demonstrate the expected Newtonian behaviour. For

the wormlike micelle sample, a second flow curve (0) was acquired with a commercial rheometer for comparison.



6.5. CONCLUSION 139

6.5 Conclusion

In this chapter, results from proof of concept experiments have been presented to
demonstrate the operation and utility of the hardware designed in this thesis. Regard-
ing the new shear geometries, 1D velocity measurements of water in various concen-
tric cylinder devices agreed with theoretical predictions illustrating both the correct
operation of the cells and the ability to explore the influence of curvature on the shear
induced fluid flow. When examined side-by-side, 2D velocity maps acquired using
the planar-cylindrical hybrid device nicely match results from numerical simulations.
Furthermore, linear velocity profiles have been observed within the hybrid geometry,
introducing planar Couette flow (simple shear) as a new deformation in the Rheo-NMR
toolbox.

A variety of shear rate controlled motion profiles were presented, including exam-
ples of oscillatory waveforms and constant acceleration. These new experimental pro-
tocols can be used to explore aspects of rheology (e.g. large amplitude oscillatory shear)
that have previously never been combined with NMR techniques and improve existing
experiments such as shear quench (pre-shear) or start-up/cessation flow. Additionally,
data was presented to illustrate the ability to synchronise the NMR acquisition with the
motor.

In an effort to integrate bulk torque measurements into NMR experiments, feedback
from the servo-motor was used to calculate the viscosity of a know sample. Using a cal-
ibration measurement, the servo-motor data was able to capture the actual viscosity of
a silicone oil. However, using the current hardware, the resolution of such measure-
ments was not sufficient for the complex fluids that would be studied in this thesis.
Further refinement of this hardware or specific high torque applications could be the
subject of future work. In lieu of servo-motor torque measurements, the performance
of an analogue torque transducer was evaluated. After numerous bench-top tests to ex-
amine the uncertainty of bulk torque measurements from this drive-shaft unit, viscosity
was measured of various samples. Finally, datasets were presented to demonstrate the

simultaneous acquisition of NMR and bulk rheological measurements.
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Chapter 7

Applications

7.1 Overview

The hardware and methods developed in this thesis have the potential to open up nu-
merous new avenues for studying the rheology of various physical systems.

The new concentric cylinder design which is compatible with the Bruker variable
temperature system (Section 5.2.1) has been used with the original Magritek Rheo-NMR
drive-shaft and controller by a fellow student, S. Kuczera, to study the shear band-
ing phenomenon of the cetylpyridinium chloride (CPCl)/sodium salicylate (NaSal) in
brine wormlike micelle system [87, 144]. The compatibility with the temperature reg-
ulating hardware allowed results from NMR experiments to be directly compared to
spatially resolved measurements acquired with ultrasonic velocimetry.

The prototype high resolution (narrow bore) concentric cylinder geometry (Sec-
tion 5.2.1) was sent to colleagues in the Bio-NMR Laboratory at Massey University
(Palmerston North, NZ) where an applied shear was used to orient proteins for struc-
tural analysis [146]. Despite the number of high resolution NMR systems in academia
and industry around the world currently no commercial Rheo-NMR hardware is avail-
able for high resolution NMR systems.

The parallel disks geometry (Section 5.2.2) was used at Victoria University of Welling-
ton by a visiting student, P. de Vrieze, to investigate wall slip via both NMR and bench-
top rheometry measurements. In this study 2D velocity maps were acquired for both a
simple (silicone oil) and complex fluid (wormlike micelle system) to explore the influ-
ence of gap height, edge effects and wall roughness. The parallel disks configuration
is the preferred geometry for studying the presence and influence of slip as multiple
measurements can easily be made as a function of gap height [1, sec. 5.5].

In this chapter three further applications of the hardware developed in this thesis

will be explored. These include a study of the influence of curvature on a wormlike
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micelle system (Section 7.2), flow observations of granular material (Section 7.3) and

shear induced structural transitions in a surfactant solution (Section 7.4).

7.2 Influence of Couette Curvature on a Shear Banding Worm-

like Micelle Surfactant System

Aspects of this section have been submitted as “Observations of the influence of Cou-
ette cell curvature on shear banding in surfactant wormlike micelles” to the Journal of

Rheology Special Issue on Shear Banding [147].

7.2.1 Introduction

The cetylpyridinium chloride (CPCl)/sodium salicylate (NaSal) in brine wormlike mi-
celle system has been extensively studied in the past two decades and is considered a
model system to illustrate nonlinear mechanical response under steady shear flow con-
ditions [148]. The rheological signature of shear banding in wormlike micelle systems
was first observed experimentally by H. Rehage and H. Hoffmann [149] as a stress
plateau in the steady-state flow curve; the theoretical basis of the stress plateau was
later provided by M.E. Cates and colleagues [150]. In more recent years, experimental
work has used a range of methods to measure the local velocity profile. Initial exper-
iments with nuclear magnetic resonance (NMR) methods provided direct imaging of
flow during shear banding [151]. Additional flow studies utilising other techniques in-
cluded particle image velocimetry (PIV) [152], photon correlation spectroscopy
(DLS) [153] and ultrasound velocimetry (USV) [154].

For all the local velocimetry studies previously listed measurements were made on
the CPCl/NaSal/brine system under shear in a concentric cylinder (cylindrical Cou-
ette) shear device. In general, similar time-averaged velocity profiles have been ob-
served with numerous techniques. These observations include homogeneous flow at
low shear rates (before the stress plateau) followed by a stress plateau in which shear
banding is observed and two distinct shear bands are evident. Next to the stationary
wall (frequently the outer surface) a lower shear rate band exists that is comparable in
value to the shear rate that marks the onset of the stress plateau. Simultaneously, a high
shear rate band exists next to the inner moving surface. As the applied shear rate is in-
creased through the stress plateau the dynamics of the local shear banding is thought
to be described by a simple lever rule ¥ = z9u + (1 — z)%1, were x represents the gap
fraction although recent work suggests this model may not always apply [144, 155-157].

Various NMR methods have been previously used to study surfactant systems in-

cluding NMR spectroscopy [158-161], relaxation times (i.e. T} and 75) [162] or motion
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(e.g. diffusion or flow) [144, 161]. Furthermore, various Rheo-NMR techniques have
been used to study other shear banding materials [163] including: suspensions of poly-
mer core shell particles [164], multi lamellar vesicle onion textures [165], semi-dilute
solutions of linear polymers [162] and star polymers [166].

With some notable exceptions [167] the majority of NMR experiments (in addition to
other local velocity measuring techniques) that have explored shear banding of worm-
like micelles have been conducted with a cylindrical Couette shear device. As discussed
in Section 2.4.2 concentric cylinder geometries are used to create continuous Couette
flow in order to approximate the ideal case where flow is induced in a sample held
between two parallel plates by moving one plate (i.e. simple shear). For the cylindrical
geometry, the infinite parallel plate treatment is increasingly relevant for cylinders with
lower gap to radius ratios. However, for wide bore micro-imaging NMR magnets, the
homogeneous region, in which measurements can be made, limits sample diameters to
< 30mm. Additionally, signal-to-noise considerations limit the size of imaging voxels

which in turn motivates gap widths on the order of 1 mm.

In the case of k > 0.99, influences from curvature can be neglected and the shear
strain (and shear rate) will be the same as the case of parallel plates (e.g. Equation 2.122).
In the event that x < 0.99, a more sophisticated definition of shear rate was originally
developed by Newton and later corrected in 1845 by G. Stokes [14, sec. 2.5]. This treat-
ment requires torque measurements as a function of angular frequency and assumes
ideal Couette flow (i.e. no secondary flow, and does not account for further errors from
wall slip, shear heating or imperfections in the measurement device [1, pp. 190-195]).
As a result the shear rate defined for the concentric cylinder geometry in Equation 2.122
is frequently used as an approximation even in studies where the x < 0.99. Theoretical
work by S.M. Fielding and H.J. Wilson [168] has suggested that Couette curvature could

have an influence over flow and instability and warrants experimental investigation.

Earlier (Section 5.2.1) it was shown that for a “typical” Rheo-NMR geometry (as-
suming r; = 10mm and r, = 11mm) x = 0.91 and the shear stress of a Newtonian
fluid increases by more than 20 % across the gap. This suggests that the geometry
does not ideally represent infinite parallel plates. Furthermore, it seems all local ve-
locity techniques may lend themselves to a similar scenario where previous studies
with PIV [152], DLS [153] and USV [154] used shear cells with x = 0.89, 0.88/0.96 and
0.96, respectively. These values are cited to illustrate the variety of cell designs and are

not necessarily representative values for their respective techniques.

Local velocity measurements provide valuable insight into the dynamics in these
systems; however, the shear stress variation in concentric cylinder geometries used in
various studies makes it difficult to compare results. Recently, an intriguing study

by S. Kuczera and colleagues [144] involved a tandem investigation of the CPCl/-



144 CHAPTER 7. APPLICATIONS

NaSal/brine system using both Rheo-NMR and Rheo-USV. The geometries used in this
study had x = 0.89 and 0.92 for the NMR and USV, respectively. Although the authors
reported similar behaviour noticeable differences include structure in the vorticity di-
rection and “bursts” observed via USV in temporally resolved 2D velocity maps of the
gradient-vorticity plane that were not apparent in the NMR data. Despite the possibil-
ity for subtle differences in sample preparation and wall slip (due in part to shear device
materials and manufacturing) the question remains: could minor differences in the ge-
ometry curvature (i.e. x)lead to differences in the rheological response (in particular
how instabilities manifest) of shear banding wormlike micelle systems? The present
study explores this question by utilising new Rheo-NMR hardware to systematically
study the curvature dependent response of the CPCl/NaSal/brine system.

7.2.2 Materials and Methods
Equipment

NMR measurements on the range of shear cells were performed on a Bruker super
wide bore superconducting magnet at a proton frequency of 300 MHz with an Avance
III spectrometer, a three axis imaging gradient system (0.37 T m~! maximum gradient)
and a 60 mm RF coil. The simultaneous NMR-torque experiments were performed on
a Bruker wide bore superconducting magnet at a proton frequency of 250 MHz with
an Avance III spectrometer, a Micro2.5 three axis imaging gradient system (1.5 Tm™!
maximum gradient) and a 25 mm birdcage RF coil. For all experiments, temperature
within the RF coil was controlled via the gradient system re-circulating bath set to 25° C
which held the sample temperature within 4 1° of the set-point.

The first device [129] was specially built for a Bruker super wide bore magnet, which
has an enlarged room temperature bore and resonator coils much larger than those for
the wide bore magnets typically used in Rheo-NMR studies (providing for samples
up to 66 mm in diameter). Utilising the super wide bore magnet a series of concentric
cylinder shear devices were constructed for this study and are represented in Figure
7.1. For all shear devices the cup was fixed while the bob rotated (Searle mode). The
geometries were comprised of a glass tube and PEEK insert, which acts as the cup,
and a solid PEEK rotor. The inner surface of the glass tube was not altered and the
PEEK rotor was a “smooth” machined surface. Although no quantified description of
the PEEK surfaces is available all cells were nominally machined to be identical and no
macroscopic pattern was noted on any of the shear surfaces used in the present study.
For both the water and CPCl/NaSal/brine experiments described below each cell was
filled to give a fluid height of ~ 100 mm leaving an air fluid interface at the top of the

sample. The geometries were placed in the NMR magnet such that the centre of the
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Figure 7.1: Concentric cylinder sampling matrix illustrating the various geometries
used in the current study. The dashed line denotes shear cells with an identical stress
variation across the gap. The two stars indicate the geometries with simultaneous

torque measurements.

fluid domain was approximately aligned with the magnet centre.

The second device [130] was built to fit a standard Bruker wide bore magnet and
included an inline torque sensor. When assembled this device is a stand-alone strain-
controlled rheometer. The analogue torque sensor has a full measurement range of
35 x 1073 Nm. Both the cup and rotor of the shear cells used with the torque sensor
drive-shaft were manufactured from PEEK. For these geometries, a nominal sample
height of 70 mm was used and resulted in an air fluid interface at the top of the sample.

The design and construction of both assemblies was previously discussed in Chap-

ter 5 with validation measurements presented in Chapter 6.

NMR Methods

A double slice selection 1D imaging sequence with velocity encoding was used to col-
lect all data (Figure 6.1a). The motion encoding gradients and the encoding times var-
ied depending on the expected velocity of the fluid with typical values for the encoding
gradients 0 of 1 — 3ms and encoding periods A of 20 — 65 ms. The NMR signal origi-
nated from the hydrogen nuclei and would be dominated by the bulk water molecules.
Signal was recorded from a 10 mm slice in the vorticity direction which was 1 mm thick
in the velocity direction. The 1D imaging was sampled along the velocity gradient di-
rection (as illustrated in Figure 6.1b). These NMR parameters are such that there is
no significant outflow of excited spins from the imaging voxel over the course of the

NMR experiment as described recently by S. Kuczera and colleagues [144]. All 1D ve-
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locity profiles had a spatial resolution of 59 um. The velocity of the fluid in the encoded
direction (approximately tangential due to size of slice relative to the rotor curvature)
was calculated from the phase accumulation over successive NMR experiments. In
post-processing, the image was reconstructed, where the component of velocity was
mapped to each pixel and the final product masked to remove noise. The mask was
constructed from a magnitude image in which any pixel with signal intensity below

50% of the average in the fluid was ignored.

Simultaneous NMR and Torque Measurements

All NMR measurements for a shear geometry with a given sample were collected anal-
ogous to a stepped flow strain controlled rheology experiment (i.e. the applied strain
rate was increased in successive steps at a fixed time interval). For the experiments
in this study the time interval between strain rate steps was equal to the length of the
NMR experiment (approximately 60s and 120s for the simultaneous NMR and torque
measurements with the 1 mm and 3 mm gaps, respectively; the SWB experiments took
approximately 4min). The torque data collected during the NMR experiments were
averaged over the experiment time for each applied shear rate and converted to a shear
stress using Equation 2.130 as discussed in Section 6.4.4.

Laboratory Rheometry

Simultaneous torque measurements were compared to steady state flow experiments
performed on a TA Instruments AR-G2 rheometer equipped with a 60 mm 2° steel cone
and plate geometry. For these experiments the shear rate was ramped in logarithmic
steps (8 points per decade) from 0.1 — 50s~! and the sample was held at 25°C. A
sampling time of 10s was used with a maximum equilibration time of 60s which was

always sufficient to reach steady state behaviour.

Sample Preparation

The surfactant wormlike micelle sample was made of 8.09 wt.% (0.238 M) cetylpyri-
dinium chloride (CPCI) and 1.9 wt.% (0.119 M) sodium salycilate (NaSal) in distilled
water with 0.5 M sodium chloride (NaCl) and 0.2% Magnevist (gadopentetate dimeglim-
ine, Bayer). The Magnevist was used to reduce the 7 of the sample, decreasing the
amount of time required between successive NMR experiments. Flow curve measure-
ments on a commercial instrument showed the added Magnevist had no noticeable in-
fluence on the bulk rheology. All salts were purchased from Sigma Aldrich. The CPCl
was a monohydrate and the additional mass from the water molecule was accounted

for during sample preparation.
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7.2.3 Results and Discussion

One dimensional velocity profiles of the CPCl/NaSal/brine system under shear in dif-
ferent concentric cylinder geometries all showed homogeneous flow at low shear rates
and a transition to two-phase shear banded flow once a critical applied shear rate was

reached. Example velocity profiles of homogeneous flow and two phase flow are illus-

trated in Figure 7.2.
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Figure 7.2: Example data for WLM before and after the onset of shear banding. These
velocity profiles come from the shear cell with ; = 8 mm and 7, = 9mm. The lower
shear rate (257!; 0) demonstrates homogeneous flow while shear banded flow can be

seen in measurements at 205~ (0).

To characterise the local shear rate (prior to shear banding) or the shear rate in the
low shear band (after the onset of shear banding) a linear fit was applied to the slowest
half of the measured local velocity profile, i.e. adjacent to the stationary wall (demon-
strated in Figure 7.2). Each NMR experiment measured fluid velocity across the entire
shear cell yielding two sets of data (for the fluid gap on either side of the rotor). For
a given experiment the local shear rate was an average of the fits for the two sides of
the fluid gap in a single experiment. Fitting the slowest half of the velocity profile cre-
ated a routine that could be applied to the range of shear rates presented in this study
without risk of influence from the high shear rate band (individual fits were manually
inspected to ensure no influence from the high shear band). It should be noted that
based on the theoretical velocity profile for a Newtonian fluid (Equation 2.117) a linear
fit does not precisely describe the local velocity profile; however, this approach was

used as a method to generate an approximation for the local shear rate so comparisons
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could be made across geometries. The example fits in Figure 7.2 show little deviation
of the actual data the linear model.

For the four Couette geometries with the same stress variation across the gap (k =
0.89) the results of the linear fits to the slowest half of the measured velocity profile
are plotted as a function of applied shear rate in Figure 7.3. A similar behaviour is
seen in all geometries. Specifically, the local shear rate reaches a plateau around an
applied shear rate of 2 — 3s71. The start of this plateau is interpreted as the onset of
shear banding and coincides with the start of the stress plateau as seen in previous
bulk rheology experiments [144, 169]. Prior to shear banding, during homogeneous
flow, the local shear rate determined from the measured velocity profile will increase as
a function of the applied shear rate. However, after the onset of shear banding the shear
rate in the low shear band becomes fixed. Detection of shear banding by the local shear
rate of the low shear rate band is an alternative to directly observing two phase flow

and may be a more sensitive approach as imaging resolution is much less important.

The same analysis shown in Figure 7.3 was used to compare the two Couette cells
with the greatest difference in stress variation (Figure 7.4). In these experiments a dif-
ference was observed in the onset of shear banding (when the local shear rate as a func-
tion of the applied shear rate transitions to a plateau). For the geometry with the lowest
stress variation (k = 0.96) shear banding appears to begin around 4 s~! while the onset
of shear banding in the cell with the greatest stress variation (x = 0.71) appears to have
occurred before the first measurement at 1s~! (an observation supported by visually
inspecting individual velocity profiles and confirmed by experiments reported below

where NMR data was collected for shear rates below 1s71).

To further explore the curvature dependence of the onset of shear banding NMR ve-
locity imaging experiments were performed with an NMR-compatible rheometer that
allowed for simultaneous torque measurements. In this case, it was possible to mea-
sure the velocity profile at the same time and in the same geometry as the macroscopic
stress response. Figure 7.5 shows the local shear rate extracted from the linear fit to the
slowest half of the velocity profile for two Couette geometries. For the cell with the
lower stress variation (x = 0.89) analysis of the NMR velocity data suggested the onset
of shear banding occurred at a shear rate around 2s~!. This is in agreement (within
experimental error) with other cells that have the same value of « (Figure 7.3) while the
shear banding appears to begin around 15! for the cell with the greater stress varia-
tion (v = 0.67). Apparent outliers in Figures 7.4 & 7.5 were not caused by experimental
noise but are due to a deviation of the obtained velocity profiles from the simple two
phase shear banding flow assumed in fitting data. This surprising flow behaviour may
be due to temporal changes in the flow or secondary flows and will be the subject of fu-

ture research. In a previous numerical study [168], curvature was found to be one factor
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Figure 7.3: Local shear rate of the “slowest” portion of the fluid domain, i.e. the half of
the fluid gap farthest from the rotating wall, in shear cells with the same stress variation.
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Figure 7.4: Local shear rate of the “slowest” portion of the fluid domain, i.e. the half
of the fluid gap farthest from the rotating wall, in the Couette geometries with x=0.71
(@) & 0.96 (0).
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Figure 7.5: Local shear rate of the “slowest” portion of the fluid domain, i.e. the half
of the fluid gap farthest from the rotating wall, in the Couette geometries with x =0.67
(@) & 0.89 (r; =8.0mm; , = 9.0 mm; @). For these geometries, the NMR experiments were

coupled with simultaneous torque measurements.

that influenced both the stability of the interface between shear bands and a bulk vis-
coelastic Taylor-Couette (VTC) instability. In this study the cell curvature was described
by the parameter ¢ = (7, — rj) /i and is analogous to « such that ¢ = (1/x) — 1. Further-
more, experiments were suggested on a range of concentric cylinder cells in the range
of ¢ = 0.05-10.5 [168] (or k =~ 0.67 — 0.95), which follows with the hardware presented
in this study. Future work could utilise fast velocity imaging techniques [170-172] to

explore instabilities of primary and secondary flow.

In addition to the analysis of the NMR velocity data steady state flow curves of
the bulk fluid response were constructed from torque measurements collected during
the wide bore NMR experiments (Figure 7.6). In the bulk rheology flow curves, the
sample with the lower stress variation (v = 0.89) transitioned to a stress plateau at
approximately 2s~! while the cell with greater curvature difference (x = 0.67) entered
a stress plateau at 1s~1. Both of these are consistent with the onset of shear banding
inferred from the velocity profiles.

For comparison, the bulk rheology of the same sample was measured on a commer-
cial rheometer with a cone and plate geometry (described in Section 7.2.2) where the
small angle approximation assumes no stress variation across the fluid domain. For
all samples, the value of the shear stress across the stress plateau was equal. For the

Couette geometry with x = 0.89 the bulk rheology nearly overlaps the cone and plate
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Figure 7.6: Flow curve data for commercial rheometer (0) and torque data collected si-
multaneously with 1D NMR velocimetry measurements, x = 0.67 (®) & 0.89 (r; =8.0 mm;

ro =9.0 mm; @).

measurements. However, a noticeable shift is seen for the geometry with x = 0.67 and
indicates the transition to shear banding has been shifted to lower shear rates compared
to the other geometries.

Although not explicitly studied in the experiments presented here, the influence of
wall slip certainly warrants discussion. Wall slip was evident for the homogeneous
flow regime in individual velocity profiles as the pixel next to the moving rotor was
lower than expected (in the validation studies with water, e.g. Figure 6.2, there was
no deviation from the expected velocity for this pixel). Futhermore, the amount of
slip in the homogeneous regime may not be an indication of the amount of slip during
shear banding as wall slip has previously been shown as an alternative stress relaxation
mechanism [173]. The question does remain: what is the interplay between shear band-
ing, wall slip and geometry? However, this analysis is outside the scope of the current
data.

7.2.4 Conclusions

This study included the first NMR velocity experiments acquired simultaneously with
bulk rheology measurements. Furthermore, this was the first NMR study to systemat-
ically explore cylindrical Couette curvature. Both of these were enabled by new Rheo-
NMR hardware.

The 1D NMR velocimetry and simultaneous NMR/torque measurements reported
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in this study demonstrate the importance of curvature in flow studies of the CPCl/-
NaSal/brine system. Specifically, the onset of shear banding and the stress plateau
appear to vary as a function of Couette curvature. In the case of geometries with high
stress variation between the two shear surfaces (low x) shear banding in the CPCl/-
NaSal/brine system, as indicated by a stress plateau as well as measured through NMR
velocity imaging, occurred at lower applied shear rates. These measurements serve as
evidence that comparisons between rheological studies must take care to consider the
design and construction of the shear geometries utilised.

Continuing from these observations future work is necessary to explore the role
of wall slip with Couette curvature and shear banding in the CPCl/NaSal/brine sys-
tem. Further work utilising the hardware introduced in this paper will also investigate
(in)stability and secondary flow of shear banding wormlike micelles.

7.3 Flow Observations of Granular Material

The following section includes preliminary data from a collaborative study on the flow

of granular materials [174].

7.3.1 Motivation and Introduction

Granular material is defined as a collection of discrete macroscopic particles. Natural
examples include sand, soil and snow. Numerous industrial processes involve gran-
ular material with examples from agriculture (e.g. rice, sugar and seeds) to pharma-
ceutical production. Depending on the properties of the individual particles, overall
volume concentration and applied external stimuli, granular materials can behave as
either a solid, liquid or gas [175]. Despite the prevalence of these materials in both
natural processes and global industries the rheology of these systems is still poorly un-
derstood [176, 177].

Numerous theoretical models have been proposed to describe granular flows. The
geophysical community is particularly interested in dense particle concentrations where
the granular system may be analogous to a viscoelastic fluid with a yield stress be-
haviour [178]. While at dilute concentrations techniques similar to the kinetic theory of
gases are used to describe the dynamics of flowing near-elastic particles [179]. How-
ever, all models require the input of emperical data to properly capture the rheology of
granular systems.

As discussed throughout this thesis NMR is a non-invasive technique for studying
materials under shear and has previously been applied to flowing or fluidised granular
systems [180-183]. The hardware specifically developed in this thesis is well suited for

these studies. In particular the super wide bore drive-shaft and shear devices can be
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tailored to the diameters of particles and the desired number of grains spanning the
fluid domain. Furthermore, the torque resolution of the Eva Robotics servo-motor may
be ideal for simultaneous bulk shear stress measurements while the Vibrac inline torque

transducer could be used to study fluidised flow.
7.3.2 Experimental Methods

Samples

Four granular systems were explored in this study; the particles and their respective
mean diameters are listed in Table 7.1. These particles were chosen for their spherical
quality and the measurable NMR signal from their core.

Sample Mean Diameter/mm r;/mm r,—r;/mm
Lobelia Seeds 0.3 16.00 7.65
Petunia Seeds 0.5 16.00 7.65

Vitamin E Capsules ~1 15.10 8.55
Mustard Seeds ~2 11.10 12.55

Table 7.1: Mean diameter for particles and the dimensions of the concentric cylinder

geometries used for studies of granular flow.

Equipment

NMR measurements were performed on the Bruker super wide bore superconducting
system (‘H Larmor frequency of 300 MHz) used to study the influence of curvature on
the onset of shear banding in the CPCl/NaSal/brine wormlike micelle system (Sec-
tion 7.2.2).

Flow of the individual granular systems was generated within a concentric cylin-
der geometry. The dimensions of the shear cell used for each size of particle is listed
in Table 7.1. To prevent slip at the particle-solid interfaces double sided tape was used
to affix a single layer of particles to both the rotor and cup wall. As a 140 mm length
of precision bore glass tubing was used as the cup wall the double sided tape could
be easily installed (Figure 7.7a). Electrical tape was used to prevent slip between the
top cap of the concentric cylinder device and the glass tubing (Figure 7.7b). By mark-
ing the location of the parts prior to starting the shear experiments it was possible to
check for relative movement (slip) at the end of an experiment. For these preliminary
measurements the tape was sufficient to prevent any slip.

For each granular system the concentric cylinder was rotated such that the tangen-

tial wall velocity was either 17.1 or 41.2 mms~1.
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(a) (b)

Figure 7.7: (a) Vitamin E capsules loaded in a concentric cylinder shear device (top cap
not installed). The layer of seeds affixed to the glass tubing is visible at the top of the
fluid domain. (b) Shear device loaded with lobelia seeds and mounted to super wide
bore drive-shaft unit; electrical tape was used to prevent slip between the cap of the

concentric cylinder and the glass tubing.

NMR Methods

A double slice selection 1D imaging sequence with velocity encoding was used to col-
lect all data (Figure 7.8). Compared to other 1D motion imaging pulse programmes
used throughout this thesis the refocusing m pulse of the PGSE encoding portion was a
hard pulse. Afterwards double slice selection was accomplished with two soft 7 pulses

and the NMR signal was acquired during the application of an imaging gradient.

The motivation behind a broadband (hard) 7 pulse in the PGSE portion of the exper-
iment was to access short observation times A over which fewer particle interactions
would occur. The encoding time ¢§ was fixed at 1 ms for all experiments. For each sys-
tem multiple experiments were conducted as a function of the observation time A was
varied between 1.8 — 7ms. For each experiment, 64 ¢-gradient steps were used and
ramped from —95% to 92% of the max gradient strength (0.37 T m™1).

Signal was recorded from a 25 mm slice along the z direction which was 3 mm thick
in the velocity encoding (y) direction. The 1D imaging was sampled along the velocity

gradient (z) direction (as illustrated in Figure 6.1b).
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Figure 7.8: Pulse programme used for granular flow experiments.

The spatial resolution of all 1D images was 127 pm. The velocity profile of the fluid
was calculated from the spatially dependent phase accumulation. In these calculations,
only the centre 32 experiments in which the encoding gradient was ramped from ap-
proximately —50% to 50% of the maximum strength were used. Additionally, the phase
from an identical experiment where the motor was not moving was subtracted prior to
converting the phase to a velocity. The edge of the fluid domains was identified from

the magnitude image at zero gradient strength.

7.3.3 Preliminary Results and Discussion

Velocity profiles for the four particle systems can be found in Figure 7.9. Observations
on the bench-top and the results of NMR experiments have shown that the concen-
tric cylinder devices developed as part of this thesis are well suited to shear granular
systems. The opportunity to tune the fluid domain to a specific particle has allowed
various particle diameters (0.3 — 2 mm) to be studied.

With the hardware developed in this thesis it is possible to conduct a systematic
study of various particles over a wide range of applied shear rates due to the first
Rheo-NMR device specifically build for a Bruker super wide bore magnet. Spatially
resolved velocity measurements, such as those presented in this section, could be used
to describe the variance in particle velocities. By observing the variance of velocity as
a function of observation time A it would be possible to estimate the mean collision
time; at observation times less than the mean collision time the variance of velocity is
constant. These mean collision times relate to the rheology and viscosity of the granular
material [180] and would be of great use for refining theoretical descriptions of granu-

lar flow. Currently a detailed analysis is underway of the initial data collected with the
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Figure 7.9: (top row) Axial MRI data for the four granular material systems; (left to right) lobelia seeds, petunia seeds, vitamin
E capsules and mustard seeds. All images were 60 mm by 60 mm (256 points by 256 points). (bottom row) Velocity profiles for
the respective granular system. In each experiment the motor was rotated such that the tangential wall speed was 17.1 mms~;
furthermore all velocity data were acquired with an encoding time A = 5ms. The vertical dashed lines indicate the boundaries of the

shear cell while the horizontal dashed line indicates the velocity of the moving wall.
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super wide bore drive-shaft unit with a forth coming manuscript submission [174].

7.4 Shear Induced Structural Transitions in a Lyotropic Non-

ionic Surfactant System

This section demonstrates the ability to observe transient phenomenon via simultane-

ous measurements of deuterium spectroscopy and bulk viscosity.

7.4.1 Introduction

In recent years magnetic resonance techniques have frequently been used to study the
shear induced phase transitions of surfactant systems [161, 184-187]. Of particular in-
terest is the structural re-arrangement of nonionic surfactants such as the well docu-
mented triethylene glycol mono-n-decyl ether (C;oE3) in water; a dynamic phase dia-
gram for this system has been published by C. Oliviero and colleagues [188].

7.4.2 Experimental Methods

A sample containing 40 wt. % surfactant was prepared using triethylene glycol mono-
n-decyl ether (C;0E3, PN BD-3SY, Nikko Chemical). The solvent was 9:1 D,O:H5O.
The deuterium oxide was purchased from Sigma Aldrich (PN 151882). Chemicals were
measured by mass, combined in a beaker and mixed overnight on a magnetic stir plate
(no heat).

NMR measurements were made using a Bruker wide bore superconducting mag-
net at a proton frequency of 400 MHz with an Avance spectrometer and a 25 mm 2H
resonator coil.

The sample was loaded into the cup of the concentric cylinder and the total mass
of sample was noted. Once the drive-shaft unit was installed in the NMR magnet the
sample was conditioned at 42 °C and a shear rate of 10s~! for approximately one hour
to establish the planar lamella phase (as identified by 2H spectrum). Once the L,, struc-
ture was established the motor was stopped and the temperature was lowered to 25 °C
where the sample was allowed to equilibrate for one and a half hours. Afterwards, the
torque sensor was zeroed while the drive-shaft was stationary. Finally, simultaneously,
the spectrometer began acquiring data as a constant shear rate of 10s~! was applied.

NMR data was acquired via successive single pulse experiments (Figure 3.6) with
a sweep width of 2500 Hz. The free induction decay was measured using 256 complex
points and averaged over four successive scans. After the four scans of a single experi-

ment were finished the spectrometer would repeat the experiment; a total of 400 NMR
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experiments were run with a complete experiment taking approximately 14 s (total ex-
periment time approximately 95 min). During the NMR acquisition, the torque signal
was recorded at a sampling frequency of approximately 20 Hz.

7.4.3 Results and Discussion

The real portion of the phase corrected NMR signal is plotted as a function of accu-
mulated strain v = 4t in Figure 7.10. The timing of each spectrum was determined
from the time stamp of the NMR data file; for readability, only every fourth spectrum
is displayed in the plot.

Figure 7.10: 2H spectra collected as a function of accumulated strain.

The torque signal was converted to a shear stress using Equation 2.130 and used to
generate a viscosity 7 = 2. To reduce noise a running mean was calculated using sub-
sets of 280 points; based on the torque sampling frequency and length of a single NMR
experiment this averaging period was approximately equal to the acquisition time of
each spectrum. The transient viscosity data are plotted as a function of accumulated
strain in Figure 7.11.

Both the ?H spectra and viscosity measurements match published trends [185]. In
particular, a shoulder is seen in the viscosity data (inset Figure 7.11, v = 5.5 x 103
and 7 = 4.5 Pas) which was similarly observed in the published data. However, in this
study (conducted at 25° C) two plateaus are seen in the spectroscopy data once the sam-
ple had transitioned to the multilamellar vesicle structure which more closely follows
the published data collected at 34° C. Furthermore, the viscosity of the MLV phase
(compared at v = 16 x 10%) in this experiment (13 Pas) is higher than the published
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Figure 7.11: Transient viscosity as a function of accumulated strain.

value (9 Pas).

As the focus of this study was to illustrate the ability to simultaneously observe
phase transitions with NMR and bulk rheometry, due to cost, old stock of Ci9E3 was
used. The vial of surfactant was opened nearly four years earlier and had since been
covered with Parafilm and stored at 2 — 4°C. It is possible the properties of the sur-
factant could have changed during this time period. Regardless, the results illustrated
that the hardware and methods developed in this thesis are suited to observe transient
phenomenon (in addition to the steady state applications discussed earlier in this chap-
ter). Furthermore, continued work on the CioE3 system by S. Kuczera has involved
using the oscillatory shear capabilities of the new drive system to perform large ampli-
tude oscillatory shear (LAOS) Rheo-NMR experiments. The results of the LAOS work
have subsequently been compared to equivalent LAOS studies using either conven-

tional rheometry or small-angle light scattering (Rheo-SALS) [189].



160 CHAPTER 7. APPLICATIONS



Chapter 8

Conclusion

8.1 Work Presented in this Thesis

Within this thesis three key areas of hardware have been explored, including: 1) con-
structing NMR shear devices with geometric parameters closer to those used on com-
mercial rheometers, 2) implementing an advanced drive system which allows for new
shear profiles, including oscillatory shear and 3) integrating torque sensing into the
Rheo-NMR experiment for simultaneous bulk shear stress measurements.

For torque measurements within the NMR magnet an analogue inline transducer
was incorporated into a modified drive-shaft unit. Proof of concept studies have char-
acterised the performance of this device as a strain controlled rheometer. Alternatively,
the concept of utilising a servo motor to measure torque was explored. While the torque
resolution of the current servo motor cannot currently compete with the stand-alone
torque sensor these experiments have demonstrated the feasibility of an alternative

torque sensor routine and the potential for stress controlled Rheo-NMR.

The drag flow shear devices discussed in this thesis include various concentric
cylinder geometries, a parallel disk geometry and a hybrid planar-cylindrical config-
uration. Among the range of concentric cylinder cells new designs allow for improved
temperature control and the exploration of the influence of curvature which contributes
to a spatially dependent shear rate. The parallel disk geometry allows Rheo-NMR prac-
titioners to explore edge effects by either immersing the sample in a sea of fluid or
reproducing the experimental conditions of traditional theometers. Additionally, this
device could easily be extended to a cone and plate configuration. The hybrid shear ge-
ometry opens up the potential to explore complex fluid behaviour in true simple shear

flow and could further be used to study the turbulence of planar Couette flow.

As completed systems the new drive-shaft units discussed in the preceding chap-

ters not only incorporate torque measurements and exciting new shear geometries, but

161
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introduce new control over the strain input during Rheo-NMR experiments. While os-
cillatory shear profiles are one result numerous other routines such as stepped flow
(increasing or decreasing), shear quench and constant acceleration are now possible.
Utilising the digital output and trigger channels on the Bruker spectrometer the drive
system developed in this thesis could also be used to study start-up or cessation flow

experiments on various fluids.

The design and construction of all the hardware mentioned above has been docu-
mented in this thesis; including various chapters in the appendix detailing the layout of
printed circuit boards, the assembly of mechanical parts and instructions for interacting
with the motor control software. The performance of this hardware was presented with

numerous proof of concept validation studies.

Finally, to demonstrate the utility of the hardware and techniques described in this
thesis these methods were applied to various open questions in the material science
community including exploring the shear-banding phenomenon, the flow of granular

materials and shear induced structure transitions.

8.2 Next Steps for Hardware Development

Based upon the work of this thesis a short discussion of future hardware development

is presented below.

8.2.1 High-Resolution Rheo-NMR

Currently the commercially available Rheo-NMR hardware is designed to work solely
with micro-imaging resonator coils and gradient systems (e.g. Bruker Micro2.5). Util-
ising the new drive-shaft design presented in this thesis it would be relatively straight-
forward to build a shear cell adaptor such that geometries with diameters < 5mm
could be mounted. As the drive-shaft housing already fits into the spinner housing
found on high-resolution NMR magnets the techniques presented in this thesis would
be available to practitioners who do not have interest in or access to imaging sys-
tems. This work could include high-resolution spectroscopy, multi-nuclear detection
or high pulsed field gradient diffusion (e.g. Bruker Diff60). Furthermore, a narrow
bore (< 5mm) shear device could be applied to bench-top permanent magnet NMR
spectrometers (e.g. the Magritek SpinSolve) allowing Rheo-NMR measurements to be
made without the large footprint and operating costs of spectrometers with a supercon-

ducting magnet.
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8.2.2 Stress Controlled Rheo-NMR

To date, a stress controlled Rheo-NMR device has not been developed. As strain con-
trolled and stress controlled rheometers each have their own benefits it would be useful
to incorporate a stress controlled instrument into the Rheo-NMR toolbox. By imposing
a stress (e.g. torque) on a sample under investigation in a rotational shear device a bulk
strain (or strain rate) measurement could easily be made with a high resolution optical
encoder while local strain rates could be measured via NMR velocimetry techniques.
Practically, a stress controlled or EC driven rheometer could be modified and integrated
into the NMR environment. However, this approach may be costly and alignment (with
negligible friction) of the drive-shaft between the rheometer head above the NMR mag-
net and the shear cell within the resonator would require particular attention. An al-
ternative would be to place the torque generator inside the bore of the NMR magnet.
This would most likely preclude the use of the conventional drag-cup motor or EC
motor. One option could be to use a concentric cylinder cell filled with a Newtonian
fluid to convert an applied shear rate (from a motor outside of the magnet) to a torque
output [190] generated within the bore of a superconducting NMR magnet. A second
option could be an air turbine similar to early stress controlled rheometers [36]. De-
signing this pneumatic system out of NMR compatible materials may allow the drive
system to be placed extremely close to the RF coil and minimise the distance between

stress generation and the shear device.

8.2.3 Drive-Shaft Unit for Pressure Driven Shear and Extensional Rheology

Work in this thesis focused on drag flow shear rheology, however, various aspects of
this work could be extended to either pressure driven shear or extensional rheology. In
particular, the newly developed control software, electronics and drive system could
be used in combination with a lead screw and piston for pressure driven flow (sim-
ilar to the extensional drive-shaft concept previously introduced [111] and discussed
in Section 4.4.3). This design could be combined with a variety of flow cells. Among
these, straight pipe geometries could be used to closely model process conditions for
materials such as polymer melts. Similar experimental set-ups have been used in past
NMR experiments by utilising tubing or pipes and external pumps, however these loop
configurations typically require large volumes of sample and can make it difficult to
accurately control temperature. Developing this proposed system (with a properly de-
signed backlash free drive screw) would allow oscillatory pipe flow experiments [e.g.
191] to be conducted on a closed and small volume of sample. Alternative geometries
to a straight pipe section could include constrictions to reproduce specific process con-

ditions (e.g. step constriction), analogues to porous materials (e.g. numerous parallel
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narrow capillaries or bead packs) or semi-hyperbolic converging dies to produce exten-

sional flow.

8.3 Final Remarks

In recent years, while attending and presenting the work in this thesis at conferences
and workshops, fellow researchers have frequently commented that instead of build-
ing custom hardware it would be better to modify an existing theometer for use in an
NMR system. At face value it is a fair suggestion and seems like a simple approach to
achieve a high degree of rheometry resolution. In fact Anton Paar makes the job even
easier through the “DSR 502 Measuring Head” instrument [192] which is essentially
the motor/transducer and control elements of a rheometer and eliminates the need to
dissect a standard bench-top instrument. However, this approach would come at con-
siderable cost; first, the up front cost of the donor rheometer, but also the time and
effort to adapt the technology for an NMR magnet. Similarly a bench-top stress con-
trolled instrument (or EC driven instrument), where the motion and measurements are
made on the same geometry, is the natural choice to be adapted to the purpose of Rheo-
NMR; however, these instruments are constructed such that the distance between the
motor/transducer and shear geometries is on the order of 100 mm. In the case of a su-
perconducting magnet this distance would need to be increased ten fold. Furthermore,
the air bearing which is fundamental to the design of the modern rheometer would
need to be incorporated into the NMR drive shaft and most certainly within the range
of strong magnetic fields (i.e. within the room temperature bore). The work presented
in this thesis is not necessarily an alternative to these approaches, but instead is an inter-
mediate step which seeks to generate the interest, capital and enthusiasm to drive the
further development of simultaneous high fidelity NMR and rheometry instruments.
The hardware and methods of this thesis have already begun to excite the research
community and create a demand for such instruments. Further applications, discus-
sions and collaborations will help to identify what key features are necessary for future
developments. Regardless of how these devices continue to evolve, new methods are
now available to experimentalists and open up numerous interesting avenues for soft

matter research.
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Appendix A

Equations of Motion for a Viscous
Fluid

A.1 Rectangular Coordinates

r-component:
ov, 0v, Ovg dvz\  Op OTpr  OTyzr  OTug
y-component:
Ovy vy Ovy vy Op OTpy . OTyy  OTay
— —— — | = —— A2
”(at“) ar "oy T o oy T\ or "oy Tor ) TP AD
z-component:

vy, 00y 00y O o 0P (OTex | OTye | OTez) | (A3)
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A.2 Cylindrical Coordinates

r-component:
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z-component:
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A.3 Spherical Coordinates

r-component:
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Appendix B

Mechanical Design

B.1 Shear Geometries

e Concentric Cylinder

— Bayonet Connection Variant (Figure B.1)

— Zero Backlash Variant (Figure B.2)

- High Resolution Variant (Figure B.3)

— TA Instruments AR 2000 Accessory (Figure B.4)

— Torque Drive-Shaft Variant (Figure B.5)
e Parallel Disks

— Zero Backlash Variant (Figure B.6)
— TA Instruments AR 2000 Accessory (Figure B.7)

e Planar-Cylindrical Hybrid (Figure B.8)
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ITEM DESCRIPTION QY.

Glass tube
Bottom cap
Top cap
015 sil o-Ring
PTFE bush
Rotor body
Rotor cap

z
o

=

RF coil mount
Rubber strip
Alignment ring
Bayonet adaptor

OO IN|OO OB~ WIN

=
o

RPlRriRrlRr|RPrRrIRIN PRk

[N
[N

UNLESS OTHERWISE SPECIFIED: TOLERANCES: DEBUR AND
DIMENSIONS ARE IN MILLIMETERS LINEAR: BREAK SHARP
SURFACE FINISH: X+/-0.1 EDGES

Ao v NMR of Materials Laboratory, VUW

+/-1deg

DO NOT SCALE DRAWING REVISION 10

NAME SIGNATURE DATE  QUANTITY REQUIRED: TITLE:
DRAWN TB 12/11/2015 ) .
cHRD Concentric Cylinder - bayonet

APPVD

QA MATERIAL:

FILENAME: A4
couette-vt_V1

WEIGHT. SCALE:1:10 SHEET 1 OF 1

Figure B.1: Exploded view of concentric cylinder geometry with bayonet style connec-

tion.
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ITEM NO. DESCRIPTION QTY.
1 Glass tube 1
2 Rotor cap 1
3 Bottom cap 1
4 Rotor body 1
5 Rotor pin 1
6 015 sil o-ring 2
7 PTFE bush 1
8 Drive-shaft coupler 1
S
\_/—‘/@
o ponorscaLEorauG
SURFACE FINISH: X+/-0.1 EDGES

xx+/-0.05
ANGULAR
+/-1deg
NAME SIGNATURE DATE

DRAWN B 12/11/2018

CHK'D
APPVD

QA MATERIAL:

WEIGHT:

oM NMR of Materials Laboratory - VUW

Concentric Cylinder - zero backlash

FILENAME: A4
CylindricalCouette

SCALE:1:2 SHEET 1 OF 1

Figure B.2: Exploded view of concentric cylinder geometry which mounts directly to

the drive-shaft unit to eliminate backlash.
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ITEM NO. DESCRIPTION QTY.
Bottom cap
Top spacer
Glass tube (open ends)
NMR tube
O-ring

(S0 R Y
RlR|R k|-

Lo
0

oMo
Lo

UNLESS OTHERWISE SPECIFIED: TOLERANCES: DEBUR AND
DIMENSIONS ARE IN MILLIMETERS | LINEAR: BREAK SHARP DO NOT SCALE DRAWING REVISION 10
SURFACE FINISH: X+-0.1 EDGES Covpany
oS NMR of Materials Laboratory, VUW
+/-1deg
NAME SIGNATURE DATE | QUANTITY REQUIRED: TITLE:
DRAWN TiB 12/11/2015
cHRD Concentric Cylinder - narrow bore
APPVD
MFG
0A MATERIAL: LENAME Ad
narrow-bore_cc
WEIGHT: SCALELS SHEET 10F 1

Figure B.3: Exploded view of concentric cylinder (OD< 5 mm) for high resolution NMR
systems.
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ITEM NO. DESCRIPTION Qry.

1 Rotor 1

2 Mount top plate 1

3 Mount bottom plate 1

4 Mount cylinder 1

5 Tube (cup) 1

6 O-ring 1
DIVENSONS ARE I MILUVETERS | UNEAR: - SREAK SHARP DO NOT SCALE DRAWNG RevisON 20
SURFACE FINISH: X+/-0.1 EDGES COMPANY: .

A it 005 NMR of Materials Laboratory, VUW
+/-1deg
NAME SIGNATURE DATE QUANTITY REQUIRED: TITLE:
DRAWN B 12/11/201€
cHKD TA Instruments AR 2000 Accessory
APPV'D
MFG
QA MATERIAL: FILENAME:
A4
ar2000_cc
WEIGHT: SCALE:1:2 SHEET 1 OF 1

Figure B.4: Exploded view of TA Instrument AR 2000 concentric cylinder accessory.
The three part mount piece fits within the peltier jacket accessory available from TA

Instruments.



188 APPENDIX B. MECHANICAL DESIGN

@]
¥ o
ITEM NO. DESCRIPTION QTY.
& Cup
2 Rotor
3 M2 Machine Screw

UNLESS OTHERWISE SPECIFIED: TOLERANCES: DEBUR AND

DIMENSIONS ARE IN MILLIMETERS | LINEAR: BREAK SHARP DO NOTSCALE DRAWING REVISION 2.0
SURFACE FINISH: X+/-01 EDGES
o0 MY NMR of Materials Laboratory, VUW
+/-1deg
NAME SIGNATURE DATE | QUANTITY REQUIRED: TILE:
DRAWN B 1/3/2016
cHRD Concentric Cylinder - Torque DS
APPVD
MFG
QA MATERIAL: FILENAME: Ad
torqDSmkIl-v2-cell
WEIGHT SCALEL2 SHEET 1 OF 1

Figure B.5: Exploded view of concentric cylinder geometry for drive-shaft unit with

integrated torque transducer.
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UNLESS OTHERWISE SPECIFIED:
DIMENSIONS ARE IN MILLIMETERS

SURFACE FINISH:

NAME

DRAWN B
CHK'D

APPVD

QA

Figure B.6: Exploded view of parallel disks geometry for new drive-shaft unit.

TOLERANCES:
LINEAR:
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xx+/-0.05
ANGULAR
+/-1deg
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DATE
12/4/2015

ITEM NO.
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Bottom Cap

Bottom Plate

019 sil O-Ring

Top Plate
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Top Cap
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PTFE Spacer
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WEIGHT:

DEBUR AND
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EDGES

DO NOT SCALE DRAWING REVISION 10

oM NMR of Materials Laboratory - VUW

Parallel Disk (zero backlash)

FILENAME: A4
plate-plate_v1

SCALE:1:2 SHEET 1 OF 1
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ITEM NO. DESCRIPTION QTY.
Peltier Stage Adaptor
Bottom Plate
3 Top Plate 1

UNLESS OTHERWISE SPECIFIED: TOLERANCES: DEBUR AND

DIMENSIONS ARE IN MILLIMETERS | LINEAR: BREAK SHARP DO NOTSCALE DRAWING REVISION 2.0
SURFACE FINISH: X+-01 EDGES -

o0 oM NMR of Materials Laboratory - VUW

+/-1deg
NAME SIGNATURE DATE TIE
DRAWN 8 12/4/2015
cHRD AR2000 Peek Parallel Disk Geometry
APPVD.
MFG
QA MATERIAL: FILENAME: Ad
plate-plate-v2-0
WEIGHT SCALELS SHEET10F 1

Figure B.7: Exploded view of parallel disks accessory which allows the shear geome-
tries from the NMR shear device (Figure B.6) to be used on a TA Instruments AR 2000

rheometer.



B.1. SHEAR GEOMETRIES

ITEM NO. DESCRIPTION QrTY.
Cup

Silicone Band
Drive rotor
PTFE spacer
Cap

Gear cover
M3 screw
Main rotor

Bayonet adaptor

olo(N|jo|ua|blw N
RIRINR|RRIN|RP| -

UNLESS OTHERWISE SPECIFIED: TOLERANCES: DEBUR AND
DIMENSIONS ARE IN MILLIMETERS | LINEAR: BREAK SHARP DO NOT SCALE DRAWING REVISION 21
SURFACE FINISH: X+-0.1 EDGES compan:
A9 NMR of Materials Laboratory, VUW
+/-1deg
NAME SIGNATURE DATE QUANTITY REQUIRED: TITLE:
DRAWN B 12/11/201%
cHKD Hybrid Device
APPVD
MFG
QA MATERIAL FILENAME Ad
2roll_v2
WEIGHT: SCALEL2 SHEET 1 OF 1

Figure B.8: Exploded view of hybrid shear device.
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B.2 Drive-Shaft Units

¢ Generic Design (Figure B.9)
e Torque Sensor Variant (Figure B.10)
e Super Wide Bore Variant (Figure B.11)

e Super Wide Bore Shim Barrel Adaptor (Figure B.12)



B.2. DRIVE-SHAFT UNITS

UNLESS OTHERWISE SPECIFIED:

SURFACE FINISH:

DRAWN
CHK'D
APPVD

QA

NAME

1

B

@_ﬁ

o

TOLERANCES:
DIMENSIONS ARE IN MILLIMETERS LINEAR:

X+/-01

xx+/-0.05
ANGULAR:
+/-1deg

SIGNATURE

DATE
12/4/2015

MATERIAL:

WEIGHT:

NS DESCRIPTION QTY.
1 DS Head 1
2 PTFE Bush 2
3 Precision Shaft 1
4 Huco 207.18.2222 2
5 Housing 1
6 Motor Mount 1
7 Collar 1
8 EvoDrive ST-23 1

Controller
NEMA23 Stepper Motor
9 1
3A
10 |EvoDrive ST-23 Encoder| 1
11 Huco 207.18.2224 1
12 Drive Shaft 1
DEBUR AND DO NOT SCALE DRAWING REVISION 17

BREAK SHARP
EDGES

oM NMR of Materials Laboratory - VUW

Oscillatory Drive Shaft

osc_DS_v1-7-NoCell-explodedView Ad

SCALE:1:20 SHEET 1 OF 1

Figure B.9: Exploded view of generic (wide bore) drive-shaft unit.
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LINEAR:
X+-0.1
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ANGULAR
+/-1deg
SIGNATURE DATE
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APPVD
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Figure B.10:

ducer.

APPENDIX B. MECHANICAL DESIGN

ITEM NO.

DESCRIPTION

QTY.

Vibrac Model 30527; 5 oz-in;
custom housing

Torque Sensor Coupler - Top

Main Housing

Eva Robotics ST-23

Torque Sensor Coupler - Bottom

Extension Housing

Huco 207.18.2224

Motor Mount

© | O(N[OOl_| W[N] -

Radial Full Ceramic Bearing
(26mmODx10mmIDx8mm)

[any
o

Extension Drive-Shaft

RN
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Main Drive-Shaft

N I e e N Y L

MATERIAL:

WEIGHT:

DEBUR AND

BREAK SHARP

EDGES

DO NOT SCALE DRAWING

REVISION
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oM NMR of Materials Laboratory - VUW

TILE:

Torque Sensor Drive-Shaft
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SCALE:1:10

SHEET 1 OF 1

Ad

Exploded view of wide bore drive-shaft unit with integrated torque trans-



B.2. DRIVE-SHAFT UNITS

A4

‘/@ NS DESCRIPTION QY.
1 Housing 1
2 Motor Mount 1
'\@ 3 Eva Robotics ST-23 1
4 Universal Joint 2
l‘\@ 5 Long Shaft 1
6 Expansion Coupling 1
7 DS Head 1
.\@ 8 Helical Coupling 1
9 PTFE Bush 2
10 Precision Shaft 1
11 Encoder PCB 1
12 Rotary Encoder Disk 1
DIVENSONS ARE I MILUVETERS | UNEAR: - BREAK SHARP DO NOTSCALE DRAWING REVISON 20
e ANG:(E“ o MY NMR of Materials Laboratory, VUW
NAME SIGNATURE ’ DATE QUANTITY REQUIRED: TITLE:
ZXN - e Drive-Shaft (SWB variant)
SWB_DS-v2

Figure B.11

: Exploded view of super wide bore drive-shaft unit.
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ITEM NO. DESCRIPTION QY.

1 Bruker WB Upper Shim Barrel 1

2 Shim Barrel Adapter 1

3 O-ring 1

4 Collar 1
DIVERSONS ARE I MILUETERS | INEAR- SREA SHARP DO NOTSCALE DRAVING ReviON
SURFACE FINISH: X+/-0.1 EDGES COMPANY. .

L ul-005 NMR of Materials Laboratory, VUW
+/-1deg
NAME SIGNATURE DATE  QUANTITY REQUIRED: TITLE:
DRAWN TB 12/4/2015 .
cHD SWB Shim Barrel Adaptor
APPV'D
MFG
QA MATERIAL: FILENAME: Ad
SWB300-shim-adaptor
WEIGHT: SCALE:1:10 SHEET 1 OF 1

Figure B.12: Exploded view of super wide bore upper shim barrel adaptor for mounting

drive-shaft unit within magnet.



Appendix C

PCB Design

C.1 Control Electronics

Part Schematic Component Layout Bill of Material
rheoMotor Figure C.1 Figure C.2 Figure C.3
rheoDueShield Figure C.4 Figure C.5 Figure C.6
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8/14/2015

Title Custom ST-23 Cover (rheoMotor)

Figure C.1: rheoMotor v1 schematic
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Innnnnnnna
1nnpnnnnna:=

(a) Top (b) Bottom

Figure C.2: rheoMotor vl PCB component layout

Description Designator Quantity Digikey PN
CONN RECEPT 2MM SMD AU 20POS [J1 1]952-1349-5-ND
CONN HEADER PH SIDE 4POS 2MM_|P1 1]455-1721-ND

Figure C.3: theoMotor v1 bill of material
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(a) Top
Figure C.5: rheoDueShield v4 PCB component layout
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Description Designator Quantity Digikey PN Value
CAP TANT 10UF 16V 20% 1206 |C3, C5, C7 3]399-3687-1-ND 10uF
CAP CER 0.1UF 50V 10% X7R
1206 C4, C6, C8, C9 4]399-1249-1-ND 0.1uF
LED 3.2X1.6MM 590NM YLW D1, D2, D3, D4, D5,
CLR SMD D7, D8 7|754-1144-1-ND
PTC RESET 30V .160A SMD
1206 F1, F2 2|F3132CT-ND
CONN HDR BRKWAY .100 P1, P2, P3, P4, P5,
40POS VERT P6 6|A26509-40-ND
Connector Header 6 Position
0.100" (2.54mm) Tin Through
Hole P7 1|S7071-ND
CONN POWER JACK
2.5X5.5MM HI CUR P8, P9 2|CP-002BHPJCT-ND
CONN HEADER PH TOP 4POS
2MM P10 1|455-1706-ND
CONN HEADER PH TOP 5POS
2MM P11, P12 2(455-1707-ND
Connector Header 12 Position
0.100" (2.54mm) Tin Through
Hole P13 1|S7074-ND
Connector Header 4 Position
0.100" (2.54mm) Tin Through
Hole P14 1|S7070-ND
CONN SMB JACK STR 50 OHM
PCB P15, P16, P17 3|A4041-ND
CONN MICRO SD CARD PUSH-
PUSH R/A P18 1|WM6377CT-ND
CONN AUDIO JACK MONO
3.5MM SMD P19 1|CP-3523MJCT-ND
MOSFET N-CH 50V 220MA SOT-
23 Ql 1|BSS138CT-ND
RES SMD 68 OHM 5% 1/4W R2, R3, R4, R5, R11,
1206 R14, R15 7|P68ECT-ND 68
RES SMD 18K OHM 5% 1/4W
1206 R6 1|P18KECT-ND 18K
RES SMD 33K OHM 5% 1/4W
1206 R7 1|P33KECT-ND 33K
RES SMD 5.1K OHM 5% 1/4W
1206 R9 1|P5.1KECT-ND 5.1K
RES SMD 82 OHM 5% 1/4W
1206 R12 1|P82ECT-ND 82
RES SMD 10K OHM 5% 1/4W
1206 R16, R17, R22 3|P10KECT-ND 10K
RES SMD 51K OHM 5% 1/4W
1206 R18, R20 2|P51KECT-ND 51K
RES SMD 100K OHM 5% 1/4W
1206 R19, R21 2|P100KECT-ND 100K
500 mA Low Dropout
Regulator, 4-pin SOT-223, Pb- LM2937IMP-
Free ul 1|12/NOPBCT-ND
OPTOISO 7.5KV TRANS
W/BASE 6SMD u3 1|4N26SM-ND
500 mA Low Dropout
Regulator, 4-pin SOT-223, Pb- LM2937IMP-
Free u4 1|5.0/NOPBCT-ND
General Purpose, Low
Voltage, Rail-to-Rail Output
Operational Amplifiers, 8-pin
Mini SOIC, Pb-Free U5, U6 2(296-9571-1-ND

IC 8-BIT TRNSTR 15KV ESD 20TS:

u7

—

296-21527-1-ND

Figure C.6: theoDueShield v4 bill of material
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C.2 Torque Variant Electronics

Part Schematic Component Layout Bill of Material
rheoDueShield (Torque Variant)  Figure C.7 Figure C.8 Figure C.9
rheolnterface Figure C.10 Figure C.11 Figure C.12

rheoPower Figure C.13 Figure C.14 Figure C.15
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C.2. TORQUE VARIANT ELECTRONICS
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Figure C.8: rheoDueShield v2 (torque variant) PCB component layout
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PCB DESIGN

Description Designator Quantity Digikey PN Value
CAP TANT 10UF 16V 20%
1206 C5,C7,C11,C12,C14 5/399-3687-1-ND 10uF
CAP CER 0.1UF 50V 10% X7R
1206 C6, C8, C13, C15 4(399-1249-1-ND 0.1uF
CAP CER 0.68UF 50V 10%
X7R 1206 C10 1]|445-4013-1-ND 680nF
LED 3.2X1.6MM 590NM YLW
CLR SMD D1, D2, D3, D4 4(754-1144-1-ND
DIODE SCHOTIKY 70V 70MA
SOD323 D5, D6, D7 3|497-6652-1-ND
CONN HDR BRKWAY .100
40POS VERT P1, P2, P3, P4, PS5, P6, P7 7|A26509-40-ND
Connector Receptacle 20
Position 0.100" (2.54mm)
Gold Through Hole P8 1|SAM1196-10-ND
CONN HEADER PH TOP
6POS 2MM P11 1]|455-1708-ND
CONN HEADER PH TOP
4POS 2MM P12 1]|455-1706-ND
Connector Header 6
Position 0.100" (2.54mm) Tin
Through Hole P13 1|S7071-ND
MOSFET N-CH 50V 220MA
SOT-23 Q1 1|BSS138CT-ND
RES SMD 1K OHM 5% 1/4W
1206 R1 1|P1.OKECT-ND 1K
RES SMD 68 OHM 5% 1/4W
1206 R2, R3, R4, R5 4[P6BECT-ND 68
RES SMD 10K OHM 5% 1/4W
1206 R8, R9, R13, R14 4[P1OKECT-ND 10K
RES SMD 18K OHM 5% 1/4W
1206 R10 1|P18KECT-ND 18K
RES SMD 33K OHM 5% 1/4W
1206 R11 1|P33KECT-ND 33K
RES SMD 100K OHM 5%
1/4W 1206 R15 1|P100KECT-ND 100K
SWITCH SLIDE SPDT 300MA
6V S1 1/401-1999-1-ND
IC DAC 12BIT SRLIN/VOUT
16TSSOP Ul 1|AD5530BRUZ-ND
IC ADC 12BIT+ SAR 2CHAN
14TSSOP u2 1|AD7321BRUZ-ND
IC VREF SERIES 5V 8S0IC u3 1|REF02CSZ-ND

Figure C.9: rheoDueShield v2 (torque variant) bill of material
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Figure C.11: rheolnterface v2 (torque variant) PCB component layout

Description Designator Quantity Digikey PN Value
CAP TANT 10UF 16V 20%
1206 C1, C3 2|399-3687-1-ND 10uF
CAP CER 0.1UF 50V 10% X7R
1206 C2,C4 2|399-1249-1-ND 0.1uF
LED 3.2X1.6MM 590NM YLW
CLR SMD D1, D2, D3, D4 4(754-1144-1-ND
Connector Receptacle 20
Position 0.100" (2.54mm)
Gold Through Hole Pl 1|SAM1196-10-ND
CONN MICRO SD CARD
PUSH-PUSH R/A P3 1|WM6377CT-ND
CONN SMB JACK R/A 50
OHM PCB P4, PS5, P6, P7 4|A101970-ND
RES SMD 68 OHM 5% 1/4W
1206 R1, R2 2|P68ECT-ND 68
RES SMD 82 OHM 5% 1/4W
1206 R3, RS 2|P82ECT-ND 82
RES SMD 5.1K OHM 5%
1/4W 1206 R4, R6 2|P5.1KECT-ND 5.1K
RES SMD 150 OHM 5% 1/4W
1206 R7, R8, R9 3|P150ECT-ND 150
CONV DC/DC 1W 12VIN 5V
SGL 1KV Ul 1|811-1685-5-ND
OPTOISO 7.5KV TRANS
W/BASE 6SMD U2, U3 2|4N26SM-ND
IC OPAMP GP 1MHZ RRO 85 U4, U5 2{296-9571-1-ND

Figure C.12: rheolnterface v2 (torque variant) bill of material
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Figure C.13: rheoPower v2 (torque variant) schematic
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(b) Bottom

Figure C.14: rheoPower v2 (torque variant) PCB component layout

Description

Designator

Quantity

Digikey PN

Value

THERMISTOR PTC 47 OHM

SMD F1 1|490-2472-1-ND
FUSE PTC RESET 16V .25A

1206 F2 1|F2110CT-ND
FUSE PTC RESET 24V .20A

1206 F3 1|F2109CT-ND
Connector Receptacle 20

Position 0.100" (2.54mm)

Gold Through Hole P1 1|SAM1196-10-ND
CONN POWER JACK

2.5X5.5MM HI CUR P3, P4 2|CP-002BHPJCT-ND

RES SMD 22K OHM 5% 1/4W
1206

R1

-

P22KECT-ND

22K

DC/DC CONVERTER 15V 1W

Ul

-

811-2162-5-ND

CONV DC/DC 8W 24VIN
15VOouT

u2

—

945-1907-5-ND

CONV DC/DC 5W 18-36VIN 1.

-

945-1481-5-ND

Figure C.15: rheoPower v2 (torque variant) bill of material




Appendix D

motionControl Serial Commands

This appendix explains the principles of the interactions between the user (e.g. via
motionControl program) and the drive system firmware. These concepts are the core
functions necessary for reproducing this interaction whether it be in the Bruker TopSpin

environment or a simple Terminal window.

D.1 Motion Commands

All commands are sent as ASCII strings. The following section can be used to create
the various motion command strings recognised by the motionControl system. In the
following descriptions, the square brackets and periods would not be included in the
command string. These characters are used to help understand the individual compo-
nents of the motion commands. For illustration purposes an example command has

been included under the “Single Value Shear Rate” section.

T Stop Motor and Clear All Parameters

The “Stop” motion command will bring the motor to a halt and subsequently clear
all motion parameters on the motor electronics. To resume motion after a “Stop” com-

mand, a new motion profile command will need to be sent.

211
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D.1.2 Single Value Shear Rate

[1] [xoood] [X] [X] [x] [xaxoxx] oo [X] [x] [x]
L Print Parameters to Serial [0-No|1-Yes]
Motion Enable Mode [0-Off|1-On]

Pre-Shear Direction [0-CW|1-CCW]
Pre-Shear Delay (s)

Pre-Shear Frequency (Hz)

Stream to serial [0-Off|1-On]
Log to SD [0-Off|1-On]
Direction [0-CW|1-CCW]

Frequency (Hz)

Experiment Type [Single Shear Rate]

A “Single Value Shear Rate” experiment is a shear rate controlled experiment were
the motor is rotated at a fixed frequency. Sending the motionControl electronics a “Sin-
gle Value Shear Rate” command when the motor is currently moving will cause the
motor to step the frequency (either increase or decrease) of rotation without stopping
the motor. In this way, the shear rate can be progressively ramped as a function of time

via an external programming (e.g. TopSpin automation programme).

Example: "120000106000030001"

This is a motion command for a “Single Value Shear Rate” experiment at 2.000 Hz.
The motor will rotate clockwise and will log to the mounted SD card; data will not be
streamed via the serial/USB connection. Prior to the experiment, the sample will be
pre-sheared CW at 6.000 Hz for a period of 30 seconds. The motionEnable mode will

be turned off and the motor package will echo the parameters via serial.
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D.1.3 Oscillatory Shear

213

[2] [oxx.x] [xoxxx] [xx] [x][x] [x.xxx] [xxx] [x] [x][x]

Print Parameters to Serial [0-No|1-Yes]
Motion Enable Mode [0-Off|1-On]
Pre-Shear Direction [0-CW|1-CCW]
Pre-Shear Delay (s)

Pre-Shear Frequency (Hz)

Stream to serial [0-Off|1-On]

Log to SD [0-Off|1-On]

Triggers per Period

Peak to Peak Amplitude (deg)

Period (s)

Experiment Type [Oscillatory Shear]

With the “Oscillatory Shear” motion command, the motionControl motor will out-

put an oscillating shear rate profile. Due to motor inertia, the “Oscillatory Shear” pro-

files will always start from a zero velocity position of the waveform.

D.1.4 Stepped Shear Rate

[3] [xxxx] [.xxx][xx] [xxx] [x] [x] ...

[

Direction [0-CW|1-CCW]
Sampling Scheme

Step Delay (s)

Number of Steps

Step Value

Starting Value

Experiment Type [Flow Curve]
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oo IXT IXTIXT Dxoxxx] Poxx] [x] [x][x]

T— Print Parameters to Serial [0-No|1-Yes]
Motion Enable Mode [0-Off|1-On]
Pre-Shear Direction [0-CW|1-CCW]
Pre-Shear Delay (s)

Pre-Shear Frequency (Hz)

Stream to serial [0-Off|1-On]
Log to SD [0-Off|1-On]

Continuous Loop [0-No|1-Yes]

The “Stepped Shear Rate” motion profile is a stepped flow experiment where suc-
cessive shear rates are applied for a predetermined amount of time. The shear rates
sampled during this motion profile can be equally spaced in linear or logarithmic space.
As currently programmed, the “Stepped Shear Rate” command can only be used for in-
creasing shear rates. Until the firmware is updated, reverse flow curves (successively
decreasing shear rates) can be accomplished by using multiple “Single Value Shear

Rate” commands.

D.1.5 Sawtooth

[4] Doax] Poxaxxx] [xx] [x] [x] [x] [x]

T Print Parameters to Serial [0-No|1-Yes]

Motion Enable Mode [0-Off|1-On]

Stream to serial [0-Off|1-On]
Log to SD [0-Off|1-On]

Start Delay (s)

Max Frequency (Hz)

Ramp Time (s)

Experiment Type [Sawtooth Profile]

The “Sawtooth” motion profile is used to set the motor rotating at a constant acceler-
ation. Based upon the desired maximum frequency and ramp time the motor calculates
an acceleration set point. Once the max frequency has been reached the profile will start

again. The start delay parameter can be used to set a delay between successive profiles.



D.1. MOTION COMMANDS 215

D.1.6 Square Wave

[5] [xx.xxx] [xx.xxx][xxx][xxx][x] [x] [x] [x][x]

Tt Print Parameters to Serial [0-No|1-Yes]
Stream to serial [0-Off|1-On]
Log to SD [0-Off|1-On]

2nd Direction [0-CW|1-CCW]
1st Direction [0-CW|1-CCW]

2nd Duration (s)

1st Duration (s)

2nd Frequency (Hz)

1st Frequency (Hz)

Experiment Type [Square Wave Profile]

Using the “Square Wave” motion profile, the motor alternates between two frequen-
cies with a variable duty cycle. The direction of rotation can be different for the two

frequencies.

D.1.7 Stepped Motion

[6] oxxx] [x]

T Print Parameters to Serial [0-No|1-Yes]

Steps Per Revolution

Experiment Type [Stepped Motion]

This protocol does not produce continuous motion, but instead increments the mo-
tor position by a defined value based upon an external trigger. The “Stepped Motion”
routine can be helpful for creating stop-motion movies of a shear cell during one com-

plete rotation to illustrate the amount of mechanical wobble present in the device.
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D.1.8 Single Value Shear Stress

(7] o] [IX] [x] [x] [x]

T Print Parameters to Serial [0-No|1-Yes]

motionEnable Mode [0-Off|1-On]

Stream to Serial [0-Off|1-On]
Log to SD [0-Off|1-On]

Torque (%)

Experiment Type [Single Value Shear Stress]

The “Single Value Shear Stress” motion profile applies a fixed torque to the shear
cell device. Under this protocol the frequency of the motor is not set. If no sample is
loaded (or if the torque is set too high) the motor will continue to accelerate until it

reaches its maximum frequency at which it will turn off.

D.2 Parameters and Data Handling Commands

[O1[X][.-.]
T Method Specific Inputs

Action:
1-Ping
2-Motor Settings
3-SD Card /Data Options
4-(empty)
5-Debug Mode
6-Torque Sensor Calibration
7-Spectrometer Interface

8-Push Button Control

Settings
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D.2.1 Ping Motor

91011 [x]
[

Action:
1-Echo (no options)
2-Print Firmware Version (no options)
3-Print Parameters (no options)

Ping Motor

Settings

Echo

A command of “911” will cause the motor to send a response. The echo response is not
designed to be human readable and is implemented for functions within the graphical
user interface programme. If a human readable response is needed a better option

would the the “Print Firmware Version” command (see below).

Print Firmware Version

A command of “912” will cause the motor to print the current firmware version to
serial. This function is useful for determining what functions are available on the cur-

rently loaded firmware. This can also be useful for bug tracking.

Print Parameters

A command of “913” will cause the motor to print the current parameters. The first line
of the motor response will include the contents of the parameters array (each entry
seperated by a comma), the second line be the contents of the preShearParams array
and the third line be the contents of the dataParams array. Interpretation of these

values is left to the user.
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D.2.2 Motor Settings

1121 [X]L.-]
[

Print Motor Settings

APPENDIX D. MOTIONCONTROL SERIAL COMMANDS

options

Action:
0-Print Motor Settings (no options)
1-Toggle Motor Enable (no options)
2-Steps Per Revolution
3-Toggle Dampening Mode (no options)
4-Drive Current
5-Parameter File

Motor Parameters

Settings

A command of “920” will print the current motor settings.

Toggle Motor Enable

A command of “921” will toggle the motor between enable and disable. When the mo-

tor is disabled, the motor will not rotate, but will otherwise behave normally. The motor

must be enabled for typical usage. This function can be used to test motor interactions

when it is essential that the motor can not move (e.g. sensitive sample in shear device).

Steps Per Revolution

[91[2] [2] [x] [ooxxx]

T— options (new set value)

Action:
1-Print Current StepsPerRev Value (no options)
2-Update StepsPerRev Value

Steps Per Revolution

Motor Parameters

Settings

The steps-per-revolution parameter is used to define the step size for the motor.

The EvoDrive system will accept a step-per-revolution value from 1 to 102400, how-

ever, the motionControl software limits this parameter to 99999. Practically, the finest
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step resolution for the motor is half of the optical encoder resolution. Currently, the
motor utilises a 14 bit optical encoder, suggesting the maximum value for the step-per-
revolution parameter at 13 bit (8192). Using a steps-per-revolution value greater than
half the resolution of the optical encoder will not damage the system, but the perfor-

mance should not improve.

e Print Current StepsPerRev Value

A command of “9221” cause the motor to print the current StepsPerRev value.

e Update StepsPerRev Value

This command is used to update the StepsPerRev parameter. To change the steps-
per-revolution parameter used by the motor, use a command of “9222xxxxx”
where the five trailing x’s” are replaced by the desired value. If updating to value
with less than five digits (e.g. 8192) add leading zeroes to pad the value (e.g.
08192).

Toggle Damping Mode

A command of “923” will toggle the dampening mode between enable and disable.
From the EvoDuino Programmers Manual: “Low speed damping is active at velocities
less than 2 revs per second. Damping mode applies secondary currents to the motor to
control the effects of detent torque on motor position.” In practice having the damping
mode enabled should help produce smoother motion at low frequencies.

Drive Current
[91[2] [4] [x] [ooxx]

L options (new set value)

Action:
1-Print Current Drive Current Value
2-Update Drive Current Value

Drive Current

Motor Parameters

Settings

The drive current parameter is used to set the maximum current available to the mo-
tor. The stepper motor currently used in the motionControl system has a max current
rating of 2800 mA. The absolute maximum current allowed by the EvoDrive electron-

ics is 3000 mA. Changing the maximum drive current is typically used pseudo torque
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control (either to limit the maximum torque output from the motor for safety purposes

or to control/measure torque as a rhelogical parameter).

e Print Current Drive Current Value

A command of “9241” cause the motor to print the current drive current value.

e Update Drive Current Value

This command is used to update the drive current parameter. To change the drive
current parameter (taken as the maximum current available for the motor), us a
command of “9242xxxx” where the four trailing x’s are replaced by the desire
current in milli-amperes (mA). If updating to a value with less than four digits
(e.g. 500) add leading zeros to pad the value (e.g. 0500). The absolute maximum
current allowed by the EvoDrive electronics is 3000 mA.

Store Parameters

(91121 [51 [x]
[

Action:
1-Delete User Defined Parameters File
2-Create User Defined Parameters File
3-Print User Defined Parameters File
4-Print Default Parameters File
5-Load Values from User Defined Parameters File
6-Load Values from Default Parameters File

Store Parameters

Motor Parameters

Settings

The parameters used in the firmware programme are stored within volatile mem-
ory space of the micro-processor. For this reason when the CPU looses power (or is
rebooted), changes to these parameters are lost. To make the system easier to use,
these values are now saved to the micro SD card mounted on the rheoDueShield. On
the SD card there is a directory labelled “settings” which contains two files. The first,
“params.txt”, is updated whenever a user changes a tacked parameter. Whenever the
processor is started, the values in this file are read and are used by the firmware pro-
gramme. The second file, “default.txt”, contains default values which are the initial
values programmed into the firmware. The default file can be used to restore a motion-
Control system to its original settings. If a new SD card is used, the “settings” directory
and the two parameter files are created. Initially both will contain the same values until

the user changes a parameter. As which parameters are stored in these files may change
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as the firmware evolves, the best method for determining which values are tracked is
to print the contents of one of these files (either “9253” or “9254”, see below for more

information).

e Delete User Defined Parameters File
A command of “9251” will delete the “settings/params.txt” file. Deleting this file
is not a typical operation, but may be necessary if the file has been corrupted.

o Create User Defined Parameters File

A command of “9252” will create a “settings/params.txt”file on the loaded micro
SD card or overwrite the existing file. Whenever a tracked parameter is changed
via serial commands, the user defined parameters file is updated, thus the end
user does not need to execute this command each time a parameter is changed.
Deleting this file is not a typical operation.

e Print User Defined Parameters File
A command of “9253” will result in the motor printing the contents of the “set-
tings/params.txt” file via serial.

e Print Default Parameters File
A command of “9254” will result in the motor printing the contents of the “set-
tings/default.txt” file via serial.

e Load Values from User Defined Parameters File
Upon executing a command of “9255” the motor will update parameters based
upon the contents of the “settings/params.txt” file.

o Load Values from Default Parameters File

Upon executing a command of “9255” the motor will update parameters based
upon the contents of the “settings/default.txt” file.
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D.2.3 SD Card/Data Options

[O1[3][X][.-.]

T options

Action:
1-Print Current Filename (no options)
2-Change Filename
3-Print All Available Filenames and Size (no options)
4-Delete Current File (no options)
5-Transfer File Over Serial (no options)

SD Card/Data Options

Settings

This section describes the micro SD card /data storage options. To utilise these func-

tions a properly formatted micro SD card must be installed in the memory socket.

Print Current Filename

A command of “931” will print the contents of the filename character array in the
motor firmware. This indicates the name of the that data will be written to if a SD card

write command is executed within the programme.

Change Filename

[9113][2] [x] [roxxxxxxxxxxx]

T— New Filename (max 12 characters including .txt)
example: filename.txt

Number of Characters in New Filename
(not counting .txt)

Change Filename

SD Card/Data Options

Settings

This option is used to change the contents of the filename character array in the
motor firmware. Changing the filename would need to take place before writing data to
file, deleting the file or transferring the file via serial. Within the firmware, the filename
is limited to eight characters with a three character extension (e.g. “filename.txt”). The

structure of the “Change Filename” command is illustrated above.
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Print All Available Filenames (with file size)

A command of “933” will cause the motor to print all available files (and the size in

bytes).

Delete Current File
A command of “934” will delete the file represented by the contents of the filename

character array in the motor firmware. To select a file for deletion, use the “Update

Filename” command.

Transfer File Over Serial
A command of “935” will transfer the file represented by the contents of the filename

character array in the motor firmware. To select a file for transfer, use the “Update

Filename” command.

D.2.4 Debug Mode

O15][x][...]

T options

Action:
0-Toggle LED Indicator
1-Toggle Output Channel
2-Read Input Channel State
3-ADC Options
4-DAC Options
5-Output Pulse Train

Debug Mode

Settings

The “Debug Mode” options can be used to test core functions of the motionControl

electronics.
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Toggle LED Indicator

[91[5]10] [x]

T LED:
0-LED #1
1-LED #2
2-LED #3
3-LED #4

Toggle LED Indicator

Debug Mode

Settings

The “Toggle LED Indicator” command can be used to check proper control of the
indicator LEDs (numbered 1-4).

Toggle Output Channel

[91[5][1][x]

T Output Channel:
0-OUT1
1-OUT2

Toggle Output Channel
Debug Mode

Settings

The “Toggle Output Channel” command can be used to check proper control of the
digital output lines (OUT1 & OUT?2). If either channel is toggled, the state of the digital
line will invert (LOW — HIGH or HIGH — LOW).

Read Input Channel State

[O115112][x]

T Input Channel:
0-IN1
1-IN2

Read Input Channel State

Debug Mode

Settings
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The “Read Input Channel” command can be used to check proper control of the dig-
ital input lines (IN1 & IN2). Each input channel is read independently; a read command
will report the current state (HIGH or LOW) of the input channel.

ADC Options

(9151 (3] [x]
[

Actions:
0-Set Range Register
(both channels set to £10V)
1-Read Channel 1
2-Read Channel 2
3-Read ADC Reference Voltage
4-Send SPI Test Message (OXAAAA)

ADC Options

Debug Mode

Settings

The “ADC Options” refer to the external analogue to digital converter on the rheoTorque
shield.

e Set Range Register

The range register of the external ADC is used to select one analog input range
per analog input channel and to set the ranges for both channels. A command of
“9530” sets the channels to 10 V. By default, the ADC will be set to £10V each
time the chip is started (powered on); this command can be used if it’s believed

the range register has been corrupted (or altered).

e Read Channel 1

A command of “9531” will return the analogue value of first channel of the exter-
nal ADC (referred to Channel 0 in the ADC7321 datasheet). In the motionControl

system this channel is connected to the torque output of the torque interface card.

e Read Channel 2

A command of “9532” will return the analogue value of second channel of the
external ADC (referred to Channel 1 in the ADC7321 datasheet). In the motion-
Control system this channel is connected to the reference output of the torque

interface card.

e Read ADC Reference Voltage
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A command of “9533” will use the SAM3X8E onboard 12 bit ADC on the Arduino
Due board to measure the internal reference voltage of the external ADC. This
value should be ~2.5V.

e Send SPI Test Message

A command of “9534” can be used to debug the SPIbus of the motionControl elec-
tronics. This command will print a 16 bit word (OXAAAA or 0b1010101010101010)
to the MOSI line of the SPI bus (Figure D.1).

Moise Filter Off

Figure D.1: Oscilloscope screen capture of SPI test message on MOSI line. Visible traces:
chip select (yellow), clock (blue), MOSI (pink). Note, MOSI is read on the falling edges of
the clock.

DAC Options

[O1[5] 4] [X][.-- ]
T— options

Actions:
0-Toggle DAC (no options)
1-Set DAC Output to 0V (no options)
2-Set DAC to User Defined Value

DAC Options
Debug Mode

Settings

The “DAC Options” refer to the external digital to analogue to converter on the

rheoTorque shield.

e Toggle DAC
A command of “9540” will toggle the power-down mode of the external DAC

between enable and disable.
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e Set DAC Outputto 0V

A command of “9541” will set the analogue output of the external DAC to 0 V.

e Set DAC Output to User Defined Value
(91151141 [2] [x] [xx.xxx]
T— Analog Voltage (V)
Sign [0-(+)[1-(-)]
Set DAC to User Defined Value
DAC Options

Debug Mode

Settings

This command is used to set the analogue output of the external DAC to a user
defined value between -10 to +10V. The structure of the “Set DAC Output” is

illustrated above.

D.2.5 Torque Sensor Calibration

[9116] [x] [x.xxx]

T options (frequency in Hz)

Action:
1-Zero Torque Sensor (no options)
2-Change Frequency Used During Zero
3-Print Frequency Used During Zero (no options)
4-Load Zero Set-point from SD Card (no options)
5-Print Zero Set-point from SD Card (no options)

Torque Sensor Calibration

Settings

Zero Torque Sensor

A command of “961” will execute the zero sensor routine. During the zeroing routine
the motor will rotate the shaft at the set frequency (this frequency can be changed with
the “Update Rotation Frequency” command below). The zero sensor routine takes ~ 2

minutes.
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Update Rotation Frequency for Zero Routine
This command will change the rotation frequency used during the zero sensor routine.
To update the frequency use a command of “962[x.xxx]” where the last four digits are

the desired frequency (in Hz). If updating to a frequency less than 1 Hz, a leading zero
must be used (i.e. to update to a frequency of 0.5 Hz send the command “9620500”).

Print Current Rotation Frequency for Zero Routine

A command of “963” will cause the motor to print the frequency which will be used

during subsequent calls of the zeroing routine.

Load Zero Set-Point from SD Card

A command of “964” will set the analogue output of the external DAC based upon the

value stored to the micro SD card on the rheoDueShield.

Print Zero Set-Point from SD Card

A command of “965” will print (in decimal) the zero value stored from the previous

torque sensor routine.

D.2.6 Spectrometer Interface

O171[x][x]

T options

Action:
1-motionEnable Mode Settings
2-Trigger (Motor Output) Settings

Spectrometer Interface

Settings
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motionEnable Mode Settings

[9117)[1][x]
[

options:
1-Print Current motionEnable Settings
2-Toggle motionEnable Logic
3-Toggle motionEnable Input Channel

motionEnable Mode Settings
Spectrometer Interface

Settings

e Print Current motionEnable Settings

A command of “9711” will print which input channel and the logic setting is

currently set for the motionEnable mode.

¢ Toggle motionEnable Logic

A command of “9712” will toggle the logic used for the motionEnable mode. De-

pending on this settings the motor will move when the motionEnable line is set

either HIGH or LOW.

o Toggle motionEnable Input Channel

A command of “9713” will toggle the input channel used for the motionEnable
mode between IN1 and IN2.

Trigger (Motor Output) Settings

91171121 [x]
[

options:
1-Print Current Trigger Channel
2-Toggle Trigger Channel

Trigger (Motor Output) Settings
Spectrometer Interface

Settings

e Print Current Trigger Channel

A command of “9721” will print which output channel will be used for subse-

quent Trigger calls (Motor Output).
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o Toggle Trigger Channel

A command of “9722” will toggle the channel used for subsequent Trigger calls
(Motor Output) between OUT1 and OUT?2.

D.2.7 Push Button Control
[91[8] [x] [xx.xx]

T options (frequency in Hz)

Action:
1-Print Current Push Button Settings
2-Update Push Button Rotation Frequency

Push Button Control

Settings

Print Current Push Button Settings

A command of “981” will cause the motor to print the frequency which will be used

during subsequent calls of the move when pushed routine (external trigger button).

Update Push Button Rotation Frequency

This command will change the rotation frequency used for the move when pushed rou-
tine (external trigger button). To update the frequency use a command of “982[xx.xx]”
where the last four digits are the desired frequency (in Hz). If updating to a frequency
less than 10 Hz, a leading zero must be used (i.e. to update to a frequency of 1.5Hz
send the command “9820150”).
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D.3 Quick Reference

’ Command ‘ Description ‘
’ 0 ‘ Stop Motor and Clear All Parameters ‘
’ 1[...] ‘ Single Value Shear Rate Motion Profile ‘
’ 2[...] ‘ Oscillatory Shear Motion Profile ‘
’ 3[...] ‘ Stepped Shear Rare Motion Profile ‘
’ 4]...] ‘ Sawtooth Motion Profile ‘
’ 5[...] ‘ Square Wave Motion Profile ‘
’ o[...] ‘ Stepped Motion Profile ‘
’ 7[...] ‘ Single Value Shear Stress Motion Profile ‘

911 Echo

912 Print Firmware Version

913 Print Parameters

920 Print Motor Settings

921 Toggle Motor Enable

9221 Print Current StepsPerRev Value

9222[xxxxx] Update StepsPerRev Value

923 Toggle Dampening Mode

9241 Print Current Drive Current Value

9242[xxxx] Update Drive Current Value

9251 Delete User Defined Parameters File

9252 Create User Defined Parameters File

9253 Print User Defined Parameters File

9254 Print Default Parameters File

9255 Load Values from User Defined Parameters File

9256 Load Values from Default Parameters File

931 Print Current Filename

932[x] [oooaxaxxxxxxx] | Update Filename

933 Print All Available Files

934 Delete Current File

935 Transfer Current File via Serial
’ 94 ‘ (Unused)

950[x] Toggle LED Indicator

951[x] Toggle Output Channel
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952[x] Read State of Input Channel

9530 Set External ADC Range Register

9531 Read External ADC Channel 1

9532 Read External ADC Channel 2

9533 Read External ADC Reference Voltage

9534 Send SPI Test Message

9540 Toggle External DAC

9541 Set External DAC Output to 0V
9542[x][xx.xxx] Set External DAC Output to User Defined Value
961 Zero Torque Sensor

962[x.xxx] Update Rotation Frequency For Zero Routine
963 Print Current Rotation Frequency For Zero Routine
964 Load Zero Set-Point from SD Card

965 Print Zero Set-Point from SD Card

9711 Print Current motionEnable Settings

9712 Toggle motionEnable Logic

9713 Toggle motionEnable Input Channel

9721 Print Current Trigger Channel

9722 Toggle Trigger Channel

981 Print Current Push Button Settings
982[xx.xx] Update Push Button Rotation Frequency
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