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Abstract

There exist several materials with complex flow behavior which cannot be explained even by considering the theories of classical hydro-
dynamics and elastodynamics through a past century. Since fluid materials having all the more complex rheological characteristics are
produced in the present industry, its flow behavior cannot be controlled without a day-to-day way, that is to say, establishing an empirical
rule. This problem is caused by low reliability of the commercially-supplied rheometers; the prototype of a standard rotational rheometer
utilized in the various fields of both industries and academic institutes has been completed two-hundred-year ago, where the rotational
torque as the mechanical response from the shaft attaching to test material can be measured, then the rheological properties are determined
by the principle based on a few assumptions. Recently, a common issue regarding the commercially-supplied rheometer is that the requisite
assumptions are not satisfied on the measurements for non-Newtonian fluids. The factors causing the issue are (1) slip feature between the
test material and the rheometer shaft, (2) appearance of shear banding layer, (3) influence from elastic instability, (4) shear history effects
causing physical property gradient in the narrow gap of rotating shaft, (5) jamming effect arising from multiphase dispersion in the gap, and
more. These considerable factors are not perceived as precautions for use of the rheometer, but misunderstood as its rheological behaviors
by users. When rheological evaluations are attempted without considering these influences, the obtained results will reflect the specific
response as it is dealt with in the measurement device, not exposing or clarifying the true-rheological properties. Still, no fully acceptable
solution for these problems is known, though extensive trials to overcome specific problems have been made, such as improvements of
rheometer geometry and surface roughness, or solving mathematically the “Couette inverse problem”, etc. These problems are caused by
the fluid characteristics, and efforts to solve the problems have to be approached from the perspective of fluid mechanics.

In this study, a novel methodology, termed “Kinematic theometry”, is presented, which is based on equation of motion to explain the fluid
rheology. The rheometry is expected to quantify the rheological properties satisfying the considered equation of motion for complex fluids,
and the characteristic is to install a constitutive equation (rheological model) into the equation of motion for describing the rheological
behaviors. As a point of attention, the constitutive equation here does not function as the purpose in general rheological approaches such as
approximations for rheological indexes. Here, the kinematic rheometry is expected to play a role of filling “a hole” in the applicable range
of standard rheometer, which is arising from common problems in the standard rheometer tests. The fluids with rheological properties
that have been realized assurances of measurement, such as higher viscosity O(10° Pas), lower viscosity O(10~* Pas), quasi-elasticity, and
more, are out of applicable target of the kinematic rheometer. By utilizing ultrasonic velocity profiling technique as a velocimetry, the wide
applicable range of the kinematic rheometry is realized. To promote the rheometry development and enhance the methodology to be able
to contribute to raising the level of the scientific researches, the robustness and efficacy of the kinematic rheometry must be proven and
received recognition from general users; the necessity can be explained by the considerable factors in the commercially-supplied rheometers
being gotten overlooked from users. That is neither more nor less than that the users (researchers or engineers) are more interested in that “if
the rheological evaluations are easy or not” than that “if the obtained data is physically meaningful or not”. In this study, a novel rheometry
that is able to contribute to research that reveals scientific findings is presented, accompanied by methodology presentation, validation and
application revealing physical properties.

This thesis is constituted by 10 chapters, and the notable findings in each chapter are summarized as follows:

1. By using phase-lag analysis to evaluate the effective viscosity calculated from phase-lag gradient of momentum propagation, it is
possible to clarify yield stress determining physical border between gel and sol, shear dependent viscosity of pseudo-plastic fluid,
critical condition causing viscoelasticity, and effective viscosity of multiphase fluid [Chapter 2].

2. For clay dispersion with thixotropy which is merely examined as apparent yield stress and viscosity, the critical shear rates onsetting
yield and shear thinning behavior are obtained utilizing the phase-lag analysis [Chapter 3].

3. An approach to evaluate rheological property in frequency domain for avoiding the influence from noise augmentation was pre-
sented [Chapter 4]; as a result of validation of this methodology, the precision and accuracy including un-ensured materials by
commercially-supplied rheometers were confirmed [Chapter 5].

4. The effective viscoelasticity of non-Newtonian fluids as macro rheological characteristics are modulated by the alignment of spher-
ical particles, further that closely relates to the relaxation time of fluid media; the reason why this finding has been an unexamined
issue on the complex rheology is limitations of commercially-supplied rheometer [Chapter 6].

5. Food testing method is updated utilizing kinematic rheometery, and shear history effects of gelled foods are revealed; this finding
may relate to flows in the swallowing process of complex food materials [Chapter 7].

6. Thixotropic effects on standard rheometer tests are elucidated by considering the rheological evaluations using both large amplitude
oscillatory shear (LAOS) measurement in the standard rheometer and the kinematic rheometry [Chapter 8].

7. As an applicable rheometry to practical pipelines in the industry, an algorithm of the kinematic rheometry was presented to evaluate
the rheological properties without creating any holes for inserting sensors [Chapter 9].
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1.1 Limitations in commercially-supplied rheometers

In the engineering field of new material development, conventional fluid mechanics cannot always explain behaviors of
the materials. This common perception has been regarded as an significant issue in the industry utilizing materials with
atypical characteristics. In recent years, the demand to develop a tool to comprehend thermofluid dynamics is arising from
the existence of various physical properties, e.g. highly-functional liquid crystal, high-value added liquid food, micro-bubble
suspension, etc. However, performing empirical trials and tribulations is still regarded as the main tool to control such
thermofluid behaviors with complexity, because understanding “rheology” explaining complex fluid dynamics is still at a
developing stage.

The origin of experimental evaluation of elastic properties was established by Robert Hooke in 1678, as “True Theory of
Elasticity”. He studied classical elasticity that spring stress is in the same proportion with the deformation, and the mechanical
relation is given by

=Gy, 1.1

where 7, G, and y denote shear stress, modulus, and strain.

After that, in 1687, Isaac Newton established the following important principle based on fluid dynamics such that “The
resistance which arises from the lack of slipperiness of the parts of the liquid, other things being equal, is proportional to
the velocity with which the parts of the liquid are separated from one another”. In this sentence, “the lack of slipperiness” is
better known as viscosity of fluids in the present. The relationship can be described as

7=, (1.2)

where fluids obeying this law are categorized as Newtonian fluids.

It has been trusted that properties of all materials can be dealt with Hooke’s law or Newton’s law for two centuries.
Imaginably, however, these linear equations must not be applied to complex materials, which concerns are well-known
and pointed out in uncounted previous reports. At the beginning of the twentieth century, non-linearity between stress and
deformation has attracted the attention of researchers, and further works are still undergoing with increasing doubts about the
applicability of those linear equations.

To understand such complex fluid behaviors (e.g. printing inks, polymer, detergents, oils, biological materials, food
processing, etc) that cannot be assumed by the linear functional laws, Hooke’s and Newton’s law, “Rheology” has developed
as a broad-based study between deformations and flows. The term, rheology, was coined by Eugene C. Bingham in 1920,
and several tools have been developed to evaluate rheological properties of complex fluids. The tool measuring rheological
properties is here termed “Rheometer”, and the methodology is called “Rheometry” in the present. The goal of rheometry
development is to fully comprehend the rheology of all soft materials, and this leads to ensuring the quality of manufactured
materials and the optimization of systems in industries. It will raise the quality level of various components in the following
industries, such as in polymer producing, biological and food processing, and multiphase dispersion controlling.
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To satisfy rheological evaluations with high accuracy and precision, we must choose an appropriate geometry although
there exist not a few kind of geometries to quantify a wide variety of complex fluids. Needless to mention, each geometry has
both advantages and disadvantages. Typical rheometers are depicted as the examples of systems with different geometries
[see Fig. 1.1] that measure the axial torque via solid walls with a specific gap. Parallel-plate type geometry measures wide
range of viscosity [Fig. 1.1(a)]. The gap between the solid wall is adjustable, however, in this gap there is a radial distribution
of the applied shear strain/rate. Cone plate type geometry keeps the applied shear strain/rate constant though the minimum
gap is fixed to the certain distance O(0.01 — 0.1 mm) [Fig. 1.1(b)]. Taylor—Couette type geometry ensures the rheological
evaluation even as small torque values because of its large-contact area to test materials [Fig. 1.1(c)]. The fundamental
concept for the geometry of Fig. 1.1(d) is improvement of the contact area from Fig. 1.1(c). However, influences of flow
instabilities, e.g. Taylor vortex, elastic instability and more, should be regarded for ensuring accuracy of measurements using
such Couette geometry. Recent representative measurement methods that have been developed int the past decade are the
twin-drive [Fig. 1.1(e)] and ball measuring [Fig. 1.1(f)] method. The twin-drive type measures the torque and rotational angle
by both upper and lower plates; the geometry of the twin-drive type is basically same with that of Fig. 1.1(a). This applies
twice as much shear amplitudes against test fluids compared to that of Fig. 1.1(a). The ball-measuring type is applicable to
test material with large-dispersions by measuring the rheological resistance from the attached sphere, since it does not require
a narrow gap shown in the geometries of Fig. 1.1(a)—(e). However, a strong assumption such as ideal laminar velocity around
the sphere is required even in the case where the fluid includes large dispersions, because the Stokes law must be satisfied
to ensure the accuracy of the methodology. Not only deformation-based but also flow-based rheometers in commercially-
supplied systems have limitations. As examples of flow-based rheometers, there are cap-type, spread-type, bubble-type,
falling-ball, and capillary rheometer as shown in Fig. 1.1(g)—(k). These rheometers measure Newtonian viscosity with high
accuracy, but the application to non-Newtonian fluids is difficult as the approximations of flow behavior are theoretically
based on Newtonian fluids; there is no proper solution against unexpected behaviors arising from complex fluids. This is why
the torque/rotation-angle-based rheometers are generally used in the present industries and scientific researches.

Several rtheometers with different geometries have been proposed to be applicable to evaluate the complex rheology,
and most of the rheometers are based on axial torque measurement consistently, in other words, little efforts have been
made to establish other methods instead of torque/rotation-angle measurement due to the origin of rheology. As mentioned
at the beginning, there are significant differences in the two different roots in the experimental approach for rheological
understanding, whether “the deformation” or “the flow” is regarded to understand rheology. Torque/rotation-angle-based
rheometers originate “the deformation”, and these rheometers have already been established. Improving the sensitivity of
torque measurement can ensure high precision of rheological evaluations, however, at the same time, rheometers encounter
other serious difficulties, such as shear history effects [1-4], wall-slip [5-7], shear banding [8—13], elastic instability [14-16],
and more, in the evaluation of complex materials. Especially at critical-shear conditions where the stress approaches the yield
stress, such problems of torque/rotation-angle-based rheometer measurements become prominent;

Wolthers et al. [2] explored the shear history dependence of viscosity in aggregated-colloidal dispersions and concluded
that the observed rheological behavior depends on the specific geometry of the shear rheometers due to effects of thixotropy
and sedimentation. Nechyporchuk et al. [5] applied the cone-plate geometry and reported that wall-slip was detected at low
shear rates for fluids with gel-like and shear thinning properties. From these experimental observations, they concluded that
the obtained values include unavoidable measurement errors when wall-slip occurs. Fardin et al. [15] investigated the elastic
instability arisen from the unstable shear banding, when shear stress in flow curves exhibits plateau with respect to shear rate.
Further, this phenomenon indicates unsteady feature, that is, there is a significant difficulty in elimination of the influence
even with the improvement of the torque meter. Thus, such improvement on the torque sensitivity does not always contribute
to the assurance of accuracy of the standard rheometers.

Several attempts have been made to prevent occurrences of the measurement difficulties in standard rheometers by im-
proving the post processing or geometry; to solve problems arising from non-ideal flow condition, semi analytical techniques,
which solve the inverse problem to estimate original velocity profiles in wider-gap Couette rheometry, was proposed, termed
as the “Couette inverse problem” [17, 18]. As examples of another trials, improvement of surface texture on the solid wall
exposed the test material [19, 20]. These efforts may “modify” the influences of wall-slip or rheological inhomogeneity of test
material. Unfortunately, these efforts cannot be a universal solution to avoid the unexpected phenomena (e.g. shear banding
and elastic instability) arising from characteristics of the non-Newtonian fluid, because the considerable problems may not
be caused by the surface texture, etc.

To be brief, though there are many approaches for rheological evaluations of non-Newtonian fluids, most are limited
treatments solving the problem for specific test fluids. Recent years, several approaches [21, 22] have been explored to attain
rheological indexes by applying functional approximation to flow curves obtained from the standard rheometer. However,
obtained indexes should be considered because of the existence of unpredictable/unforeseen phenomena and limitations of
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Figure 1.1: Schematics of commercially-supplied rheometers; (a) parallel-plate type, (b)cone plate type, (c) Taylor—Couette
type, (d) modified Taylor—Couette type, (e) twin-drive parallel-plate type, (f) ball-measuring type, (g) cup type, (h) spread-
plate type, (i) bubble type, (j) falling-ball type, and (k) capillary type.
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Chapter 1. Introduction

methodology as mentioned above. Fitting constitutive equations for the measured torque data, which may include artifacts
arising from geometry, is also not an appropriate way to evaluate true-rheological property. Therefore, rheological indexes
obtained from rheometers have the possibility of including unexpected artifacts and thus, it is easily imaginable that numerical
simulations done using these indexes will include errors and will also be incorrect.

1.2 Velocity-profiling rheometry

To fully understand the true-rheology of such complex materials, the “flow” must be taken account. Though we did not know
the appropriate way to directly measure the flow velocity before two centuries, we have now established various techniques
to quantify the velocity information. By measuring spatiotemporal velocity distributions, we can utilize the information of
fluid flows that has the potential to reflect all rheological information, and finally, its establishment will lead to overcoming
the common problem originated from non-ideal, unknown velocity profiles; we call it “velocity-profiling rheometry”.

For velocity-profiling rheometries, various velocimetries have been applied, e.g. ultrasonic velocity profiling (UVP) [24—
27], ultrasonic echo-imaging [28, 29], ultrasonic imaging velocimetry (UIV) [30, 31], particle imaging velocimetry (PIV)
[32-34], magnetic resonance imaging (MRI) velocimetry [35, 36], and laser Doppler velocimetry (LDV) [37, 38]. As ex-
amples of rheometry with optical velocimetry, Marin-Santibafiez et al. [32] examined rheological evaluations by utilizing
a combined method of rheometry and PIV. Also, Serrano-Aguilera et al. performed rheological evaluation by conventional
rotational rheometer with wide gap Couette flow, adapting PIV measurement. With PIV and LDV, only transparent fluids are
applicable, whereas most complex fluids, such as dense suspensions, colloid dispersions, multiphase fluids, or similar, are all
opaque. The MRI velocimetry can perform visualizations of opaque and multiphase fluids, however, it requires very large
measurement facilities, and monitoring is handicapped to low temporal resolutions due to fluid flow.

Ultrasonic measurement techniques have advantages, such as offering ease of handling and the option of employing
opaque fluids. Ouriev and Windhab [26] proposed a combined technique of UVP measurements and pressure difference
measurements, which is termed UVP-PD in-line rheometry. This is used as a practical tool in the food processing industry
[27], since it has the advantages of in-line measurements from outside of steel pipe walls. Derakhshandeh et al. [25] performed
measurements of transient behaviors of thixotropic fluids using a Couette rheometer with a wide gap and UVP. This can
detect yielding regions of the fluid from quasisteady velocity profiles, although the torque measurements may be influenced
by wall-slip, which will lead to errors in evaluations of the rheological characteristics. Later, the coupling of the conventional
rheometer and ultrasonic imaging technique, and the spatiotemporal analyses were developed. As one of the examples, Gallot
et al. [28] proposed a technique that reveals the unstable shear-banded flow of non-Newtonian fluids. As a recent development
of ultrasonic rtheometry, Gurung et al [30] reported a novel rheometry that combines an ultrasonic scanning technique and
PIV (UIV or echo-PIV), and they performed real-time measurement of opaque fluid flows with complex rheology in particle-
laden fluids. Originally, this technique has mainly been used to measure flow behaviors in blood vessels in the field of
medical engineering. Previous research has dealt with only time averaged velocity profile that was limited to steady flow
states. Since one of the non-Newtonian characteristics involves both shear-rate-dependence in the rheological properties and
time-dependence, the techniques must be able to attain detailed time-dependent properties.

1.3 Development of “Kinematic rheometry”

For the past several years, our group has progressively presented velocity-profiling rheometry, termed “ultrasonic spinning
rheometry” (USR). Sakurai et al. [39] examined ultrasonic velocity profiling to reveal the rheology of transient bubble de-
formations. Spatio-temporal velocity information was here utilized with equation of motion, although noise augmentations
could be found due to differential calculation in the equation. After that, Shiratori ez al. [40] visualized the shear rate and
strain field for non-Newtonian fluids and ensured the potential of the pilot kinematic rheometry. However, a problem of
noise augmentation which arises from differential terms in the equation of motion still remains. Because of the generation
of spiky noise in the measured velocity profiles by UVP, the direct differential calculations using velocity profiles would not
be considered as an adequate way to satisfy the equation of motion. To overcome this limitation, Tasaka et al. [41] utilized
the Fourier transform for velocity profiles in periodic oscillatory flows, and the analysis performs effectively to avoid the
influence of noise augmentation.

A novel kinematic theometry presented here is based on the stream of previous researches (see [42—44]), and it is ex-
pected to evaluate “true-rheological properties”. The “kinematic theometry” aims to evaluate the complex rheology by the
kinematics-based idea. The basic concept of this rheometry is that velocity profiles of unsteady shear flows are substituted into
the equation of motion and is solved by utilizing Fourier transformation. Although UVP can obtain one velocity component
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parallel to the line of propagation of ultrasonic waves, this rheometry is accomplished by a single UVP in cases satisfying
the assumption of one-directional shear flow in the azimuthal direction. Since this would make it possible to quantify shear-
rate-dependent properties over a wider range of shear rates obtained from single measurements, the kinematic rheometry is
expected to measure spatial profiles of local rheological properties.

Most rheologists tend to trust the obtained data injudiciously because they do not have an interest in measurement method-
ology but the rheological evaluation itself. That is to say, it is not important that “if the obtained data is physically meaningful
or not” but that “if the rheological evaluations are easy or not”. As a reason, most development research of rheometry grows
stagnant after publishing and there is a little effort to prove the efficacy of rheometry regarding the potential to find a novelty
in physics. In this study, a novel rheometry that is able to contribute to research that reveals scientific findings is presented,
accomanied by methodology presentation, validation and application revealing physical properties. Further, to complete the
kinematic rheometry for both laboratory and industry use, the methodology is also introduced to the pipeline flow measure-
ment. By a series of these attempts, “a useful tool” in the wide fields of academic research and industrial development is
completed. Emphatically, the kinematic rheometry does not aim for rheological evaluation of the fluids with higher viscosity
than O(103 Pa - s), lower viscosity than O(10~3 Pa - s), and perfect-elasticity, where those already could be evaluated with
high-accuracy using conventional rheometers; in other words, the ultimate aim of the kinematic rheometry here is to fill “the
hole” that cannot be measured by the conventional rheometers. This realization of kinematic rheometry will help to escape
from the situation in rheological development that has been fallen between the cracks during the stream of time for a few
centuries.

1.4 Summary of structures of the thesis

To realize the objective of this study, research is progressed through stages in each chapter as follows:

In Chapter 2, as the bleeding-edge state of kinematic rheometry, effective Newtonian viscosity analysis is performed by
streamlining from the method presented by Tasaka et al. (2015) [41]. As a demonstration of the methodology, the kinematic
rheometry is applied to various kinds of fluids with different rheological characteristics, and its robustness is experimentally
proven. What is notable is that the complex fluid rheology can be equally evaluated without changing the geometry and
analytical method, whereas at the standard shear rheometer, both the geometry and the method must be changed depending
on the rheological characteristics of the test fluid. (The work in this chapter was published in [45])

In Chapter 3, the kinematic rheometry presented and established in Chapter 2 is utilized for revealing unexplained issues
in clay science. The existence of characteristic viscoelasticity in montmorillonite clay dispersion showing thixotropy is
highlighted and discussed. From this effort, the potential of the kinematic rheometry to reveal the physical findings is clarified.
(The matter in this chapter was published in [46])

In Chapter 4, an idea of linear viscoelastic analysis is introduced to the kinematic rheometry for raising the level of ca-
pability to understand rheology. Here, evaluating the viscoelastic response from the dispersed bubbles deformed by unsteady
oscillations in Newtonian fluid, the efficacy of the kinematic rheometry is discussed. The benefit arising from this idea is
that the elastic characteristics that have been understood as the inclusive effect to the effective viscosity can be evaluated
separately. (The work in this chapter was published in [47])

In Chapter 5, the kinematic rheometry based on the linear viscoelastic analysis that has been presented in Chapter 4
is validated by comparative experiment with a rotational shear rheometer with parallel plate geometry. The efficacy of the
kinematic rheometry is proven as a novel method having the potential to play a complementary role in covering the hole that
cannot be filled by results from standard rheometers. (The work in this chapter was published in [48])

In Chapter 6, the kinematic rheometry elucidates effective viscoelasticity of non-Newtonian fluids as macro rheology
modulated by the alignment of spherical particles that is closely related to the relaxation time of fluid media. In addi-
tion, quantitative evaluations are performed regarding more practical parameters to deeply discuss the rheology, such as
Weissenberg and Deborah numbers. This finding is one of the most significant examples for elucidating the unexplained
phenomena which occurs when using a standard rheometer due to the limitation of methodology, so it is emphasized that the
kinematic rheometry has great potential in finding unsolved problems in complex rheology. (The work in this chapter was
published in [49])

In Chapter 7, the rheological evaluations of gelled food with complex rheological properties are examined by utilizing
both the standard rheometer and kinematic rheometry. The aim of this study is to clarify the rheological properties of gelled
foods that may relate to flows in the swallowing process of complex food materials. The highlighted finding here is that
stability of the food materials in the unsteady shear displays great importance in understanding which rheology indicates
better texture. (The work in this chapter was published in [50])
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Through the study in Chapters 6 and 7, it is proven that the established kinematic rheometry has a great potential for
elucidating the rheological issues which is unexplained by using standard rheometers.

In Chapter 8, by considering the rheological evaluations using both large amplitude oscillatory shear (LAOS) measure-
ment in the standard rheometer and the kinematic rheometry, the influence causing the considerable errors in standard rheome-
ter measurement from thixotropic characteristics is clarified.

From findings in the all of Chapters 28, the efficacy of kinematic rheometry for the scientific research is completely
established.

In Chapter 9, by applying the theory of kinematic rheometry to unsteady flows in a circular pipe, the methodology is
innovated to be used in the industry as a clamping on system. In this study, the algorithm for evaluating the rheology from the
pipeline flows is presented and is validated by inverse-calculations from the velocity profiles obtained by an exact solution.

In Chapter 10, the notable findings in each chapter are summarized.
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Preface

The aim in this chapter is to present and streamline kinematic rheometry at primary development stage with demonstrations of
fluids with various rheological characteristics. Effective viscosity evaluations based on phase-lag analysis here are performed,
and the potential of kinematic rheometry is stressed to realize quantitative evaluations of complex-rheological behavior. This
work was published in Yoshida ef al., J. Rheol. (2017).

Abstract

We propose a rheometry using ultrasonic velocity profiling (UVP) that visualizes and evaluates quantitatively opaque complex
fluids in a cylindrical open vessel performing unsteady rotation. The methodology termed “ultrasonic spinning rheometry
(USR)” is expected to provide details of various rheological properties. In our study of USR applications, an enhancement in
measuring some rheological properties was achieved for three different non-Newtonian fluids. For quantitative evaluations,
we focused on momentum propagation in unsteady shear flows from an oscillating cylindrical container. In such flows, this
propagation is represented in the radial profiles of the phase lag of velocity fluctuations. The phase lag information is obtained
by a discrete Fourier transform of the spatio-temporal velocity distributions measured using UVP and indicates that the phase
lag changes substantially as rheological properties change in a test fluid. As the primary rheological property, a local effective
viscosity that is representative of the Newtonian viscosity in the bulk of a measurement volume is determined using UVP.
In addition, the shear stress distribution, yield stress, spatial viscosity profile, and shear modulus are obtained as secondary
rheological properties.
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Chapter 2. Rheological evaluation of complex fluids using USR in an open container

2.1 Introduction

Like two wheels of a bicycle, rheometry together and suitable rheological models have importance in evaluating rheological
characteristics in the fields such as polymers, biology, food processing, and dispersion systems. Most fluid materials dealt
with in these fields are non-Newtonian having shear-rate-dependent viscosities [1], exhibiting, for example, shear banding
[2] and shear history effects [3]. The development of a universal rheometry that can deal with fluids having any rheological
property is an ultimate goal of rheology. Conventional spinning rheometers, employing double cylinders, cone and plate, and
double disks, are useful in providing details of physical properties such as the apparent viscosity and linear viscoelasticity
subject to simplifying assumptions such as Couette flow in a thin test fluid layer. In practice, however, the behavior is not in
accord with assumptions, with differences arising between the expected and actual velocity profiles. Measuring rheological
properties, therefore, involves numerous factors associated with errors in conventional systems based on measurements of
spinning shear flows and torques. This problem is known as the “Couette inverse problem” [4—6]. Furthermore, there are
complexities arising from multiphase fluids that have discontinuities associated with their physical properties because the
plate separation in conventional measurement systems is narrow [7, 8].

To mitigate such problems, an alternative approach to rheometry, termed velocity-profiling rheometry, which measures
the velocity profiles directly, has been proposed in the last decade. Various approaches have been used such as ultrasonic
velocity profiling (UVP) [9], ultrasonic imaging velocimetry [10], magnetic resonance imaging velocimetry [11, 12], par-
ticle imaging velocimetry (PIV) [2, 13, 14], and laser Doppler velocimetry (LDV) [15, 16]. Magnetic resonance imaging
velocimetry is required for use in very large measurement facilities but is not suitable for unsteady fluid flows. Both PIV
and LDV require transparent test fluids whereas most fluids of interest are opaque. If ultrasonic waves can propagate in the
fluids, UVP measurements of opaque fluids such as concentrated suspensions are possible and some work involving UVP
rheometry has been reported [17-19]. Ouriev and Windhab [18] proposed an in-line UVP-pressure difference (PD) tech-
nique, a combination of UVP measurements and PD measurements. This can be used to calculate parameters of rheological
models, such as the shear-rate-dependent viscosity, the power law model, and the Herschel-Bulkley model, to give the best
profiles representing the measured velocity profiles under measured pressure difference assuming steady flows. A selected
rheological model that does not fit the test fluid cannot provide a useful result. Fluids including different ingredients, bubbles,
or particles, are examples of this. Derakhshandeh ef al. [19] adopted UVP for a wide-gap double-cylinder system that was
combined with axial torque measurements to evaluate the rheology of fine fiber suspensions. This approach requires selecting
a suitable rheology model and hence suffers from the same problems as the in-line UVP-PD method. These methodologies
achieve precise estimates of the rheological properties of fluids that obey ordinary rheological models, but they are not useful
in evaluating rheological properties of general complex fluids encountered in industry and nature that do not obey simple
rheological models. Originally, the spatio-temporal velocity fields measured using UVP reflect all rheological properties and
provide a rich source of rheological information. Adopting highly sophisticated rheological models for estimations removes
the need to evaluate a precise but restricted set of rheological properties.

A rheometry using UVP for complex fluids in rotating cylindrical systems without requiring an inner cylinder to measure
the axial torque was proposed. With simple, open cylindrical containers, measurements of a wide range of target properties
are possible. Termed ultrasonic spinning rheometry (USR), this approach has been adopted to evaluate the effective viscosity
of a bubbly liquid, corresponding to the Newtonian viscosity in the bulk of a measurement volume of UVP containing tiny
bubbles [20]. In the analysis, the phase lag in the velocity fluctuations propagating from the oscillating cylinder wall to
the inner part of the fluid is related to the local effective viscosity. Shiratori et al. [21] proposed a model-free USR for
a quantitative evaluation of the shear-rate-dependent viscosity without adopting any rheological model. This was achieved
through a combination of UVP and axial torque measurements in a doublecylinder system as a general circular Couette flow.
This method was used to evaluate the viscoelastic properties of fluids using the oscillatory motions of the inner cylinder,
and the relationship between strain, strain rate, and shear stress representing the properties as a “flow surface” similar to the
flow curves representing shear-rate-dependent viscosity [22]. An ultrasonic visualizer of the rheological characteristics was
developed [23]; here the spatio-temporal velocity field of test fluids in an oscillating cylinder are measured using UVP, from
which the distributions of velocity, strain rate, and deformation are calculated and thereby provide in an intuitive manner
features of the fluid characteristics.

Through a series of studies, our experimental arrangement has progressed toward a universal USR for general complex
fluids including multiphase fluids by extracting information embedded in spatio-temporal velocity distributions measured
using UVP. USR makes it possible to quantify various properties from a single measurement of the velocity distributions. The
velocity distribution measurements are completed within seconds, and USR can be used to evaluate instantaneous rheological
properties that can change rapidly with time. The purpose of the present study is to extend the regime of applicability of
USR to general complex fluids through sophisticated signal processing. The proposed USR will provide rapid qualitative
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evaluations of rheological characteristics and quantitative estimates of such properties in local bulk volumes (cylindrical
measurement volume of UVP), principally the effective bulk viscosity of complex fluids. To demonstrate USR capabilities,
three test fluids are chosen as examples of thixotropic fluids, shear-thinning fluids, and multiphase fluids. The apparatus,
theoretical basis, and procedures of USR are detailed in §2.2. Details of the test fluids are then summarized, followed by an
evaluation of the rheological properties of each test fluid.

2.2 USR

2.2.1 Experimental arrangements

Given the setup of the experimental apparatus (Fig. 2.1), the experiments were conducted in an open vertical rotating cylinder
made of acrylic resin with 145-mm inner diameter (2R) and 65-mm high, 2-mm thick lateral wall. There is no lid on the
cylinder, which is filled with the test fluid, leaving the top surface of the fluid layer free. The cylinder is mounted at the center
of a 1000 mm X 1000 mm water bath to maintain a uniform temperature T, and to allow ultrasonic waves to propagate from
outside the cylinder. Oscillations of the cylinder are controlled by a stepping motor set for a given oscillation angle ® and
oscillation frequency f. During an oscillation of the cylinder, the velocity distribution of the fluid is measured using UVP. The
ultrasonic echoes obtained are processed using an UVP monitor: Model Duo (Met-Flow S.A., Switzerland) to calculate the
spatio-temporal velocity distribution. The type of ultrasonic transducer influences the accuracy of the UVP measurement, and
selection takes into account the attenuation of the ultrasonic waves in the test fluid media, minimization of the measurement
volume, and reduction in the measurement error in accordance with the fundamental understanding of the UVP method (e.g.,
[9]). To obtain the azimuthal component of velocity, an ultrasonic transducer of resonance frequency 4 MHz and 5 mm
effective element diameter was mounted in the chamber at a horizontal displacement Ay from the centerline of the cylinder.
The UVP measures the velocity component u; parallel to the measurement line n at each measurement point on the line.
Assuming that the axisymmetric flow field and the velocity component in the radial direction is negligible compared to the
azimuthal component, the azimuthal velocity component uy is

uy = & @2.1)

Ay

at a radial position r. Installation of the transducer requires careful handling. Because the measurement volume for UVP is
considerable, a much smaller Ay creates significant error and enhances measurement errors. In contrast, larger Ay induces
an inflection in the ultrasonic wave at the inner surface of the cylinder wall as a consequence of the large curvature effect.
Empirically, based on the results of previous studies [20, 23], Ay = 15 mm was selected. The distance to the wall also
needs the proper setting to avoid influences of partially reflected ultrasonic waves at the outer surface of the cylinder. The
distance, therefore, was adjusted by monitoring the ultrasonic echo in an oscilloscope experiment. The transducer was set at
40 mm from the bottom of the cylinder to avoid effects of shear stress caused by oscillations at the cylinder bottom plate. The
bottom of the cylinder has an axisymmetric down slope running from the cylinder wall to the center (Fig. 2.1) to suppress the
generation of meridional secondary circulations, which induce a considerably large radial velocity component. Suppressing
the radial flow requires special attention to ensure the quality of the profiles of the azimuthal velocity component. The range
of applicability of USR is determined by that of UVP, and thus cases of very viscous fluids, for example, larger than 10° cSt,
and highly concentrated multiphase media would be outside this range because the attenuation of ultrasonic waves in the
media is appreciable.

2.2.2 Theoretical basis for USR

With this methodology, rheological properties, such as the local Newtonian viscosity, shear stress distribution, and shear
modulus, are evaluated quantitatively by comparing the phase lag between the analytical solution and the experimental results.
For a comparison of the experimental results of the characteristics of momentum propagation, Tasaka ef al. [20] derived an
analytical solution for the spatiotemporal velocity distribution of Newtonian fluids. Assuming an axisymmetric flow field and
a unidirectional flow in the azimuthal direction, the conservation of angular momentum for the fluid flow is considered as
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(a) I

145 mm

2R

(b)

UVP-Duo

Stepping motor I

Figure 2.1: Schematics of the experimental apparatus for measuring velocity distributions of oscillating shear flows using
UVP; (a) top view of the rotating cylinder without the outside container; (b) side view.

12



2.2. USR

When fluid density p and viscosity u is regarded as constant, Eq. 2.2 for incompressible fluids is modified to

Oug Pug  10ug  uy
E_V arr " roor rz)’ @)
where v is the kinematic viscosity of the fluid. In Appendix B, it is discussed that the viscosity variance can be regarded as
constant in Eq. 2.2. An analytical solution is solved with the initial condition; ug(r,# = 0) = 0, and boundary conditions;
up(r = R, 1) = Ugan sin wt and ug(r = 0,7) = 0, where w = 27 f and the oscillation amplitude is given as Uyay = 272 fRO/180.
Further details of the derivation are given in [20].

Here, to confirm the applicability of the analytical solution in the analysis of the experimental data, the azimuthal velocity
distribution of silicon oil was measured; this test fluid is typical Newtonian fluids. Figure 2.2 shows a plot of the radial
variation of the phase difference ¢ against the cylinder wall comparing the analytical solution and the experimental results for
silicon oil with v = 300 mm?/s, f = 1.0 Hz, and ® = 80°. In this figure, the radial position is normalized by the radius of the
cylindrical container, R. The corresponding analytical solution is given as

ug = UyanA(r) sin[wt + ¢(1r)], 24

-1 PrRY() — O()¥r
O(r)Og + Y(N¥r’

by Tasaka et al. [20]. The ®g, O(r), Wg, and Y(r) terms are terms of an infinite series. The phase difference ¢(r) of the
experimental data is obtained from a 100 s time series of the instantaneous velocity profiles via a discrete Fourier transfor-
mation as the phase of the most dominant frequency component in the power spectrum. The experimental result is in good
agreement with the analytical solution for this Newtonian fluid, therefore, the analytical solution may be adequate in describ-
ing unsteady flows in the present system. There is considerable, systematic deviation between experimental and theoretical
results near the cylinder center in the range, /R < 0.3. This is because the size of the flow circulation compared with the
measurement volume: Near the center of the rotating cylinder, the flow changes its direction over a short distance and this
influence becomes considerable compared with the measurement volume of UVP.

¢(r) = tan (2.5)

1

A Experimental result

—— Analytical solution
08 |
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Figure 2.2: Comparison of the radial variation in phase difference along the cylinder wall between experimental for silicon oil
(kinematic viscosity 300 mm?/s, oscillating frequency f, = 1.0 Hz, oscillation amplitude ® = 80°, temperature T = 25°C)
and the analytical solution with v = 300 mm?/s.

2.2.3 Procedure for evaluating rheological properties

For a quantitative evaluation of general complex fluids, an algorithm for the inverse problem is established using details of the
velocity fluctuations obtained in unsteady shear flows. A schematic of the procedure for distinguishing rheological properties
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is summarized in Fig. 2.3. Here, we use the phase lag from the cylinder wall calculated using the discrete Fourier transform
(DFT) analysis on the spatio-temporal velocity distribution of unsteady shear flows measured using UVP. This provides some
advantages in the analysis as summarized below.

First, this analysis can be applied to results with an oscillation period as short as 1 s, which is typical with time resolutions
of 25 ms and an oscillation frequency f = 1.0 Hz. It is possible to track large changes in instantaneous viscosity as for shear
thinning fluids or Bingham fluids. In addition, the influence of measurement noise can be reduced using phase information
calculated from the frequency analysis instead of using the spatio-temporal velocity distribution directly: Spike-like noise
which is typical of UVP measurements can be removed with the Fourier transform procedure to obtain the local phase
difference. Even with the phase information, long-duration measurements may be useful in ensuring a robust estimation of
the viscosity of fluids that have constant or slowing-varying viscosity values under the applied shear stress. This enables
adjustments in setting optimum measurement times for estimates of a wide range of fluids.

Second, the radial profile of the phase lag can be used to distinguish the rheological characteristics of test fluids: Constant
phase lag regimes correspond to rigid rotation and such regimes may be regarded to occur with fluids having elastic properties
or very high viscosity values. Regimes with a changing phase lag indicate fluidization areas and thereby can be regarded as
fluids with viscous or viscoelastic properties. For example, radial profiles showing a discontinuous variation indicate the
existence of boundaries between different regimes of a rheological property.

Finally, the analysis is able to evaluate viscosity values from the gradient of the phase lag, because phase lag represents
momentum propagation reflecting viscosity values. By comparing the phase lags of the experimental results with results
obtained from the analytical solution, it is possible to evaluate spatial viscosity profiles. Profiles of constant viscosity values
indicate that the test fluid is a pure Newtonian viscous body, and therefore, the shear stress distributions 7() can be derived
according to Newton’s law of viscosity.

Different spatio-temporal velocity distributions contain information representing rheological characteristics other than
just the phase difference. As an example of an application of such distributions, a methodology for estimating the shear
modulus in elastic deformations G is demonstrated below to show the potential of USR.

2.3 Demonstration of the potential of spinning rheometry when applied to com-
plex fluids

In this section, we discuss the applicability of USR in evaluations of rheological properties through demonstrations of three
test fluids with different rheological properties.

2.3.1 Test fluids

To emphasize the range of application of our method, montmorillonite suspensions, a fluid food (low methyl pectin gel:
LM-pectin gel), and a curry paste containing dispersed solid ingredients were chosen as test fluids. These are, respectively,
examples of thixotropic fluids, shear thinning fluids, and fluids with relatively large ingredients. This section describes in
detail the rheological characteristics of each fluid.

Montmorillonite is a clay mineral; Fig. 2.4 shows a schematic of a montmorillonite particle and the structures presented
by the particles in a solvent. The particles are polygonal platelets nanometer thickness extending 0.1 — 1 gm in width.
When these particles are dispersed in ionic water, the suspension is a structurally stable through by interactions that has
been termed a “Card house structure,” as suggested in Fig. 2.4 (right). This structure however is easily broken into smaller
clusters under very weak shear stresses. If still standing in suspension, the structure restores itself with a recovery time
trec. Hence, this complex behavior of the suspension, specifically, time-dependent gelling and high-shear thinning [24]
in termed thixotropy. As yet, no measurement system has been established to quantitatively evaluate these behaviors of
such suspensions. However, they have been estimated from results attained in various previous investigations [25-27]. In
particular, montmorillonite suspensions undergo significant changes in rheological behavior through unsteady shear stresses
like those occurring in Bingham fluids, including time-dependent recovery. This describes the qualitative characteristic of the
fluid behavior as complex characteristics in determining the rheological properties. Establishment of quantitative details of the
rheology of this thixotropic fluid demonstrates the robustness in using USR here. A montmorillonite suspension was prepared
by adding 4.0 wt.% powder to 0.01 mol/L. NaCl aqueous solutions. (The rheological properties of the suspensions strongly
depend on this added volume in addition to the powder concentration.) For full swelling of the particles, the suspension was
left for one day before measurements were taken. After filling the cylinder, the suspension was stirred vigorously to eliminate
any shear stress history.

14



2.3. Demonstration of the potential of spinning rheometry when applied to complex fluids

Experiment Input parameters: pf, @ | Ceeeeeeeeeeeeeeeees
v
\
- Analytical solutions of the oscillating flow
ug (i, £) for Newtonian fluids
Azimuthal translation V
ug(n;, t) Estimating G ug(r;, t)

- e e e e e e e e e e e e e e e e e e e e e e e e =

O
=]
—
©
=
=N
<
w2
Z.

L e e e e e e e e e e e e e = =
y \
Phase lag from the cylinder wall Phase lag from the cylinder wall
5 1
: dp(r) _ ¢(rip) — (1) —123 :
: dr Tig1—Tic1 o :
L e o= . 1

) Discordance
Comparlson ..............................
_______________________ \ J/ Accordance
1
! dug(r,t) ug(r,t)\ . Case; constant value
L T(rt) = u( - < u(ri)
E dr r ! :
J )
mA
T
—— Newtonian \\
Ty | | et Shear thinning \
---- Bingham
etc... >
1.0 »R

Figure 2.3: Schematic outline of the analysis process of USR to evaluate the “local” Newtonian viscosity.
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Figure 2.4: Schematics of a montmorillonite particle and the breakdown process of its thixotropic structures.

The second test fluid, LM pectin gel is a dessert base (Fruiche, House Foods Group, Inc.). This has a gelling action arising
from the interaction between Ca** inside the milk and the chain structure of the LM-pectin polymers. In the food industry,
this interaction has been used to thicken fluid foods forming complicated entangling clusters causing an egg-carton-shaped
structure (Fig. 2.5). An exerted momentum, for example, from shear stress, reduces the cluster size caused by suppressing
the interactions between polymers. Thus, the LM-pectin mixture exhibits a shear thinning [28]. Such fluid foods display
a stronger viscoelastic behavior than montmorillonite suspensions. When the fluid food propagates a momentumlike shear
stress or by stirring, it exhibits both springlike and dashpotlike characteristics. In this experiment, we prepared the fluid food
following a published recipe (House Foods Group Inc. recipe): (200 mL milk for each 50 mg of powder; the specifications
of the milk used are 85 mg Na, 227 mg Ca, and 6.5 g protein in 200 mL). This fluid includes a lot of fruit pulp, which has
formless shape and deforms under shear stress. Thus, this fluid features boundaries in its distributions in physical properties
arising from shear deformation.

Low methyl ester (LM) pectin Egg box structure

Figure 2.5: Schematics of LM-pectin cluster and the egg-carton structure.

The third test fluid is a curry paste, which is a commonly consumed fluid food containing relatively large pieces of
ingredients. An ordinary retort-pouched curry paste (Bon curry, Otsuka Foods Co.) was chosen. Figure 2.6 shows that some
of the ingredients, such as lumps of fat and spices, are non-uniformly dispersed in the curry paste. In addition, the shapes
and sizes of the ingredients are nonuniform. Thus, being highly complex, details of its rheological properties or indeed other
liquids containing such ingredients are difficult to obtain. The curry paste includes beef tallow and butter made from milk.
The melting point of the beef tallow is around 40°C and that of the butter 30 — 40°C. With low melting points, these fluids
result in a decrease in viscosity with increasing temperature. Here, we want to evaluate essentially the effective viscosity of
this complex suspension using the proposed rheometry.

2.3.2 Results and discussion

The spatio-temporal velocity distributions measured by UVP reflect the rheology of the test fluids, and based on this a
qualitative evaluation of the rheology can be obtained from these distributions. Rheological properties were measured and
analyzed according to the procedure summarized in Fig. 2.3. From the analysis, the applicability of the present method to the
various types was assessed using the measurement resolutions of the UVP, as specified in Table 2.1. The spatial resolutions
specified in the table were determined theoretically from the number of cycles of ultrasonic wave and the speed of sound
in the test media. The actual number of waves in a single emission of ultrasonic waves changes depending on the damping
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Figure 2.6: Photo of curry paste containing dispersed ingredients [https://boncurry.jp/, Feb. 16 2020].

quality of the piezoelectric elements in ultrasonic transducers, and usually increases. There is, however, no considerable
spatial averaging effect due to larger measurement volume at least in the experiments in this study; for example, see Fig. 2.1.

Table 2.1: Experimental parameters of different test fluids.

Test fluid Time [ms] Velocity [mm/s] Spatial resolution [mm]
Montmorillonite suspension 25 1.304 0.74
LM-pectin gel 25 1.368 0.75
Curry paste 24 1.563 0.78
Silicon oil (300 mm?/s) 30 0.664 0.62

2.3.2.1 Montmorillonite suspension

With the montmorillonite suspension, assuming axisymmetry and unidirectional flow in the azimuthal direction, the spatio-
temporal velocity map obtained by the UVP can be converted into a radial-temporal distribution of the azimuthal velocity
component. Figure 2.7 shows the distribution obtained at different elapsed oscillation times with f, = 1.0 Hz in the oscil-
lation frequency and ® = 90° in amplitude; here the vertical and horizontal axes indicate the radial positions normalized
by the radius of the cylindrical container, R, and the spin-cycle time. The gray scale contours represent the azimuthal ve-
locity normalized by the maximum azimuthal velocity at the cylinder wall, Uy (= 272 fRO/180). From these distributions,
the oscillation of the azimuthal velocity propagates as a damped wave from the wall to the center of the cylinder. From
Figs. 2.7(a)-2.7(e), the phase lag from the cylinder wall to the inner parts of the fluid develops into the inner region of the
fluid layer with time. Because the phase lag represents local rheological properties as explained in §2.2.3, this development
typifies the thixotropic behaviors of the suspension as the viscosity decreases with applied shear stress. There is a constant
phase-lag regime in the inner region of the cylinder, which can be assumed to be an unyielded region maintaining the gel state.
The boundary between the yielded and unyielded regions moves gradually toward the center, cycle-by-cycle, and reaches an
equilibrium state around ¢ = 1800 — 1900 s [Fig. 2.7(e)]. To quantify the phase lag, the velocity distributions were analyzed
by time-directional DFT for 1 s periods. Figure 2.8 shows the radial profiles of the phase lag based on the cylinder wall
oscillation at each time interval section (a)—(e) indicated in Fig. 2.7.

The phase lag profiles assume almost constant values except near the cylinder wall at the beginning. With increasing
oscillation time ¢, the phase lag becomes larger and the regime with phase lag widens progressively. This indicates that the
viscosity of the suspension in the cylinder is decreased by the applied shear stress from the oscillating cylinder. Eventually, the
development of the phase lag profiles converges at time section (e), # = 3600 s from the start of the oscillation of the cylinder.
There are two clearly separated yielded and unyielded (fluidized or unfluidized) regions illustrated in Fig. 2.8 (right). The
discontinuity in the curve at which the profiles show a change in the variation (see Fig. 2.8) indicates the boundary between
the yielded and unyielded regions.
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Figure 2.7: Azimuthal velocity distributions of the montmorillonite suspension (4.0 wt.% powder to a 0.01 mol/L NaCl
aqueous solution) at different elapsed oscillating time, where the oscillation frequency, amplitude, temperature, and recovery

time are f, = 1.0 Hz, ® = 90°, Ty = 20°C, and t,,. = 100 min, respectively; Uy, = 715.5 mm/s.
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Figure 2.8: Phase lag of the local velocity fluctuations from the cylinder wall at each time step (a)—(e) indicated in Fig. 2.7,

and schematic of phase lag.

18



2.3. Demonstration of the potential of spinning rheometry when applied to complex fluids

In the yielded region for each time step in Fig. 2.8, the gradient of the phase lag profile remains largely unchanged.
This suggests that the fluids in the yielded region have assumed distinct rheological properties. In the figure, the dashed
inclined line indicates the phase lag profile obtained from the analytical solution for Newtonian fluids given in Eq. (2.5).
The profile corresponds closely to that at time step (e) within the range 0.75 < r/R < 1.0, and therefore, the suspension
in the yielded region can be assumed to behave as a Newtonian fluid similar to Bingham fluids, which has a yield stress
and no viscoelasticity. The least-squares approximation representing the best representation of the experimental profile in
the 0.8 < r/R < 1.0 range provides a corresponding Newtonian viscosity u = 0.489 Pa-s. In a previous study [29],
the value of montmorillonite suspensions with the same NaCl percentage as in the present suspension was estimated as
0.528 Pa - s using a conventional rheometer. The conventional rheometer has measurement uncertainties in addition to random
measurement errors, deriving from the influence of shear banding, slipping at the wall, and other phenomena, whereas the
present measurement evaluated the value in the pure Newtonian regime. Considering measurement uncertainties, these values
achieve good agreement. Additionally, this shows that the present rheometry using UVP is able to monitor the evolution of
yielding from the cylinder wall to the inner region as a typical rheological behavior of the suspension.

Assuming that the suspension in the yielded region is a Newtonian fluid makes it possible to estimate the local shear stress
using Newton’s law of viscosity

(2.6)

T(r,t) = pu [dugd(:, D — u—:]

Substituting the analytical solution of Eq. (2.4) into Eq. (2.6) provides the shear stress distribution in the yielded region. The
maximum value among the radii in the time series is shown in Fig. 2.9 as a dashed curve. Also, plotted for comparison are
the shear stress values calculated from the experimental results with the numerical derivatives of Eq. (2.6) obtained using the
secondary central difference method. The plots show rather large deviations from the analytical solution near the wall, but
further away from the wall the variation follows the analytical solution. For the present experimental conditions, the boundary
between the yielded and unyielded regions is around r/R = 0.7; Fig. 2.9 implies that the shear stress value at /R = 0.7 is
suggestive of a yield stress value Ty = 4.57 Pa for the suspension. It is often difficult to evaluate the yield stress value by
rheometry using only velocity information, and this result highlights the advantage of the present rheometry.
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Figure 2.9: Radial profile of the local maximum shear stress; the dashed line represents the values calculated from the
analytical solution with an estimated viscosity and the data points are from the spatio-temporal velocity distribution shown in
Fig. 2.12(e) using numerical derivatives.

The original spatio-temporal velocity distributions measured by UVP in the present system provide more information
of the rheology than the phase difference extracted from the distributions, whereas the phase difference still provides robust
estimates of the viscosity via the analytical solution. As an example of further analysis that is possible from the rheology with
the velocity distribution, we next focus on variations in the velocity distribution immediately after the start of the oscillation.
In Fig. 2.8(a), the inner fluid flow is stationary, and the fluid exhibits elastic properties. Immediately after the oscillation
starts, there is an elastic wave propagating with velocity v.. From the elastic-wave theory [30], v, is given by
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Chapter 2. Rheological evaluation of complex fluids using USR in an open container

where G and p denote shear modulus and density, respectively, with p a constant value. As v, varies proportionally to G/,
this makes it possible to estimate the shear modulus from the azimuthal velocity distributions obtained by UVP. Here, the fluid
density can be regarded as constant with respect to relaxation time because the speed of sound kept constant with changing
the relaxation time. Figure 2.10 shows the instantaneous radial velocity profiles immediately after the oscillation begins.
Here, an initial damped wave propagates from the cylinder wall; its speed can be estimated from the velocity distribution.
The front edge of the wave can be estimated by introducing a threshold, in the present case uy/ Uy, = 0.1 was chosen. The
speed of the damping wave ve is obtained from v, = Ar/At (see Fig. 2.10).
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Figure 2.10: Initial development of the radial velocity profiles with time increment of 0.025 s for various staring times of the
cylinder oscillation extracted from the results for the montmorillonite suspension given in Fig. 2.7.

The propagation speed v, and Eq. (2.7) provide the shear moduli, G, for different recovery times after stirring, #... The
logarithmic plot of G versus f in Fig. 2.11 gives the dependence of the shear modulus on recovery time. Rand et al. [31]
proposed an empirical formula of the recovery time dependence on the shear modulus G given by

tl'CC “
G =Gy (—) ,tp=1s. (2.8)
Io

Here, Gy and « are the zero shear modulus and a constant exponent, respectively. The results obtained obey this formula and
using a least-squares fit on the plot (Fig. 2.11) provides values of Gy = 19.73 Pa and @ = 0.22, respectively. These values
seem quite reasonable in comparison with the time-dependence of the rheological properties such as the thixotropic behavior.
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Figure 2.11: Shear modulus versus recovery time after stirring.

2.3.2.2 LM-pectin gel

For the LM-pectin gel, Fig. 2.12 shows the azimuthal velocity distributions of the LM-pectin layer at various elapsed oscil-
lation times measured using UVP. The measurements were performed after leaving the gel at rest for 100 min after mixing.
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Figure 2.12: Azimuthal velocity distributions at each elapsed oscillating time measured using UVP in LM-pectin gel, where
the oscillation frequency, amplitude, and temperature are f, = 1.0 Hz, ® = 60°, and Ty = 15°C, respectively; Uy =
477.0 mm/s.

As unidirectional flow can be realized, the parameters of the oscillation were set at f, = 1.0 Hz and ® = 60° in each of
the measurements in the test fluids. The oscillation in the azimuthal velocity propagates from the wall to the center of the
cylinder as a damped wave. The time development of the velocity distributions is similar to that in the montmorillonite sus-
pension, specifically, the region near the wall with radial variations in the phase lag widens and the boundary of the region
has a constant phase lag that moves toward the center. However, the development of the velocity distribution appears to be
slower than the montmorillonite suspension. To quantify the development of the phase lag profiles, the phase lags of the
velocity distribution were obtained from the DFT analysis detailed in §2.2.3. To obtain a smooth curve for the phase lag,
velocity distributions of longer periods of 100 s were used for the analysis. Figure 2.13 shows examples of the radial phase
lag variations obtained at periods, t = 0 — 100 s, = 600 — 700 s, and ¢ = 1800 — 1900 s.
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Figure 2.13: Phase lag of the local velocity fluctuations from a cylinder wall for different 100 s waiting-time intervals, and
schematic of phase lag.

In the initial period (¢ = 0 — 100 s), the phase lag has a plateau region at the inner part, and with increasing oscillation
time, the curve of the phase lag changes progressively and orderly. In comparison with the results for the montmorillonite
suspension (Fig. 2.8), the phase lag in the profiles in Fig. 2.13 shows a smoother variation from the cylinder wall to the center
of the container, and there is no clear boundary between yielded and unyielded regions. This can be ascribed to changes in the
polymer structure in the gel. Polymerization and gelation of fluids provide a shear-dependent viscosity and elastic properties,
and the relaxation of the polymer structure and storage of shear stress by elastic effects make the boundary diffuse. Also, the
slope of the curve in the yielded region is not constant, but increases over time. This suggests that the rheological properties
are not constant in the yielded region and that the effective viscosity decreases with time. The curve plots of the phase lag
indicate qualitatively rheological properties like the Herschel-Bulkley viscous suspensions unlike the viscous properties of
Bingham plastic such as the montmorillonite suspension. The shape of the profiles does not change from that shown in
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Fig. 2.13 at r = 1800 — 1900 s, and it may be assumed that the modification of the polymer structure reaches a terminal state
in relation to the shear conditions.

Assuming a fluid of very large viscosity, momentum propagation for unsteady shear flows in a fluid reaches very large
speeds. The resultant phase lag has a constant value at each radial position as in rigid rotation. Paradoxically, the resultant
phase lags were strongly dependent on the viscosity value of the test gel fluids because the information obtained of the phase
lags indicates momentum propagation from the wall to the center. In other words, a decrease in the viscosity value of the
test fluid causes an increase in the phase lag. In Fig. 2.13, changes in the phase lag for different elapsed cycle numbers are
indicative of viscosity decreases from the shear stress induced by the oscillation. The gradient of the phase lag profile changes
continuously in the radial direction, and this suggests a radial variation in viscosity. Here, the gradient is estimated using the
discrete equation of the secondary central difference method,

dgr) _ ¢(ri+1)_¢(ri—1)’l. — 1.2 3, 2.9)

dr Fisl = Fi

Figure 2.14 displays plots of the gradients in the phase lags of the spatio-temporal velocity distribution taken from the LM-
pectin gel measurements; that for the montmorillonite suspension is shown in Fig. 2.8(e). The dashed lines represent the
gradient profiles calculated from the analytical solutions using the Newtonian viscosity for various kinematic viscosities, and
these form contour lines of viscosity. The profiles of the gradients show clear tendencies despite deviations arising from
higher measurement noise appearing because of the numerical calculation of the derivatives. For the LMpectin gel, the data
points in the first period (# = 0 — 100 s) yield the largest fluctuations among all the data. This is because the viscosity of the
test fluid changes considerably immediately after the start of the oscillation from shear thinning effects. The gradient profile
for montmorillonite maintains a nearly constant value for /R > 0.7, suggesting that it behaves like a Newtonian fluid in
this region. The following sharp drop in the gradient around /R = 0.7 indicates that there is a buffer region between the
Newtonian-like fluid and the unyielded regions as noted in §2.3.2.1. The local gradient of the phase lag has a corresponding
Newtonian viscosity, and therefore, it is possible to determine local effective viscosities which reflect all of the viscoelastic
effects as Newtonian viscosity. The effective viscosity is determined from the local crossing points of the gradient profiles
with the contour lines of the corresponding viscosities.
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Figure 2.14: Gradient of the radial profiles of the phase lag for different elapsed time, where contour lines represent results
from the analytical solution for various kinematic viscosities.

Figure 2.15 shows results of the spatial viscosity analysis for each profile of the phase gradient (shown in Fig. 2.14); only
the 0.8 < r/R < 0.95 range is shown for clarity. These plots for the first period of the LM-pectin (f = 0 — 100 s) have larger
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viscosities at all radial positions than at the following periods, ¢ = 600 — 700 s and ¢t = 1800 — 1900 s. In the second period,
the viscosity is small near the cylinder wall and increases toward the inside of the cylinder. The plot of the third period
(t = 1800 — 1900 s) shows a more gradual increase in the viscosity than at earlier periods and takes similar values as the
second period near the cylinder wall: Here, the viscosity appears to converge to the lower limit of the viscosity. Decreases
in the viscosity are caused by fragmentation of the clusters in the LM-pectin gel, and therefore, the smallest viscosity around
1000 mm?/s may correspond to the limit of the breakup because of the applied shear stress at the wall. Different from
the LMpectin gel, the plots for the montmorillonite suspension assume an almost constant viscosity around 470 mm?/s
(corresponding to 0.489 Pa - s) at all radial positions. This result indicates that the particle clusters in the suspension are fully
fragmented in this radial range, and hence the suspension may be considered to behave as a pure (uniform) viscous fluid.
In addition to these results, the kinematic viscosity of silicon oil (300 mm?/s at 25°C; see corresponding phase-lag profile
in Fig. 2.2), which is a Newtonian fluid, was evaluated to be near 300 mm?/s. This provides supporting evidence of the
measurement precision of the present estimation procedure; within 5% accuracy assuming 300 mm?/s is the true value with
no deviation.
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Figure 2.15: Local effective viscosity distributions of LM-pectin gel at each elapsed time and the distributions of montmoril-
lonite suspension and 300 mm?/s silicone oil.

2.3.2.3 Curry paste with dispersed ingredients

Figure 2.16 shows the azimuthal velocity distributions of curry paste in cylindrical unsteady shear flow with an oscillation
frequency f = 2.0 Hz and amplitude ® = 45° obtained for two temperatures 7y = 35°C (upper panels) and 40°C (lower
panels). Comparing these figures indicates that the spatial velocity distributions are considerably different at 20 < t < 21 s;
the distributions for Ty = 40°C also change more considerably. To evaluate this change quantitatively, the phase lags of the
fluctuation were calculated in a DFT analysis, as in §2.3.2.1. To capture the time development of the phase lag, a 1 s period
was chosen for the DFT analysis.

From the time variations in the phase lag profiles for the two preset temperatures (Fig. 2.17), the phase lag increases with
time for the lower temperature, and the variation is more pronounced near the wall as indicated by the distortion in the phase-
lag profile. This result arises most likely because of the shear thinning viscous behavior in rheological properties of curry
paste due to the solid clusters of beef tallow and other ingredients. For the higher temperature, the phase-lag variation is more
gradual. Generally, the viscosity of fluids decreases with increasing temperature. However, this result indicates the contrary,
with an increase in viscosity with temperature. This phenomenon occurs because of dilatant behavior from a concentration
of ingredients in curry paste. At the lower temperature, the viscous resistance and centrifugal forces on ingredients are
balanced. However, because the viscosity of beef tallow decreases with increasing temperature, centrifugal forces exceed
the viscous resistance, and this allows the ingredients to move more freely. A slight radial motion of the ingredients may
increase momentum propagation from the wall that is reflected in a widening of the area with phase lag. This phenomenon is
correlated with the melting point of beef tallow (almost 40°C) and butter (30 — 40°C) in curry paste.
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Figure 2.16: Azimuthal velocity distributions of the curry paste at each elapsed oscillating time, where the oscillation fre-
quency and amplitude are f, = 2.0 Hz and ® = 45°, respectively, setting temperatures are; (upper) 7o = 35°C, and (lower)
Ty = 40°C; Uyan = 715.5 mm/s.
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Figure 2.17: Radial-time distribution of phase lag in the local velocity fluctuations from a cylinder wall for curry paste at
fixed temperatures (a) Ty = 35°C, (b) Ty = 40°C.
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2.4. Conclusion

To determine quantitative differences in the rheological characteristics between two set temperatures, phase lag profiles
(Fig. 2.18) were obtained from an analysis of all the time profiles (25 s) using the DFT analysis. From their trend of phase-
lag profiles, evaluating the effective viscosity is difficult as it is influenced by the dispersed multiphase properties in curry
paste. By averaging the gradients of the phase lag at each radial position, estimates of the viscosity in the bulk volume can
be obtained. From these averaged gradients in the radial range, /R = 0.8 — 1.0, the values estimated for the viscosity were
3022 mm?/s for Ty = 35°C and 6479 mm? /s for Ty = 40°C. These values are effective bulk viscosities for the test fluids plus
ingredients, estimated from momentum transfer from the cylinder wall. In brief, the viscosity of beef tallow decreases with
increasing temperature that simultaneously allows the ingredients to move more freely in the radial direction. This increases
the effective bulk viscosity in the solution estimated with the present USR.
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Figure 2.18: Phase lag of the local velocity fluctuations from a cylinder wall for curry paste at two fixed temperatures.

2.4 Conclusion

To provide a visualization and quantitative evaluation of opaque and complex fluids, which are commonly encountered in
industry and nature, we have proposed a rheometry using UVP, termed USR, which permit measurements to be taken of
fluids in an open cylindrical vessel undergoing unsteady rotation. The USR approach provides a qualitative evaluation of
rheological characteristics and a quantitative estimate of rheological properties in the local bulk volume. The principle
property is the effective bulk viscosity of general complex fluids using phase-lag information extracted from spatio-temporal
velocity data measured by UVP.

Three fluids, montmorillonite suspension, LM-pectin gel, and curry paste, with different complex behaviors were used
as test fluids to demonstrate the utility of USR. These test fluids are typical examples of thixotropic fluids, pseudo plastic
fluids, and fluids containing large semisolid ingredients. For the montmorillonite suspension, the phase lag appears as its
time-dependent viscosity decreases in the suspension through unsteady shear stress induced by oscillations at the cylinder
wall. In the yielded region, the radial profile of the phase lag closely follows the analytic solutions for a Newtonian fluid;
the corresponding Newtonian viscosity was found to be u = 0.489 Pa - s along with a yield stress of 7y = 4.57 Pa. The
local gradients of the phase-lag profiles lead to corresponding viscosities, and this makes it possible to obtain local effective
viscosities, which reflect all viscoelastic effects as an effective Newtonian viscosity. The effective viscosity is determined
from the local crossing point of the gradient profile with the contour of the corresponding viscosity. For LM-pectin gel, a
decrease in the viscosity occurs through the fragmentation of large gel clusters into smaller ones, and the smallest viscosity
recorded, of around 1000 mm?/s, may correspond to the limit at which clusters break up near the container wall under the
applied shear stress. In the determination of the viscosity of curry paste, the viscosity values were estimated at 3022 mm?/s
for Ty = 35°C and 6479 mm?/s at Ty = 40°C. These values are effective bulk viscosities of curry paste plus ingredients,
estimated from momentum transfer from the cylinder wall.

In summary, USR provides useful rheometry determining instantaneous rheological properties in the local bulk volume
(corresponding to the cylindrical measurement volume used for UVP). The measurement of the velocity profiles is completed
within seconds and USR is able to capture rheological properties in a run-time manner. Postprocessing to extract useful
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rheological information offers excellent potential for obtaining details of other rheological properties. Further developments
of USR could establish a method for evaluating not only the viscosity but also the elasticity from velocity information
something that appears highly attractive. Other options may include methods for measuring viscoelasticity through linear
analysis using a rheology model such as the Maxwell model for complex fluids. In performing linear viscoelastic analysis
with velocity information only, measurement noise will be a considerable problem to overcome. The development of UVP
technology and ultrasonic velocimetry in general also has been progressing. Ultrasonic measurements of velocity fields still
have a large potential in resolving and expanding on current information [32-34]. These developments will improve the
capability of USR procedures.
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CHAPTER 3

Rheological properties of montmorillonite
dispersions in dilute NaCl concentration
investigated by USR

Contents
30 INtroduction . . . v v v v vt e e e e e e e e e e e e e e e e e e e e e e e e e e 30
3.1.1 Rheology of montmorillonite dispersions . . . . . . . ... ... L o L o 30
3.1.2  Ultrasonic theometry . . . . . . . . . . . . e e e e e e e e 31
313 ODbJeCtiVe . . . o o e e e e e e e 32
3.2 Materialandmethod . . . . . . . . . i i i i i e e e et e ettt e 32
3.2.1 Conditions of test diSPersions . . . . . . . . . ... e e e e e e 32
3.2.2  Experimental arrangement of ultrasonic spinning rheometry . . . . . . . . ... ... .. ... ... ... 33
3.2.3  Analysis of effective Newtonian visCoSity . . . . . . . . . . o o o i i e e e 33
3.3 Results of rheological evaluation for Mt dispersion . . . . . . . . . . . i it ittt 33
3.3.1 Velocity and phase-lag profiles . . . . . . . . . ... 33
3.3.2 Particle network recovery in the dispersion . . . . . . . ... Lo 35
3.3.3 Evaluations of shear-rate-dependent viscosity . . . . . . . . . . . . ... 37
334 Flowcurveunder shearbanding . . . . . . . . . ... L 40
34 Conclusion . . . . .0t ii e ee e e e e e e e e ee eeee e e e e e eeeeeeeeeeeee 43
g (5 (2 1 T 43
Preface

The aim is to prove that the kinematic rheometry presented in Chapter 2 can reveal the capability to clarify the unexplained
phenomena as practical methodology. The kinematic rheometry using phase-lag analysis here shows promise for the ap-
plication of elucidations of unexamined phenomena in clay rheology. This work was already in Yoshida et al., Appl. Clay
Sci. (2018).

Abstract

Rheological changes of gelled montmorillonite dispersions with different NaCl concentrations and alkali conditions were
evaluated by ultrasonic spinning rheometry. It uses velocity-profile information that is obtained in an open-cylindrical con-
tainer under periodic oscillations. The measurement was conducted with a focus on the rheological behavior at a low shear
rate O(1 s™1), which is difficult to measure because of shear banding. The rheometry represents the coexistence of gel and sol
conditions in dispersions as profiles of the phase lag of oscillations that are propagated from the cylinder wall. The critical
shear rate at a yielding point and the onset of shear-thinning behavior was quantified, which has been regarded as only an
apparent or speculated value by many previous researchers. Viscoelasticity from particle networks in the dispersion was
observed, and the networks deform like a spring, without breaking the structure under low-shear-rate conditions.
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Chapter 3. Rheological properties of montmorillonite dispersions in dilute NaCl concentration investigated by USR

3.1 Introduction

3.1.1 Rheology of montmorillonite dispersions

Particles of montmorillonite (Mt), which is a type of smectite, are polygonal platelets with a O(nm) thickness and a 0.1- to
1- um planiform size. When Mt powder swells in ionic solvents, the dispersions provide typical rheological characteristics
arising from networks of Mt particles that are termed thixotropic characteristics [1, 2], as summarized in the review by [3].
These characteristics have been utilized in field such as agriculture, civil engineering, and nuclear engineering, as drilling
muds, adsorbents, and nanocomposites. In these applications, the networks must be understood, which are structuralized pas-
sively with a time-dependence and with physical bonding forces. An anomalous viscosity or viscoelasticity of the dispersion
is given by structuring networks, which are affected by particle aggregation or flocculation as a result of particle attractive or
forces. Three main factors influence the structuring: Van der Waals attraction, electrostatic repulsion, and Coulomb attraction
forces [4, 5].

According to [6], the particle networks in Mt dispersions vary according to solvent pH and ionic strength as summarized
in Fig. 3.1. The particle has electrocharacteristics of a large permanent negative face charge that arise from isomorphic
substitution within the particle structure, and a pH-dependent edge charge at the end of the structure. The negative charge is
compensated by exchangeable cations. The electrostatic interaction between the particles can change easily by pH and cation
concentration in the solution. These electrical characteristics promote the structuring of stable networks at microscopic scales,
and therefore, the dispersions result in an anomalous viscosity or viscoelasticity in the macroscopic rheological properties

[7].
pH < 4: spontaneous

coagulation pH > 6: coagulation high edge

pH < 6: coagulation at very by salts charge density
small salt concentration

S
edge(—)/face(—)

edge(+)/face(—) face(—)/face(~)

Figure 3.1: The different modes of coagulation of swelling Mt particles [6].

Particle networks in the dispersion have various microscopic structures, which are classified into two types, namely,
house-of-cards and band-type structure. The former is a stable structure with edge/face bonding, and is only formed in acidic
media for edges that are positively charged, or in slightly alkaline media above the critical salt concentration [6]. If the
concentration increases gradually beyond a critical value, the structure changes from the house-of-cards to the band-type
structure [7]. This occurs because the ionic strength shifts from an edge/face to a face/face network, which causes high
densities of edge charges from an increase in salt concentration as shown in Fig. 3.1.

To understand the rheological properties of different structural networks, some factors have been investigated through
experimental and theoretical research at microscopic scales [8§—10]. When structural transitions occur, the structure type and
attractive force between each particle changes as expected from DLVO theory [5, 11], which describes the forces between
charged surfaces that interact through a liquid medium. Macroscopic responses result from these microstructures, the strength
of interactions in each particle increases with respect to the salt concentration [12]. Brandenburg er al. [4] indicated that
the viscosity changes significantly depending on the solvent, pH, fluid temperature, Mt powder density and sodium salt
concentration, when they aimed to understand the electrical interactions between each particle.

At pH < 6 (isoelectric point), when particle networks are broken by a shear force, they can reconstruct instantly and
spontaneously because of positive edge charges. This reconstruction is a key factor of thixotropy. In contrast, at pH > 6, the
particles disperse homogeneously because of negative edge charges. However, salt addition allows each particle to structure
networks because attractive forces exist through the cations. The thixotropy is also developed in this situation, and the
thixotropic properties change with an increase in salt concentration unless the particles completely aggregate in fluid media.

A typical transition map at pH > 6 with changes in salt concentrations is deduced from some experimental investigations
by using torque rheometry and microscopy [4, 13—16] as summarized in Fig. 3.2. Each structure can be broken and the
particles are dispersed by shear forces, and are reconstructed by leaving them at rest. The strength of particle networks
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3.1. Introduction

indicates that this map is divided into three phases from the rheological observations, namely, a viscous, a viscoelastic, and
an elastic phases. These represent totally dispersed, flocculated, and aggregated conditions, respectively.

Leave at rest

Shear force

Viscous Viscoelastic Elastic
I ~ — / pH > 6 (Isoelectric point)
— _—f ~ I ——_ _
— I T+1L

7\ B

Dispersion House-of-cards Band-type

Salt concentration in Mt dispersion

Figure 3.2: Regime map of particle networks in the Mt dispersion with changes in salt concentration, shear force and leave at
rest, deduced from previous studies [4, 13 —16].

Many investigations have been performed to reveal the quantitative mechanical response of dispersions and to control
dynamic fluid behaviors. Experimental approaches are divided into two main types; an assumption of the microstructural
network from a macrorheological response [17-19], and an assumption of the macro-rheological response from microscopy
[20, 21]. Because no measurement systems exist that enable us to obtain microscopic structural deformations directly, recent
research is still focused mainly on only the macro-mechanical response under high-shear-rate conditions by using torque
rheometers. Minimal research exists on the macro-rheological response by using torque rheometry.

This has occurred because of limitations and problems from shear banding [22-24] and wall slip [25] for applications
to Bingham or Herschel-Bulkley fluids under low-shear-rate conditions, such as a co-existing gel and sol media. Few ex-
perimental investigations exist on thixotropic fluids with unsteady shearing, because torque rheometers can evaluate only
macro-rheological properties, including influences from the problems mentioned above. The properties are defined as an
apparent viscosity or plastic viscosity, are the most significant sources of ambiguity for conventional torque rheometers, and
are termed the “Couette inverse problem” [26-28].

3.1.2 Ultrasonic rheometry

To overcome these limitations and to reveal the rheological characteristics of dispersions with thixotropic behaviors, another
rheometry approach was proposed recently in which ultrasonic waves are used [29-32]. A rheometry using ultrasonic velocity
profiling (UVP) [33] was proposed; UVP can measure instantaneous velocity profiles along propagation lines of ultrasonic
waves.

We proposed a rheometry using UVP for complex fluids in rotating cylindrical system without requiring an inner cylinder
to measure the axial torque, termed ultrasonic spinning rheometry (USR) [34-37]. This technique can be applied even for
opaque liquids and for complex fluids.

With simple, open cylindrical containers, measurements of a wide range of target properties are possible. Different simple
shear conditions are realized as spatial distributions by setting the oscillation frequency f and the amplitude © to different
values. Shiratori et al. [35] proposed a model-free USR for the quantitative evaluation of a shear-rate-dependent viscosity
without using any rheological models. A supplemental axial torque measurement was used to satisfy the boundary conditions
to solve the equations of motion.

Tasaka et al. [37] used USR to evaluate the effective viscosity of a liquid with tiny bubbles as a corresponding Newtonian
viscosity in a UVP measurement volume under strong oscillatory shear flows. In an analysis of this approach, the phase lag
of velocity fluctuations that propagated from the oscillating cylinder wall to the inner part of the fluid is related to the local
effective viscosity. Here, the viscosity is determined from local information on the phase lag, and thus the method can provide
spatial viscosity distributions. As an advanced USR analysis mentioned in Chapter 2, the method was established for general
complex fluids, such as strong viscoelastic fluids and fluids with dispersed O(10 mm) solid materials. Spatial effective
viscosity profiles, yield stresses, and elastic moduli of Mt dispersions were evaluated by analyzing only the instantaneous

‘) HOKKAIDO UNIVERSITY 3




Chapter 3. Rheological properties of montmorillonite dispersions in dilute NaCl concentration investigated by USR

velocity profiles. From these branches of applicability in previous reports, USR system raises the possibility of evaluating
rheological properties in complex fluids in more robust methodology than conventional rheometry, such as rotational torque
rheometry.

3.1.3 Objective

In this paper, unexamined rheological properties of Mt dispersions are evaluated by using USR. The rheological responses
of the dispersion show great differences, especially under relatively low-shear-rate conditions in unsteady shear flows. USR
is applicable to the existence of shear banding, which have been dealt with by using an empirical valuation because of
the limitations mentioned above. USR can provide proof of critical shear rates to achieve particle-network breakdown as
summarized in Fig. 3.2. The changes in critical shear rates with NaCl concentration for cases where sols and gels co-exist are
explored to understand shear-rate-dependent viscosity and shear-banding effects.

3.2 Material and method

3.2.1 Conditions of test dispersions

Kunipia-F (Kunimine Industries Co., Ltd.) was used as the test material. According to [38], its structural formula calculated
from chemical analysis is Nag g4Cag 05Ko.01[Si7.82Alp 13][Al3 19Fep 21 Mg 5,]1020(OH)4. Kunipia-F comprised 99 wt.% of Mt
with other accessory minerals including quartz (chalcedony), feldspar, and calcite [39]. Exchangeable cations were composed
of Na: 108, Ca: 9.18, K: 1.19, and Mg: 0.11 cmol(+)/kg tachi2014integrated. The material included Na,SO4: 4.17 X
10° mol/g and NaCl: 1.54 x 10° mol/g. To prepare fully swelled and homogeneous dispersions with 4.0 wt.% Mt, 40 g
Kunipia-F was swelled in 0.5 L of pure water for two days (48 h). Then, the dispersion was stirred for 30 min and was kept
for a day (24 h). After ensuring that the dispersion was fully swelled, ¢, mol/L NaCl aqueous solution (0.5 L) was added.
Before the experiments, the dispersion was kept for two additional days to ensure that it had reached equilibrium.

The speed of sound is an important property in ultrasonic measurements. The speed of sound in the dispersion is almost
equal to that of water (1480 m/s). Here, the dispersion density is p = 1040 kg/m®. The pH in some prepared dispersions was
measured by using a pH meter (TOA DKK Co., HM-30G) as shown in Table 3.1. The pH was almost constant under the
alkali experimental conditions.

Table 3.1: pH values in each ¢, of Mt dispersion.

cyx[mol/L] 0.01 0.02 0.04 0.08
pH 8.98 9.03 9.06 8.64

To achieve the shear-rate measurement range, 1 — 100 s~!, the oscillation amplitude was set at different ® =
/8, m/4, m/2, 3m/4 rad with a fixed oscillation frequency, f = 1.0 Hz. To approach gel/sol transitions of the Mt
dispersion as determined by NaCl concentration, especially under low-shear-rate conditions, concentrations were set to
¢ = 0.001 — 0.05 mol/L according to [3, 16, ]. The experimental parameters are summarized in Table 3.2. The test fluid tem-
perature was kept constant at 7y = 20°C. After filling the cylinder with the dispersion, the dispersion was stirred vigorously
to eliminate the influence of shear history [3]. For the velocity profile measurements, the UVP requires tracer particles to be
dispersed uniformly in test fluids. Mt dispersions do not require any additional tracer particles for the measurements.

Table 3.2: Experimental NaCl concentration (c,) and oscillating amplitude (®), where the oscillating frequency, f, was 1 Hz
in these experimental parameters.

# c,[mol/L] @[rad] # c[mol/L] ®[rad]
1 0.001 /4 8 0.02 3n/4
2 0.001 /2 9 0.025 /2
3 0.01 /8 10 0.03 /2
4 0.01 /2 11 0.04 /2
5 0.01 3rn/4 12 0.04 3rn/4
6 0.02 /4 13 0.05 3n/4
7 0.02 /2
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3.3. Results of rheological evaluation for Mt dispersion

3.2.2 Experimental arrangement of ultrasonic spinning rheometry

An open vertical rotating cylinder made from acrylic resin with a 145-mm inner diameter (2R) and 65-mm-high, 2-mm-
thick lateral wall, was used as the test container. The cylinder was mounted at the center of a 1000 mm X 1000 mm water
bath to maintain a uniform temperature 7y and to allow ultrasonic waves to propagate from outside the cylinder. Cylinder
oscillations were controlled at a setting oscillation angle ® and oscillation frequency f. Instantaneous velocity profiles of
the fluids in regular oscillations were measured by using UVP. These parameters determine the maximum and minimum
input shear strength for the test fluids, and should be selected carefully to achieve suitable conditions. For large fluctuations
of the maximum shear flow, the flow condition could not maintain unidirectional shear flow because of the non-negligible
meridional circulations.

To process captured echo signals and to calculate spatio-temporal velocity distributions, UVP-model Duo (Met-Flow S.A.,
Switzerland) was selected as the velocity measurement system. To obtain the azimuthal velocity component, an ultrasonic
transducer of resonance frequency 4 MHz and 5 mm effective element diameter was mounted in the bath at a horizontal
displacement, Ay, which is set in the off-axis from the cylinder center to obtain an azimuthal velocity component. Ay =
15 mm was selected from empirical considerations based on the results of previous study [37] and Chapter 2. Assuming that
an axisymmetric flow field and the velocity component in the radial direction are negligible compared with the azimuthal

component, the azimuthal velocity component i is
ugr

=%
at aradial position r. Typical measurement resolutions in time and space are 25 ms and 0.74 mm in the measurement direction

¢, respectively. The radial position in r/R < Ay/R =~ 0.2 cannot be measured due to the off-axis displacement of transducer.
Further details of the configurations are given in previous study [37].

3.1

Uy

3.2.3 Analysis of effective Newtonian viscosity

To evaluate rheological properties, phase-lag analysis was used, and details of the procedure are summarized in Appendix. If
the parameter, ® or f, changes, the measurable range of the shear rate profiles also changes. In terms of parameter settings,
it is very important to satisfy unidirectional flow in the cylindrical container. To expand the measurable range of shear rate,
the oscillation amplitude, ®, was changed. Here, silicone oil (KF-96 300 cSt, Shin-Etsu silicone, Shin-Etsu Chemical Co.
Ltd., Japan) of which its kinematic viscosity precisely is given as 300 mm?/s under low shear rates, ¥ < O(10° s™!), is used to
validate the precision of rheological evaluation. The oil temperature was kept constant at 7y = 25°C by using a thermostatic
bath.

Four oscillation amplitudes, ® = n/8, /4, n/2, 3n/4 rad, were examined and the results of the rheological evaluation
are shown in Fig. 3.3. The vertical and horizontal axes indicate the effective Newtonian kinematic viscosity v and shear rate
Yefr that were obtained from measured velocity profiles (see Appendix). Here, the dashed line shows v = 300 mm?/s, which
is an ideal kinematic viscosity in silicon oil (300 cSt) at 25°C.

Results at @ = 7/8, n/4 rad are almost equal to the index value in each shear rate profile. Irrespective of the oscillating
amplitudes, @, the viscosity results are close to a true value (300 mm?/s). This provides supporting evidence of the measure-
ment precision, especially in the range of 10° < y.¢ < 10% s™'. However, deviations from the value in low g regions, such
as near the center of the cylinder, become larger than any other region. This occurs because, when the velocity fluctuations
are small near the center of the cylinder, quantifications of phase-lag profiles can be influenced strongly by measurement
noises. In addition, relative differences in ultrasonic measurement volume at each radial position influence the results. From
these reasons, the regions to evaluate the viscosity are limited to /R < 0.6 in this report, although it is possible to widen the
regions by enhance the noise filtering methods.

3.3 Results of rheological evaluation for Mt dispersion

3.3.1 Velocity and phase-lag profiles

The azimuthal velocity, ug, were obtained instantaneously by substituting velocity obtained using UVP, u,, to Eq. (3.1),
where the schematic of positional relations between spatial displacement of the ultrasonic beam emitted from transducer and
radial position in the oscillating cylindrical container [Fig. 3.4(a)]. The oscillation was controlled by sine functional angular
velocity, uwan(t) = 272 fRO/180sin 27 ft (= Uy sin 27 f1) [Fig. 3.4(b)]. Thus, velocity in the test fluid is propagated as
unsteady shear flows [Fig. 3.4(c)], where the measured velocity is at case of ¢, = 0.001 (Table 3.2: # = 2). From these
velocity profiles, the shear wave propagates inside from the cylinder wall, where the highest shear rate is applied near the
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Figure 3.3: Measurement results in limited radial range (0.6 < r/R) of shear rate and kinematic viscosity in silicon oil
(300 mm?/s), where each symbol indicates a different oscillating amplitude, ® = 7/8, n/4, n/2, 3m/4 rad.

cylinder wall. UVP with high temporal resolutions O(10 ms) can measure the test fluid motions as spatio-temporal velocity
profiles. Moreover, noises in instantaneous velocity profiles are eliminated by averaging in 100 periods of oscillation (100 s).

With the assumption of axisymmetric and unidirectional flow in the azimuthal direction, the spatio-temporal velocity
map obtained by the UVP can be converted into a radial-temporal distribution of the azimuthal velocity component. The
phase-averaged velocity profiles uy(r, ) in 100 periods of oscillation (100 s) is shown in Fig. 3.5, measured at f = 1.0 Hz,
® = /2 rad, and ¢, = 0.001, 0.01, 0.02, 0.03, 0.04 (Table 3.2: # = 2, 4, 7, 10, 11). The vertical and horizontal axes
indicate the radial positions normalized by the radius of the cylindrical container, R, and the spin-cycle time. The gray-
scale contours represent the azimuthal velocity normalized by the maximum azimuthal velocity at the cylinder wall, Uyyy.
Here, analyzing the instantaneous velocity profiles shown in Fig. 3.4(c) in parallel, the gray-scale contour of Fig. 3.5(a) was
obtained.

Phase lags in the velocity fluctuations result from the oscillating cylinder wall, and these behaviors change with increases
in NaCl concentration. In Fig. 3.5(a), for the lowest case of c,, the phase lags propagate from the wall to inside the fluid
media. A comparison between Fig. 3.5(a) and (b) shows little difference between the velocity distribution near the central
region in /R < 0.6. This difference shows a change in momentum propagation because of the transition in rheological
properties. Moreover, this region with a constant phase lag developed gradually for /R < 0.8 — 0.9 with an increase in NaCl
concentration. As shown for ¢, = 0.04 mol/L, the region reaches r/R = 0.85.

To quantify these phase lags in the velocity fluctuation, a discrete Fourier transform (DFT) was applied. The oscillation in
this system was kept at a constant frequency (f, = 1.0 Hz), so the response of fluid motion appears at this dominant frequency.
Radial profiles of the phase lags calculated from the velocity distributions shown in Fig. 3.5 are summarized in Fig. 3.6(a).
The vertical and horizontal axes show the radial position normalized by the radius of the cylindrical container and the phase
lag that is propagated from the wall, and each symbol represents different NaCl concentrations.

For an easy and intuitive understanding of the entire outline of the plots, illustrations drawn from the relationships between
the ¢ and r/R in Fig. 3.6(b)—(d) were reconstructed. At ¢, = 0.001 mol/L, the phase-lag profile maintains an almost constant
gradient in each radial position. The gradient reflects the momentum propagation that is observed in the velocity fluctuation
as mentioned in Fig. 3.5. For ¢, (= 0.01 mol/L) that is ten-times larger, a bending point in the profile appears near 7/R = 0.6.
The point shifts gradually to the wall with an increase in c,.

At the inner side of the point, the profile plateaus with no significant change in phase lag. The plateau indicates that a
rigid-body medium exists and thus the dispersion is in a gel condition. In contrast, the region with a slope implies that the test
material flows with phase-lag profiles, and thus it is regarded as existing in the viscous or viscoelastic state, such as a sol or a
quasi-sol. The phase lag at ¢, = 0.01 mol/L plateaus for »/R < 0.6. For ¢, = 0.02 mol/L, the plateau expands to r/R = 0.75.
At ¢, = 0.03 mol/L, the region reaches r/R = 0.8. At ¢, = 0.04 mol/L, an interface exists between the phase-lag profiles
with gradients and that with plateaus becomes sharper than other conditions. From previous research, the gel strength and
salt concentration of Mt dispersions are correlated positively in ¢, < 0.1 [7]. The interface can be seen clearly because of the
increase in gel strength.

Restorative forces exist at the interface between the gel and the sol, and thus the profiles with bending include viscoelas-
ticity. If gels do not possess any viscoelastic characteristics around the interface, the gel regions could not be oscillated
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Figure 3.4: (a) Schematic of oscillating cylindrical container and transducer displacement, (b) oscillation angular velocity
fluctuation of cylinder wall uy,(f)/ Uwan, (c) instantaneous and averaged azimuthal velocity profiles uy at each spin-cycle ¢ £,
(i-v) at case of ¢, = 0.001 mol/L (Table 3.2: # = 2).

followed by an unsteady shear force from the viscous regions. For stably structured dispersions of strong particle networks,
strong repulsive or attractive forces exist because of the high response to deformations. Hence, at the gel/sol interface, a
curvature of the phase-lag profiles may relate to a viscoelasticity in the Mt dispersions.

3.3.2 Particle network recovery in the dispersion

Ionic strength enhances not only the gel strength but also recovery time scale of the particle network in thixotropic fluids. But
actually, measurements using a torque rheometer to obtain the recovery time scale have to take many repeated trials of high
and low amplitude shearing. USR system can reveal instantaneous response placed important information in thixotropy, such
as a time dependence. By utilizing real time monitoring in the advantage of USR, behaviors of the time dependence in Mt
dispersion can be captured quantitatively.

The ionic strength enhances the gel strength and the recovery time scale of the particle network in thixotropic fluids.
However, measurements to obtain the recovery time scales require many repeated trials of high- and low-amplitude shearing.
A USR system can reveal an instantaneous response, which indicates the importance of thixotropy, such as time dependence.
An advantage of USR is the use of real-time monitoring, in which the time-dependent behavior of the Mt dispersion can be
captured quantitatively.

To evaluate the recovery speed at different c,, Mt dispersions at two NaCl concentrations (Table 3.2: # = 8, 12) were
prepared. After filling the cylindrical container with dispersion and stirring it sufficiently to break down the particle networks,
velocity measurements were conducted for 1500 s. To quantify the change in phase lag with time, DFT analysis was conducted
every four cycles (tf = 4). Time variations of the phase lag are shown in Fig. 3.7, where the vertical and horizontal axes
indicate the radial position that is normalized by the cylinder radius and the periodic cycles. The gray scale indicates phase
lags from the cylindrical container wall, where different scales are provided for each distribution for better visibility.

In Fig. 3.7(a), the phase lag for ¢, = 0.02 shows an almost linear slope in the entire radial position immediately after
the measurement started and is shown in Fig. 3.7(c)-i as an instantaneous profile. According to the relationship between
the profile shape and the rheological properties mentioned above, the dispersion is a quasi-Newtonian sol state in the entire
cylinder. As the oscillation periods increase, zf, the profiles converge gradually to a certain shape at 7f ~ 1400. This result
means that the profiles reach the terminal equilibrium state under the set oscillation conditions. The profiles at tf = 1400 as
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Figure 3.5: Radial-temporal distributions of azimuthal velocity of the Mt dispersion in 4.0 wt.% powder in different NaCl
aqueous solutions, ¢, = (a) 0.001, (b) 0.01, (c) 0.02, (d) 0.03, (e) 0.04 mol/L, where the oscillation frequency, amplitude,
maximum angular velocity, temperature, and recovery time are f, = 1.0 Hz, ® = n/2 rad, Uy, = 715.5 mm/s, Ty = 20°C,

and 100 min, respectively.
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Figure 3.6: (a) Radial profiles of phase lag of local velocity fluctuations from the cylinder wall at each NaCl concentration in
Fig. 3.5, and reconstructed schematics of phase-lag profiles at (b) ¢, = 0.001, (c) 0.02, and (d) 0.04 mol/L.

shown in Fig. 3.7(d)-ii are different from that at 7f = 50 [Fig. 3.7(c)—i]. The profile bends at around /R = 0.6, which means
that the dispersion layer restores the network structures as the gel region (r/R < 0.6) inside the quasi-Newtonian sol region
(r/R > 0.6).

The profiles for ¢, = 0.04 in Fig. 3.7(b) change significantly more than those for ¢, = 0.02 with the convergence time
being approximately ¢f = 380. Immediately after the measurement starts [Fig. 3.7(b)], the profiles as extracted in Fig. 3.7(c)—
iii show a more gradual variation than those of Fig. 3.7(c)-i. The profile of Fig. 3.7(c)—i has an almost linear shape, whereas
that of Fig. 3.7(c)-iii has a round and a plateau region. In Chapter 2, the shape of Fig. 3.7(c)-iii is similar to that of
polymer solutions with viscoelastic characteristics, thus the dispersion in ¢, = 0.04 immediately after stirring behaves like a
viscoelastic body. Here, the viscoelastic characteristics result from microscopic structures that are maintained by the particle
networks even after strong stirring. After reaching terminal equilibrium states, although the profiles of Fig. 3.7(d)—ii and iv
have similar shapes, considerable differences exist. The profile of Fig. 3.7(d)—iv has a wider plateau region, which indicates
a wider gel region than that in Fig. 3.7(d)—ii. The profile of Fig. 3.7(d)—ii shows a sharper bending than that of Fig. 3.7(d)-iv.
Both differences may be explained by a dependence of the robustness of the particle networks on the NaCl concentration. At
lower concentrations, weaker particle networks cannot sustain the microscopic structures. The viscoelasticity and stronger
gelling do not manifest under an applied periodic shear stress, whereas the solution with a larger concentration achieves such
properties. These results mean that the recovery speed of particle networks and the viscoelastic response of the networks are
influenced strongly by changes in NaCl concentration.

3.3.3 Evaluations of shear-rate-dependent viscosity

In §3.3.1 and 3.3.2, the phase-lag profiles that are obtained from velocity distributions provide key information to approach the
rheological properties under conditions with the co-existence of a gel and sol response. To evaluate the shear-rate-dependent
viscosity of the Mt dispersions, we have explained the basic concepts and validations in §3.2.3, and some data processing
will be described in Appendix. Experiments were conducted with parameters as summarized in Table 3.2.

The results of kinematic viscosity measurements with different oscillation amplitudes to widen the range of exerted shear
rates are summarized in Fig. 3.8(a). The measurement conditions are specified in Table 3.2 (# =1, 2, 3, 5, 6, 8, 9, 10, 13).
The vertical and horizontal axes show a kinematic viscosity and effective shear rate, respectively. Here, in previous report [37]
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Figure 3.7: Radial-time distribution of phase lag in local velocity fluctuations from a cylinder wall for Mt dispersion at
(a) ¢, = 0.02 mol/L and (b) ¢, = 0.04 mol/L immediately after stirring, where the oscillation frequency, amplitude, and
temperature are f, = 1.0 Hz, ® = 37/4 rad, and Ty = 20°C, respectively, and (c) and (d) are the extracted phase-lag profiles
from (a) and (b) at i: zf, = 50, ii: tf, = 1400, iii: tf, = 10, iv: tf, = 380.
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and Chapter 2, the obtained viscosity was calculated by assuming that all non-Newtonian effects, such as the viscoelasticity
and shear-thinning viscosity, can be reflected into an effective Newtonian viscosity.

@ o ¢ —0001(#=1,2) & c =0025#=09)
c.=001 (#=3.5) s c.=003 (#=10)
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B
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Figure 3.8: (a) Measurements of shear rate and kinematic viscosity in Mt dispersion, where each symbol indicates oscillation
amplitude ® and NaCl concentration c,, (b) visualized images of deformation obtained from velocity profiles in 7f, = 0.25 at
cases of ¢, = 0.001, and 0.025.

For ¢, = 0.001, as indicated by open circle symbols, plateau regions exist with deviations in 1.0 < y.x < 3.0 s™!. The
tendency changes gradually to a monotonic decrease for y.¢ > 3.0 s, where Mt dispersion has a sol condition. It may exhibit
homogeneous dispersed behaviors, which is regarded as viscous fluids. Thus, the velocity fluctuations propagated constantly
with viscous damping from the cylinder wall to the center. At the turning point of the tendency between the plateau and the
monotonic decrease, a critical shear rate exists, which is able to achieve a shear-thinning behavior. One of the reasons why
this occurs is that plate-like particles could be aligned in the circumferential direction.

The result for ¢, = 0.01 exhibits a large difference from that for ¢, = 0.001, especially for y. < 2.0 s™', where the
kinematic viscosity decreases significantly as the shear rate increases. This occurs because a certain critical shear amplitude
exists at yo¢ ~ 2.0 s! between a gel and a sol states. The constant-viscosity state appears in 2.0 < yeg < 5.0 s~!. From the
state at a higher shear rate than 5.0 s™!, the viscosity decreases with an almost constant gradient at ¢, = 0.01.

For larger concentration cases at ¢, = 0.02 and 0.025, the tendency in variation is almost the same as the case for ¢, = 0.01,
but the critical shear rate increases. For ¢, = 0.03, the kinematic viscosity decreases monotonically and the range for the
constant viscosity disappears [Fig. 3.8(a)]. The profile for ¢, = 0.05 appears as a parallel shift of the profiles for ¢, = 0.03 to
the larger y.q side. According to previous research [8, 40, 10], a dispersion gel strength increases as the cation concentration
increases because of aggregation or flocculation, which is a consequence of enhancements in electrical attractive effects.

Here, actual deformations of Mt dispersions (# = 2, 9) in unsteady oscillations were visualized using measured uy to be
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compared with the viscosity measurement results. From visualized images [Fig. 3.8(b)], the square grids were deformed at all
radial positions when ¢, = 0.001 and 7f = 0.25. On the other hand, when ¢, = 0.025 and ¢f = 0.25, the grids kept its shape
inside of the cylinder wall from dash-enclosed region. In comparison of the anomalous viscosity regions (dash-enclosed line
as shown in Fig. 3.8 and deformation visualized by azimuthal velocity profiles, the regions placed in intermediate between
gel and sol.

When Mt dispersion in stable gel state deforms, responses from the deformation appear as restorative and repulsive forces.
Typical responses in viscoelastic media are similar to the mechanical characteristics of a spring. So, the viscoelastic effects
appear as an effective Newtonian viscosity in the negative slope, shown in Fig. 3.8(a) (dash-enclosed line). Furthermore, the
viscoelastic response changes at a critical shear rate because of the breakdown of stable particle networks.

Salt concentration
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Figure 3.9: Schematic of relationship between different NaCl concentrations, shear rate, and kinematic viscosity, considering
experimental results of Mt dispersion shown in Fig. 3.8; e.g., the left region of the critical shear rate shows a viscoelastic
response, and the right is a Newtonian (plateau region) and shear-thinning (inclination region) viscous response.

The relations of the effective Newtonian viscosity, the NaCl concentration, and inferable particle networks are schemat-
ically considered in Fig. 3.9. These schematics of the inferable particle networks are based on previous researches [6, 13].
If the particle networks change from the house-of-cards to the band-type structure with increases in salt concentration, the
rheological response in different types of particle networks shows a clear difference in viscoelasticity. The experimental re-
sults indicate anomalous viscosity conditions that are caused by the house-of-cards structures at low salt concentrations occur
at a lower shear rate compared with the band-type structures at high salt concentrations. This means that the viscoelasticity
changes with structural transitions that are caused by salt concentrations. The rheological response of the band-type structure,
therefore, shows a relatively stronger viscoelasticity than that of the house-of-cards.

3.3.4 Flow curve under shear banding

To produce flow curves from the experimental results, the shear stress, 7(r), can be calculated from v(r) and y.4(r) by
Newton’s law of viscosity as:

7(r) = u(r)¥er(r) = pv(r)yes(r) (3.2)

where 7 and p denote the shear stress and density of the test fluid, respectively. From this equation, it is assumed that
v(r) accommodates with y.¢(r) at each “local” radial position, where the shear stress profiles are obtained without torque
measurement. The flow curve is a rtheological expression, which can represent the fluid characteristics from relations between
the shear rate and the shear stress, and especially the shear-rate-dependent viscosity.

Flow curves from these experiments are provided in Table 3.2 (# = 2, 4, 7, 9, 10) and are shown in Fig. 3.10. The
vertical and horizontal axes indicate the shear stress T and effective shear rate 7., respectively. To compare the difference
between Newtonian and non-Newtonian fluids, experimental results of the silicon oil (300 mm?/s) mentioned in §3.2.3 were
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also plotted on the same graph. The silicon oil flow curve has an almost constant gradient for each effective shear rate, y.g.

Thus, the flow curve that is obtained in this study is identical to that obtained by empirical knowledge.
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Figure 3.10: Flow curves of Mt dispersion with different NaCl concentrations (Table 3.2: # = 2, 4, 7, 9, 10) and silicon oil
(300 mm?/s, Ty = 25°C, ® = x/2 rad).

For ¢, = 0.001, the shear stress increases monotonically with respect to the effective shear rate, but its slope changes at
Vet = 3 871, For ¢, = 0.01, for J.q close to 1 s~!, the shear stress is larger than that at ¢, = 0.001. It decreases significantly
with an increase in J.q, and reaches a minimum at ¢ ~ 4 sL. Beyond this shear rate, the shear stress increases linearly and
its slope changes at . ~ 7 s~!, which is similar to the behavior for ¢, = 0.001. For larger c,, the flow curves shift to a higher
shear rate and maintain their shape, and thus the shear stresses increase at each turning point, where the slope of the curves
changes.

According to previous research using a rotational torque rheometer [5], flow curves under similar conditions to the Mt
dispersions was estimated. The flow curves, however, are unclear in evaluations of rheological characteristics especially under
the condition of ¥ < O(1 s™!) due to limitations on the rotational torque rheometry. Thus, plastic or apparent viscosity has
been used to express the rheological properties. The flow curves of Mt dispersion in this report have a negative slope below
the critical shear rate. Mgller et al. [41] have already proofed by two different types of measurement that flow curves of yield
stress fluid have a negative slope below the critical shear rate, which was used gel formed from an aqueous suspension of
charged colloidal particles. The fact of this previous report offers evidence that the flow curves revealed rheological properties
of Mt dispersions in lower shear rate. It cannot be evaluated directly using rotational torque rheometry due to influences of
shear banding.

In the rotational torque measurements, shear banding phenomena is an unavoidable problem especially when low shear
rates are applied to yield stress fluids. According to [42], flow curves at a lower shear rate than at critical shear rates are
difficult to obtain because of instabilities in flow behaviors. In that case, shear banding is somewhat trivially observed when
the yield stress of the fluid under scrutiny lies between the maximum and minimum local stresses [24]. Then, the shear
stresses obtained from torque measurements were outputted as broad stress plateaus in the flow curves. Since the shear
banding has variety of expressions and definitions and changes depending on rheological approaches what is focusing on, we
consider that shear banding is what the flow curve behaves as typical multiple functions (e.g. Fig. 4 in [24]).

Based on the results, the flow curves are explained as shown in Fig. 3.11; critical shear rates and stresses lead to changes
in rheological properties. Here, 7y, 7, ¥y, and ¥ indicate the yield stress, critical shear stress at the onset of shear thinning,
critical shear rate at the yield stress, and critical shear rate at the onset of shear thinning, respectively. Assuming that the flow
curves follow this tendency, the critical values are estimated as summarized in Table 3.3.
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Table 3.3: Estimated results of critical values in shear stress and shear rate.

cx[mol/L] [ 0.001 0.01 0.02 0.025 0.03 0.04
Yyll/s] - 3.88 8.78 22.83 31.20 42.15
7y[Pa] - 0.65 1.91 2.80 4.01 5.04
s[1/s] 2.55 7.47 18.13 27.41 - -
75[Pa] 1.65 251 3.50 4.10 - -
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Figure 3.11: Schematic of flow curve in gelled Mt dispersion divided into three regions, where 7y, 75, ¥y, and ¥ indicate the
yield stress, critical shear stress at the onset of shear thinning, the critical shear rate at the yield stress, and the critical shear
rate at the start of shear thinning, respectively.

Viscoelastic effects appear in the results for . < ¥y as shown in Fig. 3.11; the shear stress profiles decrease significantly
with an increasing y.g because of sharp changes in kinematic viscosity shown at the left of the critical shear rate in Fig. 3.9. In
these rheometry measurements, the kinematic viscosity is obtained as a local effective viscosity, which reflects all viscoelastic
effects and represents a Newtonian viscosity. Thus, these significant changes on the flow curves at a lower effective shear rate
than y, reflect viscoelastic responses.

Important findings in this section are summarized as follows; (1) the rheological properties of the Mt dispersion with
a dilute NaCl concentration are a Newtonian and shear-thinning viscosity; (2) the yield stress, 7y, appears for NaCl con-
centrations larger than the critical value (¢, > 0.01 mol/L in this paper), where 7, and ¥, increase with an increase in cy;
(3) shear-thinning behaviors occur at the critical shear stress and shear rate, 7¢ and 5, respectively, which increase with an
increasing c,. Considering changes in the flow curves with an increase in NaCl concentration, three important findings are
caused by attractive forces of particle networks, which can affect the rheological responses under low-shear-rate conditions;
(4) states of Newtonian viscosity are not observed for ¢, > 0.03 in the studied range of y.g-.

Critical values that were estimated at different c, are arranged in Fig. 3.12, which indicates that the Newtonian viscosity
state shrinks with an increasing c,. Viscoelasticity magnifications result because particle networks are considered to deform
flexibly like springs above critical salt concentrations without breaking. If this viscoelastic effect is dominant in connections
between the particles, states of Newtonian viscosity may disappear. Then, y; becomes unclear for ¢, > 0.03.

Fluids in which particles are dispersed homogeneously can indicate a Newtonian viscosity. Attractive forces in the particle
network increase with an increase in c,, so homogeneous particle dispersions may be difficult to maintain. Instead, particles
maintain networks under unsteady shearing and responses against the shear force emerge as a viscoelasticity. The Newtonian
viscosity region shrinks with an increase in c, as shown in Fig. 3.12. Hence, a sudden yielding and shear-thinning response
against shear forces is observed at ¢, = 0.04. The particle networks can be shifted from the house-of-cards to the band-type
structure with an increase in c,. This occurs because, at ¢, ~ 0.04, the particle networks of the band-type structure can deform
more easily than the house-of-cards structure because of sliding in the shearing direction. A higher critical shear stress results
than for the house-of-cards because of increases in the bonding force between particles.
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Figure 3.12: Critical values (7y, 75) and NaCl concentration.

3.4 Conclusion

Ultrasonic spinning rheometry (USR) was adopted to study the rheological properties of gelled Mt dispersions under low shear
rates, which has been difficult to be measured by conventional torque rheometries because of the instability of thixotropic
fluid flows and the appearance of shear banding. Significant findings in these experimental results for Mt dispersions at
different NaCl concentration are as follows:

1. Mt dispersion with a dilute NaCl concentration exhibit a Newtonian and shear-thinning response, depending on shear
rate.

2. Recovery speed of the particle networks changes with respect to the ionic strength of the dispersion.

Critical shear rate and stress at the yielding and shear-thinning point increases with an increase in NaCl concentration.

4. Viscoelastic effects are dominant above a critical NaCl concentration because of the high attractive force in each
particle.

et

The viscoelastic effects are enhanced with an increase in NaCl concentration. At a low shear rate O(1 — 10 s7!), the
Mt particle networks, which have different structures based on the NaCl concentration, can maintain their structure and
exhibit stretching behaviors such as that of a spring. For NaCl concentrations that exceed a certain critical value, the state
of Newtonian viscosity may disappear because of the viscoelastic effects in connections of each particle. Thus, we speculate
that changes in viscoelasticity with changes in NaCl concentrations imply structural transitions from the house-of-cards to
the band-type networks.

Because the rheological responses dramatically shift with a change in the microscopic-particle networks, an alternative
approach is strongly desired instead of the conventional torque rheometry. USR has a large potential in resolving unexamined
issues and completely understanding in the rheological characteristics of Mt dispersions.
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CHAPTER 4

Linear viscoelastic analysis using
frequency-domain algorithm on oscillating
circular shear flows for bubble suspensions
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Preface

The aim in this chapter is to present the linear viscoelastic analysis of kinematic rheometry that can quantitatively divide
the rheological property into viscosity and elasticity. This establishment leads to raising the level of kinematic rheometry to
understand the more detailed rheology of complex fluids. The work was published in Tasaka et al., Rheol. Acta (2018).

Abstract

To achieve a stable evaluation of the linear viscoelasticity of bubble suspensions, which have difficulties for conventional
rheometers from spatial distributions of rheological properties with bubble deformations, we proposed a novel rheometry
based on spatio-temporal velocity data obtained by ultrasonic velocity profiling (UVP). A frequency-domain algorithm was
adopted to overcome a critical influence of measurement noise on the rheological assessment, which is inferred from error
propagation characteristics through the equations of motion in discretized form. Applicability and advantage of the present
rheometry with the frequency-domain algorithm were verified by two kinds of fluids: high viscous oil as a Newtonian fluid
and polyacrylamide aqueous solution as a shear thinning, viscoelastic fluid. The rheometry was finally adopted for bubble
suspensions subject to high oscillatory shear, and it could validly extract elasticity-originated momentum transfer as a function
of space.
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Chapter 4. Linear viscoelastic analysis using frequency-domain algorithm on oscillating circular shear flows for
bubble suspensions

4.1 Introduction

Regarding aspects such as quality control of products, safety issues, and more efficient processing in any industrial field,
details of rheological properties of fluid media are required. The development of highly precise torque meters has made it
possible to provide good estimations of such details. Along with rheological models that are constitutive equations describ-
ing the stress response in materials, rotational rheometry has provided details of properties using only a small number of
characteristic constants. Nevertheless, rotational rheometry assumes simple Couette flows produced in a narrow gap between
the stator and rotor connected to torque meters. However, dispersed multiphase media, which are not seen as a continuum
even at the macroscopic scale, are difficult to measure. Non-ideal conditions run counter to the assumption of Couette flows
required to solve the “Couette inverse problem” to obtain the original rheological properties (e.g., [1-3]). Furthermore, in
measurements of multiphase media, additional complexities arise for example from the presence of interfaces in gap size
(e.g., [4, 5]).

A focus of our studies on the rheology of multiphase media is bubble suspensions for understanding the mechanisms
underpinning drag reduction from injected bubbles (e.g., [6, 7]). Bubbles accumulated in flow elements, strong shear layers,
and vortices create locally different rheological properties in conditions of unsteady shear flow in turbulence. Beginning
with the appearance of the classical theory on dilute spherical suspensions (assuming that surface tension is strong enough to
sustain the spherical shape) in [8, 9], the study of suspension rheology has a century long history. By considering capillary
number, the theory was extended to deformable bubbles in simple steady shear flows [10], and its applicability was validated
by experiments [11]. Choi and Schowalter [12] provided a more sophisticated equation that considered higher orders in the
volume fraction to extend the theory to larger volume fractions. Despite the progress made over the century, there remain
aspects to be explained about the elastic response attributed to surface tension effect in unsteady shear flows [13—15].

For a rheological evaluation of multiphase media, there are two issues to be solved: (1) the narrow-gap problem and (2)
the inverse Couette problem. The Stokes-type rheometry, for instance, the falling sphere rheometry (bubble suspensions; e.g.,
see [16]) and commercial turning sphere rheometry (BMS, Anton Paar GmbH), can avoid the issues arising from Couette-
type rheometry. However, the rheological properties evaluated using these methods correspond to aggregated rheological
properties because of the multidimensional, multicomponent flows dealt with. Thus, the rheological properties obtained are
difficult to interpret along standard approaches in rheology.

In solving the issues in regard to Couette-type rheometry, a combination of a wide-gap cylinder system and velocimetry
has been tried; spatial profiling of velocity measured in a wider gap using different kinds of velocimetry can reveal deviations
to ideal Couette flow that arises from complex rheological properties, for example, shear banding (e.g., [17]). Supplementing
the data by torque measurements to give an integrated boundary condition on a rotor in the system has supported evaluation of
complex rheological properties. The kinds of velocimetry adopted include particle image velocimetry (PIV), specially named
“Rheo-PIV” [17-20], magnetic resonance imaging velocimetry [21, 22], laser Doppler velocimetry [23, 24], and ultrasonic
imaging velocimetry [25].

In contrast to these types of velocimetry, ultrasonic Doppler velocimetry or ultrasonic velocity profiling (UVP) [26] offers
ease of handling and access to opaque fluids. Also, UVP is being further developed in both hardware and software [27-29],
and we can expect in the near future greater sophistication in its methodology. Moreover, recent progress in combining it with
Doppler optical coherent tomography has overcome several disadvantages of UVP in near-wall measurements of the velocity
field [30]. UVP was applied to a circular Couette system [31, 32] and also to pipe flow with measurements of the pressure
drop along the pipe [33, 34]. The latter technique has been termed the in-line UVP-PD method and has been recognized as a
semi-standard evaluation tool in food rheology [35] as ultrasonic velocimetry has been applied avidly in the food processing
industry.

Because of its spatio-temporal velocity profiling, UVP has also been explored in visualizing rheological behaviors [36].
Our group has been developing ultrasonic spinning rheometry (USR) that uses such data to evaluate rheological properties
modeled by equations of motion of fluid media and has extended its applicability to viscoelastic analyses of multiphase media
including bubble suspensions.

This study evaluates the applicability of USR in linear viscoelastic analysis in general and bubble suspensions in particular.
We investigate the influence of measurement noise on spatio-temporal velocity data measured by UVP that is required for a
viscoelastic analysis. We propose a novel algorithm for USR applying the Fourier transform theory to the velocity data to
achieve more stable analysis. The structure of this paper is as follows: USR including theory and fundamental measurement
configuration is briefly summarized in §4.2. The applicability of the USR and the numerical experiments in investigating the
influence of the measurement noise on USR are presented in §4.3. The theory of “frequency-domain analysis” is described.
Its applicability to viscosity analysis is evaluated in numerical experiments and on actual velocity data obtained from viscous
oil treated as a Newtonian fluid. Then, linear viscoelasticity analysis using the algorithm on bubble suspension is performed
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4.2. Ultrasonic spinning rheometry

in §4.4. Finally, concluding remarks are presented in §4.5.

4.2 Ultrasonic spinning rheometry

4.2.1 Measurement configuration

The USR process involves two main steps: the measurements of the velocity profile of test fluids placed in a cylindrical
vessel and the post-processing of the velocity data to evaluate rheological properties. In preparation for explaining the post-
processing, a brief explanation of the measuring of velocity profiles is given here. The basic configuration of the measurement
[Fig. 4.1(a)] comprises an open-type cylindrical vessel of radius R filled with a test fluid rotating under set conditions.
Measurements of the velocity are performed using an ultrasonic transducer (TDX) mounted on the outside of the cylinder.
The measurement line for UVP (e.g., [26]) is set parallel to the centerline of the cylinder with a certain displacement of Ay to
measure the azimuthal component of velocity ug; UVP measures the on-axis velocity component u; along the measurement
line £, and thus, the azimuthal velocity component is given as uy = uzr/Ay when the radial velocity component is negligibly
small. Test fluids are required to be seeded where there are no ingredients that can scatter ultrasonic waves. Further details of
individual measurements are described elsewhere [15] and Chapter 2.

(a) Measurement line (b) é

A& A

TDX

TDX

Rotating cylindeir

Figure 4.1: Schematics of (a) the experimental setup showing the rotating cylinder and the measurement line for ultrasonic
velocity profiling (UVP) and (b) the measurement volume of UVP.

In measurements by UVP, representative velocities in the disk-shaped volume of the test sample are captured as on-
axis velocity components at each radial position along the measurement line [Fig. 4.1(b)]. The diameter and width of the
measurement volume are determined from the size of the piezo-element in the transducers and the wavelength of the ultrasonic
wave in the test fluids; typically, these are around 5 and 1 mm, respectively. Velocities u(r, t) calculated from the on-axis
velocity component measured in UVP at each volume are processed. They reflect flow behaviors determined by the local
characteristics of the test fluids responding to cylinder motions. These characteristics include rheological characteristics, for
example, shear-rate-dependent viscosity, viscoelasticity, and non-uniformity of ingredients and local structures. USR extracts
from u(r, t) the local characteristics with post-processing, which shall be summarized below.

4.2.2 USR concept and procedure

USR is concerned with deriving rheological characteristics from spatio-temporal velocity distributions measured by UVP.
Here we summarize the post-processing procedure used in USR. The rheological characteristics of fluids are reflected in
the spatio-temporal velocity distributions which are governed by the equation of motions and the constitutive equations (in
rheological modeling) describing the relationships between stress 7, strain y , and strain rate y . To simplify the model, we
assume just two-dimensional one-directional flows in the azimuthal direction that can be realized in the setup mentioned in
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the last section. The corresponding equation of motion, Cauchy’s equation, is

oug Ot 2t

P o T @D

where p is the density of the fluid. To determine the rheological properties, Murai [31] proposed minimizing a cost function
expressed by the least-squares approximation,

oug Ot 21 2
FA,B,C,--)=|lp——-——-—], 4.2
( ) (p o or r ) (4.2)
where the parameters, A, B, C, - - -, denote constants in rheological models representing rheological properties. In the equation

above, uy(r,t) is given as measurement data in circular shear flows measured by UVP, and 7 is also calculated from uy(r, t)
through a rheological model adopted.

4.3 Influence of measurement error on USR

4.3.1 Viscoelastic analysis of bubble suspensions

We performed an analysis using the above equations of motion to evaluate viscoelasticity of bubble suspensions, having ex-
amined their effective Newtonian viscosity in a previous paper [15]. Experiments measuring velocity profiles were performed
with a cylinder of inner diameter 2R = 145 mm filled with 1000 mm?/s silicone oil to a depth of 330 mm. Small bubbles of
around 1 mm diameter were dispersed in the fluid layer to a volume fraction of about 2%. The cylinder underwent sinusoidal
oscillations of frequency f, = 1 Hz and angular amplitude ® = 90°. The spatio-temporal velocity profiles were captured in
ultrasonic velocimetry at a spatial resolution of 0.99 mm along the measurement axis and a time resolution of 30 ms.

We recall Cauchy’s equation of motion, Eq. (4.1), and adopt Maxwell’s spring-dashpot model in describing viscoelastic
fluids,

uor (31/!9 ug)’ 4.3)

+ =—— = - =
T E ot s or r

in establishing the simplest model to describe linear viscoelasticity, which is evaluated by first determining viscosity u and
elasticity E from measurement data of uy(r, ). A suitable set of u and E that satisfy these equations is derived as a constraint
condition on 7 . Mathematically, the calculation is

2
) = mi L L]
F(IJ’E””)_T%I,I}E‘[[,[TjLEat M(ar r)] dtdr,
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In terms of difference expressions for uy(r, t) and 7(r, t), these become
. +1,7 2¥) 1,]+ L] L]
F ,E;r:manZT~+—l - -—1,
(/J ) o, u E — & “OE At H Ar rj
Uit],j — Ui j _ Tij+1 — Tij + h (4.5)

At Ar rj

where At and Ar correspond to the spatial and radial resolutions, respectively, of the velocity profile measurements. More
precisely, the radial positions are calculated from the positions on the measurement line with ¢ and Ar varying depending on
radial positions.

The calculations described above are performed after applying a filter to uy(r, f) to suppress the influence of measurement
noise. Here we adopt a Savitzky-Golay FIR smoothing filter [37] with various filter sizes in time and space to examine the
influence of the filter. As radial variations of the viscoelasticity are expected, a narrow radial range of velocity profiles in
r/R = 0.86 — 0.96 are analyzed over a period of 4 s. The evaluation results for viscosity u and elasticity E under different
filter sizes are summarized in Table 4.1. The phase difference in linear viscoelasticity A is defined as the fraction of storage
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modulus to loss modulus and has the following relation with elasticity and viscosity in the Maxwell model:

G" E
G 2 fopt’

tand = 4.6)

Phase values of around 90° mean that a fluid is close to a pure viscous body and smaller values indicate larger elastic
contributions to stress in the fluids.

Table 4.1: Evaluation results of viscosity u and elasticity E, with phase difference in linear viscoelasticity ¢ for the differently
filtered data of u(r, f) for measurements ranging from r/R = 0.86 to r/R = 0.96 over a period of 4 s; N, and N; correspond to
the number of time and space points used in filtering, respectively.

# N; N; w[Pa-s] E [Pa] 61[°] # N; Nj wu[Pa-s] E [Pa] 61[°]
1 15 19 1.05 69.6 84.57 5 15 11 0.70 46.2 84.54
2 15 17 0.99 64.8 84.55 6 15 9 0.58 379 84.54
3 15 15 0.91 60.3 84.56 7 35 15 0.02 12 84.49
4 15 13 0.82 53.6 84.54 8 27 15 0.39 125.9 84.52

From the various analyses with different filter sizes, designated by the serial number in Table 4.1, the evaluation results
of i and E are widely scattered. Taking similar values for different analyses, the phase difference 6, however, is stable against
the variation in filter size. This trend may arise from two factors: one is that u and E appear as a fraction (or product) in the
equation to be analyzed, and the other is that the influence of measurement error and noise on uy(r, ¢) including the influence
of filtering buries local minima on the surface of the cost function, Eq. (4.5), in parameter space. We therefore evaluated the
influence of noise in determining the local minima of the cost function.

4.3.2 Numerical evaluation of influence of noise

For this purpose, we reduce the problem to a Newtonian viscosity analysis. For Newtonian fluids, the equation of motion in
Eq. (4.1) becomes

P SPup 19
”G—V( o L (4.7)

- = _—t —— - —
ot orr ror r?
where v is the kinematic viscosity and D, is a differential operator with respect to r defined as

# 14 1

D= - - —.
or2  ror r?

(4.8)

This can be reduced into the cylindrical Bessel differential equation by separation of variables about 7 and r. Then, it can be
solved by inserting the infinite series

wall

T [(@Dg + PWg) sin wt + (DY — PPg) cos wi], (4.9)
Rt Tk

ug(r, t) =

where Uy, is the angular velocity of the side wall, and
D) = D (), Pr= )" ¢ulr =R),
m=0 m=0

Y(r) = i Ym(r), Pr= i Ym(r =R),

m=0 m=0
and

om o\ 27! \/j (=D)"+D/2 1y = evennumber
m = | — ms k = 5.0 Jm =
On(r) 5) 2

m!(m+ 1)! (=1)m+D/2 -y = oddnumber,

) = o e\ pe @ _f=nme m = evennumber
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Details of the derivation are described in [15]. We performed numerical experiments to evaluate the influence of measurement
noise using this exact solution, Eq. (4.9), with a sufficiently large number of terms and f, = w,/(27) = 1 Hz.

To represent measurement noise, and in particular the typical spikey noise seen in UVP measurements, the Mersenne
twister method [38] was used to artificially generate the random noise by modifying the standard deviation oy in regard to
the noise level. The cost function to be minimized is derived from Eq. (4.7) in differential form,

Uitl,j — Uy, j Wijer = 25 + Uij1 Uijel = Uij Ui ?
F(v) = Z[ T v( o A r_j]] . (4.10)
The correct value for the kinematic viscosity is set at v, = 1000 mm?/s, and the cost function is calculated over the range
v = 800 — 1200 mm?/s in increments of Ay = 4 mm?/s over the radial range r/R = 0.95 — 0.98. The dependence of the
cost function on v (Fig. 4.2) is calculated from the exact solution without noise using Eq. (4.10); note that F(v) has been
normalized by the number of velocity data, Ny, used for the calculation. In the range explored for v, the cost function
has a unique minimum corresponding to vy, signifying that the methodology to evaluate v from spatio-temporal velocity
distributions works well in instances without noise.

total

F(v)/N

| L | L l 1 | L |
0 800 900 1000 1100 1200
v [mm?/s]

Figure 4.2: Variation of the cost function with v around minimum setting value of vy = 1000 mm?/s.

In assessing the influence of noise on the evaluation of v, the variation of the cost function is investigated near where it
takes a minimum value. Here, Gaussian noise of zero-mean is generated at every data point of uy(r, ) and is added to the
velocity data. Noise level oy is given as the fraction normalized by the local maximum velocity Upax(r). The actual noise
level on uy(r, t) measured by UVP is at least larger than 0.1% (0 y/Upmax(r) > 1073). The results obtained from the velocity
data calculated from the exact solution in Eq. (4.9 with different time resolutions, At, f,At = 0.03 and 0.005, are plotted in
Fig. 4.3. Here, fitted parabolic curves, obtained using the least-squares method, have been superimposed on the plots. The
viscosities evaluated decrease monotonically with respect to —0'12\, for both time resolutions and have large deviations even
at relatively small noise levels of around 0.01% in oy /Upnax(r). For larger At, there is less influence from the added noise
because enhancements of noise contributed by the numerical differentials are smaller.

The monotonic decrease of v may be explained as larger noise amplification in the radial derivatives in Eq. (4.7), especially
the second-order derivative (the other two terms produce no strong impact on noise transfer). The radial derivative term in
Eq. (4.10) always has a larger deviation from the correct values without noise than the time derivative term, because of the
second-order derivative in the radial term. To satisfy the balance of equation, the estimated v must be smaller. By simplifying
the equation for the cost function, Eq. (4.10), this is modeled simply as

F(Av,&) = Z [A — (vo + Av) Be]?, @.11)

where A and B are values of the differential calculations in condition without noise, so that A ~ vyB, and Av and & are the
deviations from v and the noise amplification rate, & > 1. The local minimum of the cost function is found to be vy + Av

satisfying the relation

oF _ 2.2 _
m_—ZZABe+2(v0+AV)ZB =0. (4.12)
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Figure 4.3: Estimated values of v for different noise levels oN obtained using two different sampling times, without POD
filtering and frequency-domain analysis; the solid and dashed lines represent fitted parabolic curves of the plots obtained
using the least-squares approximation.

Assuming A = vy B, the estimated value from the preceding condition is a fraction of the correct value of v, v, specifically

vo+Av 3 B¢
vo Y B

4.13)

This fraction is always smaller than unity. That is, the monotonic decreasing trend in v stems from the enhancement in noise
from the second-order derivative in the radial direction.

From Fig. 4.3, the influence of measurement noise on the evaluation of v is significant and non-negligible, and therefore,
eliminating noise from the velocity data is required. From the standard treatment of measured UVP data, filtering based on
the (snapshot) proper orthogonal decomposition (POD) [39] provides an effective solution in achieving this purpose [40—42].
POD is good and objective at extracting organized flow structures. In the present configuration, the flows are well-organized
structures and unorganized components are filtered out as noise. From Fig. 4.3, the present POD filtering can suppress the
influence of noise, but there is still a certain influence of noise remaining in the evaluation. Here we remark that, after the
filtering, data with a fine time resolution provides much better results than rougher ones. This is because the enhancement
of noise by taking numerical differentials is reduced by POD filtering, and the fine time resolution now can provide better
estimation of the differentials.

4.4 Frequency-domain analysis
As examined above, the influence of noise and its enhancement using numerical differentials cannot be avoided completely

by filtering the velocity data. Instead, here we propose a novel algorithm to evaluate rheological properties from the velocity
data employing the equation of motion as the method of analysis in the frequency domain free of difference calculation.

4.4.1 Theory

Taking the Fourier transform with respect to ¢, Eq. (4.3) becomes

M Oy Uiy
Ll 7] ey 4.14
T+iw—=T u( o " ) ( )
where the Fourier transform is denoted
t(r,w) = F [t(r, D], tiy(r,w) = F [ug(r,1)] . (4.15)
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The Fourier transform changes the differential equation into an algebraic equation that can be solved for 7,

(8 -2)0 -8

T(r,w) = 5 (4.16)
1+ (w%)
Cauchy’s equation of motion, Eq. (4.1), is also converted into
o 2
iwpiy = (— + —)‘?. “4.17)
or r
Using Eqgs. (4.16) and (4.17), finding ¢ and E become an optimization problem for the cost function,
er (o 2\,
F(E,u;r) = iwptyg — | — + — | 7| dw. (4.18)
0 or r

That is, u and E are determined by min,  F(E, u; r). Inside the square bracket of Eq. (4.18) is a complex function that needs
to be decomposed into its real and imaginary parts for the numerical calculation. We define

u

—[Re 5 +.1m > ], 4.19
Ty (1, ) + ily(r, ) 4.19)

T(r,w) =
where
P U H JUR U
R.(r,w) = 0, R[iiy] - ;‘R[ue] oz (3r3['49] - ;S[Me]) ,
I D M P D
Im(r’ U)) = 6,3[”9] - _S[MO] — W= ar%[ué)] - —%[I/tg] .
r E r

Substituting these into Eq. (4.18), the integrand becomes

2 2\ T 2\
iwpliy — i+— 7| = |wpB[ifg] +T g+— R.| +|wpR[ky] -T 2+— L. , (4.20)
or r or r or r
where
r= —+
1+(w%>

4.4.2 Viscometry

To evaluate the applicability of the frequency-domain analysis proposed in this study, we perform a viscosity analysis on both
velocity data created from the exact solution in Eq. (4.10) with artificial noise and UVP measurement data.
Taking the Fourier transform of the equation for Newtonian fluids yields

iwtly = vD, 1y, 1y = R,(r, w) + il,(r, w). 4.21)

The cost function defined in Eq. (4.18) becomes

Fv;r) = f [iwiiy — vD,iiy]* dw
Q

f [(vD,Ru + wl)? + (wR, — vD,Iu)z] dw. (4.22)
Q

The actual flows in the USR system are time periodic and discrete Fourier transform (DFT) is applicable for the analysis.
From the definition of the Fourier series expansion,

N
aoz(r) + 3 la(r) cos Awkt + by(r) sin Awki] (4.23)
k=1

ug(r, t) =
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where
Aw = 2nAf. (4.24)
The cost function is expressed as
N
F(vir) = > (A} +B}), (4.25)
k=1
where
Ai(r) = Awkby — vD,ay, By = Awkay + vD, by. (4.26)

The range of frequencies (or range of k) for the summation above is determined from the sampling frequency on uy(r, t), Af,
and the number of data, N, from Af(k = 1) to NAf(k = N). Taking a wide range of frequencies, however, would induce noise
caused by measurement error that is not related to the cylinder oscillation. A narrow range, k|Af < fo < kaAf, is set around
the driving frequency of the cylinder oscillation f,. The cost function is little modified as

ky

Fp(vir) = Z (a2 + BY). (4.27)
k=k,

To avoid the propagation of measurement noise caused by the numerical differentials of r included in the differential operator
D,, an Mth power series approximation on a;(r) and by(r) is introduced,

M M
a(r) = D" anr™, be(r) = ) Bur". (4.28)
m=0 m=0
Substituting this into definitions of A; and By, Eq. (4.26), provides
M M
A(r) = Awk Z,er’” - \/Z(m2 — Day, 2, (4.29)
m=0 m=0
M M
Bi(r) = Awk )" ™ +v > (m? = D2, (4.30)
m=0 m=0

We perform numerical experiment as in §4.3.2 to check the applicability of the present theory and procedure. The velocity
data is processed by DFT, and a; and by in the Fourier series are approximated by fifth-order polynomials [i.e., M = 5 in
Eq. (4.28)]. In the power spectrum of (a; +b7)!/2, there is a sharp peak corresponding to the oscillation frequency f,. Because
the frequency resolution, Af, is determined by the number of data and the time resolution, the peak frequency f, does not
always coincide with f, and spreads over several frequencies. In the present case, f, = 1.0101 Hz and three frequencies
nearby contribute more than 97% of the total fluctuation in kinetic energy. Within the frequency band, k; — k; in Eq. (4.27),
two conditions, f = f. f, and f = f, + Af, are examined. Nevertheless, there is no quantitative difference in values of v
associated with the conditions. Hence, we adopt the condition f = f. from here on. The results of evaluation of kinematic
viscosity at different noise levels are summarized in Fig. 4.3 with the original results (without noise treatment) and the POD
filtered velocity data. The value of v evaluated in the present frequency-domain analysis stays the same regardless of the noise
level, whereas the others decrease with increasing the noise level. The frequency-domain analysis provides slightly smaller
values than the others and the correct value, vy = 1000 mm?/s, in relatively low noise conditions. This is mainly caused by
small disagreement between f, and f, due to the sampling frequency and sampling data number of uy(r, f). Nevertheless, it
produces the small deviation even at relatively large noise levels than expected in actual situations with UVP measurements.

4.4.3 Application of viscometry

The frequency-domain analysis is applied on spatiotemporal velocity measurement data obtained from silicone oil (v =
300 mm?/s at 25°C) and presented in Chapter 2 with an evaluation of its kinematic viscosity using phase information. A
145-mm-diameter acrylic cylinder filled with oil was periodically oscillated with f, = 1 Hz frequency and through an 80°
angular amplitude. The measurement line of the velocity profiles was set at Ay = 15 mm; the UVP was performed with
a 30-ms time resolution and a 0.62-mm spatial resolution (measurement direction). Figure 4.4 shows the spatio-temporal
velocity distribution over three oscillation cycles. The velocity variation appears smooth compared with typical velocity
profile measurements; considerable roughness is apparent in comparison with ideal velocity profiles.
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Figure 4.4: Spatio-temporal velocity distribution measured for 300 mm?/s silicone oil in a cylinder oscillating at fy = 1 Hz
frequency through an 80° angular amplitude.
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Figure 4.5: Fifth-order polynomial fittings (white curve) of the radial profiles for a; and by, where red and blue plots represent
the original discrete values of a; and by, respectively.
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4.4. Frequency-domain analysis

We processed the velocity distribution using the DFT method and obtained Fourier coefficients a; and by as radial profiles.
Then, a fifth-order polynomial fitting was performed on the profiles with f = f, = f, to ensure a smooth radial dependence
(Fig. 4.5). An unavoidable characteristic of the UVP measurement is relatively large deviations near the boundaries around
r/R = 1. The deviations appear mainly in b(r), and therefore, we have omitted these points in the fitting. The fitted curves
approximate the plotted data well apart from data points for b; near the cylinder wall. Following the process established in the
last section, the cost function, Eq. (4.27), was calculated at each radial position in the range, 100 < v < 500, and is displayed
as a distribution over the v — r plane (Fig. 4.6). The local viscosity is taken to be the local minimum of the cost function
at each radial position. The radial profiles of the cost function form a “valley” with v uniquely determined. This valley is
shallower in the inner region of the cylinder because the amplitude of the velocity fluctuations is smaller and information is
not sufficient for the evaluation.

1 F(r;v)

>0.008
0.004
0.002
<0.001
400
]
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200

300
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Figure 4.6: Gray-scale distribution of the cost function F(r;v).
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Figure 4.7: Radial profiles of the estimated kinematic viscosity from a frequency-domain analysis (solid line) and for com-
parison a phase profile analysis (circles) from Chapter 2.

From the frequency-domain analysis, the radial profile of v was estimated (Fig. 4.7) using the polynomial approximation
and compared with v estimated from a phase-slope analysis on the same data given in [Chapter 2]. The local slope of the phase
delay of the velocity fluctuation with respect to the cylinder oscillation reflects the local viscosity, and comparing the phase
slopes obtained from the analytical solution, Eq. (4.9), and experimental data yields the local kinematic viscosity. Similar
values were obtained although with deviations; v given by the phase analysis exhibit large deviations in the interior of the
cylinder, whereas those obtained from the frequency-domain analysis yield similar values. The phase analysis also employs
the Fourier transform and suppresses the influence of measurement error on the velocity fluctuations. Nevertheless, the phase
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information extracted from very small velocity fluctuations is not representative of the flow, and hence, calculations using
numerical differentials propagate errors. In contrast, profiles of the Fourier coefficients at the main frequency retain almost all
information in representing the flow, and thus, this method provides an advantage when analyzing viscometric data. Further,
returning to the original purpose of the study, the frequency-domain analysis is applicable to linear viscoelastic analysis using
the rheological model. We remark that the evaluation of the kinematic viscosity from the experimental data of 300 mm?/s oil
using the cost function in Eq. (4.10) is unable to determine the local minimum of v over the range 100 < v < 500 even with
POD filtering.

4.4.4 Linear viscoelastic analysis of bubble suspension

According to the same idea on the viscometry adopting Fourier series expansion of uy(r,t) [Eq. (4.23)] and power series
approximation on the Fourier coefficients [Eq. (4.28)], the cost function for the linear viscoelastic analysis in Eq. (4.18) is

modified into
ko

Fy(E.p;r) = Z (a2 +BY). 431)
k=ky
where ”

Ar(r) = Z |-pAwkB, ™ + T (m* = 1) (= AwkuBan/E) "2, (4.32)

m=0

M
Bu(r) = Z [pAwka, " + T (m* = 1) (B, + Awkua,/E) 2. 4.33)

m=0

The algorithm is examined on an analysis of a polyacrylamide aqueous solution (1 wt.%), which has shear-rate-dependent
viscosity and elasticity, to check its applicability for more complex fluids before performing linear viscoelastic analysis
of bubble suspensions. Spatio-temporal velocity information was captured in the same system of oscillating cylinder (see
Fig. 4.1) that was also used in our previous study [15] and Chapter 2. The setting parameters for the oscillation are f, = 1 Hz
(in frequency) and ® = 90° (in amplitude). For the analysis, the velocity data was processed by the DFT method to derive
Fourier coefficients a(r) and by (r) in Egs. (4.32) and (4.33) corresponding to the Fourier component of f = f,. Fifth-order
power series approximation is then adopted to approximate their radial profiles. In the evaluation of the cost function in
Eq. (4.31) for the linear viscoelastic analysis, the phase difference in linear viscoelastic analysis ¢ is used as a parameter
instead of E. Viscosity u and ¢ are obtained at each radial position by the analysis as shown in Fig. 4.8; the values are plotted
against the amplitude of shear-rate variations 7y, which is given from the Fourier coefficients and calculated using power
series approximation in Eq. (4.28) as

M
Yo = \“Z (m — 1) apr™!
m=0

In the figure, the viscosity calculated by phase profile analysis [Chapter 2] from the same velocity data is also plotted for
comparison. The viscosity evaluated by the linear viscoelastic analysis gradually decreases with ¥y and expresses shear
thinning characteristics of the solution. Along the decrease of viscosity, § approaches to 90°, meaning that the solution loses
elastic property toward a pure viscous body.

We now come back to the linear viscoelastic analysis of a bubble suspension by the frequency-domain analysis established
above. Fourier coefficients a;(r) and b (r) in Eqgs. (4.32) and (4.33) are given by the DFT method performed on the velocity
data of the bubble suspension used in §4.3.1. Then, fifth-order power series approximation is performed on radial profiles
of the coefficients corresponding to f = f. = f, (1 Hz). The profiles are approximated well as shown in Fig. 4.9. In the
calculation of the cost function, phase delay of the linear viscoelasticity described in Eq. (4.6) is changed as a parameter
instead of E in the range from 50° to 90c with an increment of 0.1°. Exploring the range of u was set around the original
viscosity of the base liquid of the suspension, 1000 mm?/s silicone oil, gy = 0.97 Pa-s, from 0.5 to 1.5 Pa-s with an
increment of 0.005 Pa - s.

An example of the calculated cost function is shown in Fig. 4.10 as the distribution of F on the 6 — u plane for » = 0.9R.
The distribution is expressed in logarithmic gray scale, and there is a single local minimum point; values of ¢ and u are given
as values on this point. At least in the range of 6 and u we examined, the cost function increases monotonically from the
local minimum point, and the values are uniquely given. For r/R < 0.9, the local minimum point attaches to the boundary of
6 = 90°, but uniqueness of the solution is unchanged.

2 2

M
D m- 1)ﬁmrm‘1] : (4.34)
m=0

+
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Figure 4.8: Variations of viscosity u and phase difference in linear viscoelasticity ¢ with respect to shear rate y for 1 wt.%
polyacrylamide aqueous solution, where u calculated by the phase profile analysis [Chapter 2] from the same velocity data is
also plotted.
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Figure 4.9: Fifth-order polynomial fittings (white curve) of the radial profiles for a; and by obtained in the bubble suspension,
where red and blue plots represent the original discrete values of a; and by, respectively.
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Figure 4.10: Gray-scale distribution of the cost function, F(u, ; r = 0.9R), for the bubble suspension.
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Results of estimations of ¢ and u according to the cost function calculated at each radial position from r/R = 0.6 to
r/R = 0.95 are summarized in Table 4.2. Elasticity E is calculated through Eq. (4.6) with i and f, in cases that 6 < 90°. |u*|
denotes effective complex viscosity defined as

W= —E (4.35)

VI + (Wu/E2

The linear viscoelastic analysis separated influences of unsteady bubble deformations in the oscillating shear flows on the
momentum propagation into viscous and elastic contributions. In the table, § takes 90° without a region /R > 0.9, and the
elastic contribution appears in the region. This is reasonable because the capillary number exceeds effectively the critical
capillary number to allow bubble deformations in this range, and the deformation bubbles existing nearby the wall show
considerable deformations [15]. In the oscillating shear flows, the bubbles experience periodically strong shear and relaxation.
The elastic effect may be provided by restoring the original spherical shape in the relaxation. Effective viscosity normalized
by original viscosity of the oil, |u*|/uo, distributes around unity within the deviation order of the volume fraction of bubbles,
2% for r/R < 0.8. This is in good agreement with knowledge of effective viscosity for spherical bubbles.

Table 4.2: Evaluation results of viscosity u, phase difference in linear viscoelasticity J, and elasticity E calculated from y and
o through Eq. (4.6) at different radial position /R, where the amplitude of local shear-rate variation yj is calculated from the
velocity data through Eq. (4.34), and |u*| indicates effective viscosity normalized by the original viscosity value of the oil,

o =097 Pa-s.
r/R ¥o[s'] u[Pa-s] o[°] E [Pa] |1/ po
0.95 15.89 1.46 77.1 39.8 1.46
0.9 14.28 1.32 86.1 121.2 1.36
0.85 12.46 1.17 90.0 - 1.21
0.8 10.53 1.05 90.0 - 1.08
0.75 8.63 0.99 90.0 - 1.02
0.7 6.90 0.97 90.0 - 0.99
0.65 5.45 0.99 90.0 - 1.02
0.6 4.32 1.05 90.0 - 1.08

4.5 Conclusion

To achieve a stable evaluation of the linear viscoelasticity in bubble suspensions as complex multiphase fluids using USR,
we assessed the influence of measurement noise enhancement in the evaluation of rheological properties using the equation
of motion with measurement data of spatio-temporal velocity fluctuations. By avoiding calculations of numerical differential
using velocity data, a frequency-domain analysis was proposed for applications in linear viscoelastic analysis. By taking
the Fourier transform of the equation of motion and the constitutive equations (the rheological models), time derivatives are
converted to algebraic calculations, and further, approximating the radial profiles of Fourier coefficients by finite power series
enables an evaluation of the rheological properties without requiring calculation of numerical differentials. In rheology, this
novel combination of techniques was scrutinized using numerical experiments by considering noise artificially generated in
viscometric data. The present method provided better estimates of viscosity in comparison with dealing with raw velocity data
and POD filtering. The technique was also applied to actual velocity data measured in 300 mm?/s silicone oil as a Newtonian
fluid, and the estimations were in reasonable agreement with previous results. The frequency-domain analysis was then
extended to the linear viscoelastic analysis, and its applicability was examined on a polyacrylamide aqueous solution, which
is a shear thinning, viscoelastic fluid. The analysis finally achieved separation of influences of unsteady bubble deformation
into viscous and elastic contributions on the momentum propagation.

The algorithm proposed here is aptly applicable in a wider range of velocity-profiling rheometry. And, it may be able to
support to evaluate, e.g., fluids taking shear banding effects and solutions with distributions of concentration.
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CHAPTER 5

Efficacy assessments in USR: Linear
viscoelastic analysis on non-Newtonian fluids

Contents
S0 INtroduction . . . . v v v v i i e e e e e e e e e e e e e e e e e e e e e e e e e e e 64
5.1.1 Problems in rotational shear theometers . . . . . . . . . . . . ... 64
5.1.2  Rheometry coupled with velocimetry . . . . . . . . . . . . .. 64
5.2 Basicconcept of USR . . . . . i i i it it i i i it e it et e e e e e e 66
5.2.1 Experimental apparatus . . . . . . . . .. ..o b e e e e e e e e e e e e e e e e 66
5.2.2  Theoretical basis for the linear viscoelastic analysis . . . . . . . . . ... .. ... 67
5.2.3 Demonstration of the linear viscoelastic analysis on an silicone oil . . . . . . . ... ... ... ... ... 68
5.3 Linear viscoelastic analysis of non-Newtonian fluids . . . . .. ... ... .. e 70
5.3.1 Test fluid conditions and device for comparative experiment . . . . . . . . . .. ... ... 70
532 CMCSOIUHON . . . v v o o o e e e e e e e e e e e e e e e e e e e e 72
533 MUAiSpersion . . . . . . . L e e e 75
5.4 Efficacy of USR as a complementary technique . . . . . . . . . vt ittt ittt ittt e 81
55 Conclusion . . .ot i ittt e e e e e e e e e e e e e e e 82
References . . . .. .o v v i i ittt ittt ittt e i e e e e e e e e 82
Preface

The aim in this chapter is to stress the efficacy of the kinematic rheometry (presented in Chapter 4) as a complementary
technique for conventional torque rheometers, by comparison of the rheometer with parallel plate geometry and USR. This
work was already in Yoshida er al., J. Rheol. (2019).

Abstract

We have progressively developed an ultrasonic spinning theometry (USR) that has the potential to visualize complex details of
rheology, such as time-dependence, coexistence of gel and sol, effective viscosity of multiphase fluids, and other particulars.
This rheometry makes it possible to overcome the main issues in conventional rheometry, originating from nonideal velocity
profiles in the complex fluids. The most notable advantage of USR is the ability to perform “local” rheological evaluations
from only the velocity information for a short-time period by solving the equation of motion. This benefit is provided while
avoiding noise augmentations by introducing a linear viscoelastic analysis in the frequency domain. Solving the equation
of motion with a rheological model equation in the frequency domain, multiple rheological parameters are quantified by
minimizing the cost function. In this paper, the analysis presented by USR is verified by comparative experiments using a
rheometer with the typical geometry of parallel disks. As a complementary technique for conventional rheometers, the USR
efficacies are shown through rheological assessments for Newtonian, shear-thinning, and thixotropic fluids.
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Chapter 5. Efficacy assessments in USR: Linear viscoelastic analysis on non-Newtonian fluids

5.1 Introduction

5.1.1 Problems in rotational shear rheometers

The goal of rheometry development is to fully understand the rheology of all soft materials. Achieving this is of great
importance to ensure the quality of manufactured materials and the optimization of systems in industries. This will lead
to raising the quality of various components in industry, such as in polymers, biology, food processing, and multiphase
dispersions. To comprehend rheological issues in fluids with complex behaviors, there are various types of rheometers that
measure “specific” rheological characteristics. The most typical rheometer is a geometric system measuring axial torque
via solid walls with a specific gap [see Fig. 5.1(a) for an example of a parallel-disk-type geometry arrangement]. Different
geometries to evaluate torque have been proposed; however, the fundamental concept of rheological evaluations is the same
in all torque-type rheometers.

Improvements in torque meters have enabled highly accurate rheological evaluations, but rheometers encounter serious
difficulties in the evaluation of complex fluids. The reasons why such difficulties arise are shear history effects [1], shear
banding [2, 3], shear localization [4], and more. Rheometers can measure simple shear viscosities as an axial torque repre-
sented by the viscous resistance (the elastic response) in the fluid media. A narrow gap O(0.1 — 1 mm) between parallel disks
is required to realize steady flows with constant shear rates y (i.e., linear velocity profiles); however, the actual flows have to
be treated as nonlinear profiles due to the shear-rate-dependence, viscoelastic instability, shear banding, and others. The mea-
sured results are merely apparent viscosities because of unexpected actual shear-rate profiles arising during the measurements
as suggested in Fig. 5.1(b).

Particularly, at critical-shear conditions such that the stress approaches to yield stress for gelled fluids, the problems of
shear rheometer measurements become prominent. There are unexpected influences from wall-slip, shear history, or shear
localization when the structure of gelled fluids yields at certain critical-shear intensities; Nechyporchuk ez al. [5] applied
cone-plate geometry and reported that wall-slip was detected at low shear rates for fluids with gel-like and shear-thinning
properties. From these experimental observations, they concluded that the obtained values include unavoidable measurement
errors when wall-slip occurs in the measurements. Wolthers et al. [1] explored the shear history dependence of viscosity in
aggregated-colloidal dispersions and concluded that the observed rheological behavior depends on the specific geometry of
the shear rheometers due to effects of thixotropy and sedimentation.

To solve the problems arising from nonideal velocity profile, there exists a semianalytical technique with solving an
inverse problem for estimating original velocity profiles in wider gap Couette rheometry, termed “Couette inverse problem”
[6-8]. Also, there are many approaches for rheological evaluations of non-Newtonian fluids [9, 10], most of which are
limited to treatments of the problem for specific test fluids. Wrong estimation of the original velocity profiles, however,
causes measurement errors of the shear rheometry data.

The key factor to provide solutions to the problem is utilizing spatiotemporal velocity distributions of fluid motion that
reflect all rheological information of the solutions that are investigated. This makes rheometries coupled with spatiotemporal
velocity-profiling techniques needed for a solution to overcome the common problem originated from nonideal, unknown
velocity profiles. This is termed velocity-profiling rheometry, and the techniques will be explained in detail in §5.1.2.

5.1.2 Rheometry coupled with velocimetry

As examples of velocity-profiling rheometries, various approaches coupled with velocimetries have been proposed, including
ultrasonic velocity profiling (UVP) [11-16], ultrasonic imaging velocimetry (UIV) [17, 18], particle imaging velocimetry
(PIV) [20, 19], magnetic resonance imaging (MRI) velocimetry [21, 22], and laser Doppler velocimetry (LDV) [23, 24]. With
PIV and LDV, the application is limited to transparent fluids, although most complex fluids are opaque, dense suspensions,
colloid dispersions, multiphase fluids, or similar. The MRI velocimetry can perform visualizations of opaque and multiphase
fluids; however, it requires very large measurement facilities and monitoring is handicapped to low temporal resolutions due
to fluid flow.

Ultrasonic measurement techniques have advantages, such as offering ease of handling and the option of employing them
with opaque fluids. Ouriev and Windhab [13] proposed a combined technique of UVP measurements and pressure difference
measurements, which is termed UVP-PD in-line rheometry, something used as a practical tool in the food processing industry
[14], since it has the advantages of in-line measurements from outside of steel pipe walls. Derakhshandeh et al. [12] performed
measurements of transient behaviors of thixotropic fluids using a Couette rheometer with a wide gap and UVP. This can
detect yielding regions of the fluid from quasi-steady velocity profiles, although the torque measurements may be influenced
by wall-slip and this will lead to errors in evaluations of the rheological characteristics. After then, by coupling conventional
rheometer and ultrasonic imaging technique, spatiotemporal analyses were developed. As one of the examples, Gallot et
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Figure 5.1: (a) Schematic of a parallel-disk rotational rheometer and (b) shear-rate profiles in test fluids between the rotating
disks for Newtonian or non-Newtonian fluids.

al. [15] proposed a technique that reveals the unstable shear-banded flow of non-Newtonian fluids. In a recent development
of ultrasonic rheometry, Gurung et al. [17] reported a novel rheometry with combinations of an ultrasonic scanning technique
and PIV (UIV or echo-PIV), and they performed real-time measurement of opaque flows with complex rheology in particle-
laden fluids. Originally, this technique has mainly been used to measure flow behaviors in blood vessels in the field of
medical engineering. Researches have dealt with time-averaged velocity profiles limited to steady flow states. Since one of
the non-Newtonian characteristics involves both shear-rate-dependence in the rheological properties and time-dependence,
the techniques must be able to detail timedependent properties.

We have developed a novel velocity-profiling rheometry, termed ultrasonic spinning rheometry (USR) [25-28]. The
basic concept of this rheometry is that velocity profiles are substituted into the equation of motion to solve it. Important
characteristic compared to conventional methodology as we mentioned above is to use unsteady shear flows. Although
UVP can obtain one velocity component parallel to the line of propagation of ultrasonic waves, this rheometry (USR) is
accomplished by a single UVP in cases satisfying the assumption of one-directional shear flow in an azimuthal direction.
Since this would make it possible to quantify shear-rate-dependent properties over a wider range of shear rates obtained from
single measurements, USR is expected to be able to measure spatial profiles of local rheological properties. There is, however,
a problem of noise augmentation arising from the differential terms in the equation of motion [26, 28]. Because of the nature
of generating spiky noise mainly due to lack of tracer particles in UVP measurements, the differential calculations on the
velocity data obtained by UVP would not be an efficient way to satisfy the equation of motion.

To avoid the influence of noise amplification of differential terms, Tasaka et al. [27] proposed an algorithm using phase-
lag information of velocity fluctuations in unsteady shear flows. In periodically oscillating cylinders, the fluid motion has a
dominant frequency corresponding to the cylinder oscillation frequency. Phase-lag information of the frequency component
extracted by discrete Fourier transform (DFT) represents the momentum transfer with much less noise. The local effective
Newtonian viscosity is then evaluated by comparing the phase lags between experimental results and the analytical solution.
As a further development of the phase-lag analysis, the analysis was established in Chapter 2 by performing various rheo-
logical measurements: The effective Newtonian viscosity of clay dispersions with thixotropy, liquid food gelling behaviors
with tiny ingredients, and curry paste containing larger ingredients. Also, observing shear localizations, the viscoelasticity of
macro-rheological behaviors in clay dispersions at regions of gel and sol coexistence was speculated in Chapter 3.

We have remarked on the important advantage that Fourier components of velocity information can extract from rhe-
ological properties without the noise influence appearing in phase-lag analysis. This analysis still has limitations, in that
rheological characteristics would be approximated as locally effective Newtonian viscosity. To improve on this limitation,
linear viscoelastic analysis in a frequency domain was presented in Chapter 4 and suggested that the equation of motion with
the rheological model can be satisfied by substituting Fourier components of velocity fluctuations. In the theory of linear vis-
coelastic analysis of USR, multiple rheological properties can be determined with only the velocity profile measurements. But
as yet there has been little further effort to assess its applicability and efficacy for fluids with complex-rheological properties.
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Figure 5.2: Schematic of the experimental setup for capturing oscillating shear flows coupled with an ultrasonic velocity
profiler: (a) top view of the rotating cylinder and (b) side view.

The research objective of the present study is to assess the applicability and efficacy of the linear viscoelastic analysis
with both Newtonian and non-Newtonian fluids. To validate that the analysis measures Newtonian viscosity correctly, the
rheological evaluation of a typical Newtonian fluid was performed (§5.2.3). Carboxymethyl cellulose (CMC) solutions and
montmorillonite (Mt) dispersions were selected as the objects for the non-Newtonian fluid measurements, where CMC so-
lutions typically show shear-thinning characteristic and Mt dispersions are investigated as thixotropic fluids (see details in
§5.3.1). To ensure the efficacy for the non-Newtonian fluids, comparative experiments of USR and a parallel-disk rotational
rheometer as a widely used device are also examined in §5.3.1 (see details of the hypothesis in the Appendix). From the
experiments, the advantages of USR with complex fluids that potentially originate unknown velocity profiles were assessed.

5.2 Basic concept of USR

In this section, to explain experimental apparatus and theoretical basis of linear viscoelastic analysis in USR, rheological
evaluation for silicone oil is demonstrated.

5.2.1 Experimental apparatus

One of the main characteristics of the experimental apparatus [Fig. 5.2(a)] is an open cylindrical container made of acrylic
resin. The container has 2-mm-thick side walls, 145-mm inner diameter, and is 60-mm high. To control the temperature, 7Y,
of the test fluids and to avoid any influence from co-reflected ultrasonic waves, the container was mounted at the center of
a water bath [1000 x 1000 mm? as shown in Fig. 5.2(b)]. Oscillation of the cylinder was controlled by a stepping motor to
an oscillation angle ® and frequency f,, where the motor was attached at the bottom of the container. The oscillation was
controlled by sinusoidal angular velocity, Uyay sin 27 f,f, where Uy = 271 f,RO® (see Chapter 3 in detail). To avoid generating
radial and axial flows during the oscillations, the bottom of the cylinder was machined with a slope near the outside wall as
shown in Fig. 5.2(b).
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The UVP-Model Duo (Met-Flow S.A., Switzerland) was used to measure instantaneous velocity distributions. To obtain
the azimuthal velocity component, an ultrasonic transducer (resonance frequency 4 MHz and 5-mm active element diameter)
was mounted with a gap Ay from the center coordinates of the cylindrical container. Assuming that the axisymmetric flow
and the radial velocity component are negligible, the azimuthal velocity uy is calculated from a geometric relation given as

5.1

-
Ug = Lth—y.
Here, the radial position r is calculated from the distance to the transducer £ by the geometric relation, > = Ay?> + [(R? —
Ay*)!/? — £]2. Considering ultrasound emissions, the ultrasonic beams become disk-like at each measurement point and
may become gradually larger during propagation. Empirically, based on the results of previous study [27] and Chapter 2,
Ay = 15 mm was selected, and further details of the setup for the transducer were detailed in [Chapter 3].

5.2.2 Theoretical basis for the linear viscoelastic analysis

Here, we will summarize the key formulae and analytical procedures derived in Chapter 4 and modify the formulae for the
ease of application. Assuming that the fluid flows are one-directional and axisymmetric, Cauchy’s equation of motion is given
as
Oug Ot 2t
P o
where p is the density of the test fluids and 7 indicates the shear stress. To describe the relation of uy and 7, Maxwell’s model,

(5.2)

M or al/tg Ug
+ o === -2, 5.3
T E ot H( or r ) (5-3)
is selected as the simplest expression to represent the linear viscoelastic characteristics, where y and E indicate viscosity and
elasticity of the fluid. To avoid any influence of noise amplified by the differential terms, and taking Fourier transform with
respect to £, Egs. (5.2) and (5.3) can be modified as

o 2
lwpﬁg = (E’ + ;)‘?’, (54)
privks = %R (5.5
E or r

where Fourier-transformed velocity and shear stress are denoted as
it(r, w) = Flup(r,n)l, T(r,w) = Flr(r, 0], (5.6)

with the angular frequency w. To determine y and E satisfying the optimization problem, the cost function is given as

oo (9 2).) P L.
F(u,E;r) = |iwpttg — | — + — | T st.T+iw=T=ul—-—|, 6.7
N E or r
where the spectrum was adjusted as having a single dominant frequency at the oscillation frequency w = w,(= 27 f,).
Using the relation of complex viscosity from Maxwell’s model, the phase difference is defined as tan 6 = G” /G’ = E/wop,
where the phase values around /2 are indicative of fluid being close to a pure viscous body and smaller values indicate larger
elastic contributions to stress in the fluids [Chapter 4]. Then, substituting this, Eq. (5.5) is modified to

T(r,w) =u sin? § [R.(r, w) + il (r, w)], (5.8)
where R, and [,, are given as

R.(r,w) = i‘R[ﬁg] - 1‘R[ﬁg] + (28[129] - l53[129]) cot o, 5.9)

or r or r

o . | . a .. . I, .

Lyr,w) = —3[by] - -3[dy] - (—‘R[ug] - —‘R[ug]) cot d. (5.10)

or r or r
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Chapter 5. Efficacy assessments in USR: Linear viscoelastic analysis on non-Newtonian fluids

By Eq. (5.8), Eq. (5.7) can be expressed with real values as

2

a2 2 a2
F(u,8;r) = {wopsmg] +/1(— + —)Re sin’ 5} + {wop%[ag] —y(— + -)1,,, sin’ 5} ) (5.11)
or r or r
Optimal values of u and 6 are determined to minimize F. Fourier-transformed shear rate f[y] is given as the right-hand-side
term in the brackets of Eq. (5.5), and the formula can be extended as

Fivl= Oy B (2 - l)(9%[%] +i3itg]) . (5.12)

or r

The effective value of the shear rate is calculated by

a 1 (o 1 g
= {2 L)) {2~ )t s
ror or r

as a root-mean-square value considering Eq. (5.12). In the same way, the effective value of the shear stress calculated from

Eq. (5.8) becomes
Tefr = pusin® 6 [R2 + I2, (5.14)

where u and ¢ are used to determine Teg.

5.2.3 Demonstration of the linear viscoelastic analysis on an silicone oil

To validate and demonstrate the linear viscoelastic analysis step by step, a silicone oil (reported viscosity, 0.49 Pa - s at 25°C,
Shin-Etsu Chemical Co., Ltd., Japan) was used; it has usually been dealt as a Newtonian fluid in a lower shear rate than the
0(10% s71). The experimental conditions and parameters are detailed in Table 5.1. The spatiotemporal velocity distributions
were measured using UVP as shown in Fig. 5.3(a). The vertical and horizontal axes indicate the radial positions normalized by
the radius of the container, R, and the spin-cycle period ¢ f,. The contours represent the azimuthal velocity normalized by the
maximum azimuthal velocity at the cylinder wall (r/R = 1), Uyan(= 27 f,R®). For ease of understanding the velocity profiles,
Fig. 5.3(b) shows plots of instantaneous velocity profiles extracted from the spatiotemporal distribution at i-iv, indicated by
dashed lines in Fig. 5.3(a). The azimuthal velocity fluctuations decrease with closeness to the center of the container since
the momentum propagation is diffused by viscous damping.

Table 5.1: Parameters in USR for rheological evaluations of different test fluids. A¢, spatial resolution; At, temporal resolu-
tion; Auyg, velocity resolution; f;, oscillation frequency; ©, Oscillation angle; Uy, angular velocity of cylinder wall; and N,
a number of velocity profiles.

Test fluid Silicone 0il 0.49 Pa - s CMC solution 0.5 wt.% Mt dispersion 4.0 wt.% with 0.02 mol/L NaCl
Feature Newtonian Shear thinning Thixotropic

A¢ [mm] 0.49 0.74 0.74 0.74

At [ms] 50 50 50 50

Aug [mm/s] 0.66 0.98 1.30 0.63

fo [Hz] 1.0 0.8 0.5 1.0

0 [rad] /4 S5n/18 2r/3 /4

Uyan [mmy/s] 357.8 318.0 477.0 357.8

N[-] 20 25 40 20

Section # §5.2.3 §5.3.2.2 §5.33.2 §5.3.3.3

Calculating the power spectrum by the DFT, Fourier components, fiy(r, w), were clearly separated into the oscillation
frequency f, = 1.0 Hz and others [Fig. 5.3(c)]. In this result, the ratio of the fluctuating energy between the dominant
frequency and the summation of all components accounts for 97% at r/R = 0.95, and the important information to describe the
flow behavior is included in the dominant frequency component. The components of real and imaginary parts corresponding
to f, = 1.0 Hz were shown in Fig. 5.3(d) as closed circle plots; the open circles indicate the phase-lag profile calculated by

Ilite]

_ -1
¢ = tan R 0]

— Owall, (5.15)

where ¢y, indicates the phase lag at the cylinder wall.
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Figure 5.3: (a) Azimuthal velocity distribution of silicone oil (500 mm?2/s, 0.49 Pa - s) with normalized time ¢ 'fo measured by
UVP; angular velocity of the cylindrical wall, Uy = 357.8 mm/s, (b) extracted velocity profiles from the spatiotemporal
velocity of (a) indicated by dashed lines (i—iv), (c) power spectrum calculated from the velocity distribution (a) at various
radial positions r/R, (d) magnitudes of real and imaginary components of iy at the oscillation frequency w = w, (= 27f,)
(closed circle) and phase lag calculated from the magnitudes of Fourier components as indicated in top axis (open circle), and
u—6 distributions of the cost function F at (e) /R = 0.9 and (f) r/R = 0.7.
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Using Eq. (5.11), the cost function F is calculated as shown in Fig. 5.3(e) (r/R =~ 0.9) and Fig. 5.3(f) (r/R = 0.7) as
examples. Contours indicate the calculated values of the cost function for changing u and ¢, where the resolutions of Au and
A$ are approximately 1073 Pa - s and 1073 rad. From the results in Figs. 5.3(e) and 5.3(f), all contours show concave surfaces
and singular minimal points. With /R = 0.9 and 0.7, the minimum values were determined at u = 0.447 Pa - s, 6 = 1.534 rad
and yu = 0.468 Pa - s, 6 = 1.558 rad, respectively. From these results, in the rheological evaluations by calculating from single
Fourier components (2-s), there exist variances within 10%. It is due to unavoidable noise arising from signal processing
in velocity profiling. So, to perform secure assessments, statistical evaluation is a suitable way by counting the rheological
evaluations repeatedly.

By determining optimal ¢ and ¢ values at each of the radial positions as indicating minimum values of the cost function
[see Eq. (5.11)], the evaluated results (u, 0, and 7.¢) of the effective shear-rate profiles are shown in Figs. 5.4(a)-5.4(c). Each
result was obtained at different cycle periods of oscillation as indicated upside of Figs. 5.4(a)-5.4(c). The coloring of the
symbols is darker with longer cycle period of oscillations. In Fig. 5.4(a), the dashed line indicates the reported viscosity
value of the silicone oil, u = 0.49 Pa - s at 25°C. The temperature was controlled at 25°C by the thermostatic bath, which is
connected to the water bath. The measured results using the USR were very similar to 0.49 Pa - s in a wide range of shear
rates, corresponding to the radial range 0.5 < r/R < 0.95.

In Fig. 5.4(b), the dynamic viscoelastic parameter ¢ is obtained close to 7r/2 and showed some variance, suggesting that the
present method does show the rheological characteristics for the silicone oil behaving as a Newtonian fluid. By substituting
the obtained rheological parameters, ¢ and 6, into Eq. (5.14), the effective shear stress profiles were calculated. Like for
the effective shear rates, as mentioned above, the shear stress profiles were calculated as effective values of the periodic
fluctuations [Fig. 5.4(c)]. The dotted line in Fig. 5.4(c) indicates a flow curve as assumed by Newton’s law of viscosity,
Teff = UYesr, Where p = 0.49 Pa - s (reported viscosity), and the line passes through the origin. These results [Figs. 5.4(a)-
5.4(c)] were calculated from two-cycle-data (2-s), and increasing the number of cycles in the calculations will improve the
accuracy and precision.

To statistically show the accuracy and precision of the linear viscoelastic analysis of USR, we repeated the evaluations
of the viscoelastic measurements 100 times in 2-s [Figs. 5.4(d)-5.4(f)]. The color scale indicates the number of samples
calculated from the 100 times of measurements by counting logarithmic cells along the vertical and horizontal axes except
along the ¢ axis shown in Fig. 5.4(e). The viscosity u and effective shear stress 7.4 agree well with the theoretical values
plotted as dashed lines. In these results, there exists variance with decreasing y.g since the measurement noise would be
dominant in velocity fluctuations smaller than O(1 mm/s). This is because the velocity resolution, Aug, of UVP is equivalent
to O(1 mmy/s) as listed in Table 5.1. Most of the samples in ¢ [Fig. 5.4(e)] indicate a /2 that reflects the viscous trend. From
the results in Fig. 5.4(f), 7. is sufficiently accurate to evaluate the flow curve of the silicone oil. Also, these results show that
linear viscoelastic analysis can be applied to evaluate the properties of Newtonian fluids.

5.3 Linear viscoelastic analysis of non-Newtonian fluids

In this section, we assess the efficacy of the linear viscoelastic analysis in USR through experiments comparing USR and a
conventional torque rheometer with parallel disks in two non-Newtonian fluids with different rheological characteristics.

5.3.1 Test fluid conditions and device for comparative experiment

One of the test fluids is a CMC solution that is a typical non-Newtonian fluid with well-known rheological properties. The
properties strongly depend on the chain length of the polymers in the fluid, and shear-thinning behavior appears for concentra-
tions of the solution in water lower than 1.0 wt.% [30]. In the present experiment, Daicel CMC (Daicel Chemical Industries,
Ltd., Japan) was used.

The second test fluid is a montmorillonite (Mt) dispersion with dissolved NaCl. Kunipia-F (Kunimine Industries Co.,
Ltd., Japan) was used here. When the Mt particles swell in ionic solvents, the dispersion behaves in a non-Newtonian manner
due to the Mt particle networks; the dispersions gelate in nonsheared situations via a structuring by particle interactions, by
van der Waals attraction, electrostatic repulsion, and Coulomb attractive forces [31]. These global particle networks are easily
broken into smaller clusters with Mt concentrations of less than O(10 wt.%). The rheological property changes drastically
even under very weak shear stresses. In simple shear cases, the local macro-rheological properties involve shear-thinning due
to the alignment of the particles in parallel to the shear direction. These particle networks recover the structure with time due
to the structuring by its particle interactions that have been termed “House-of-cards” or “band type” flocculating [Chapter 3].
These are structurally stable because the surface of the dispersed particles is electrically charged in particles swelling in water.
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Figure 5.5: Schematic of a parallel-disk rotational rheometer used to visualize flow/deformation of test fluids.

The overall rheological characteristics are categorized as thixotropy [31-33]. The thixotropic behaviors play a critical role in
the shear localization or banding as mentioned in §5.1.1.

A parallel-disk rotational rheometer (Anton Paar, MCR102) was used to compare the USR measurements of the CMC
solution and the Mt dispersion. The geometric configuration of the rheometer is shown in Fig. 5.5; the test fluids are continued
in the gap between the parallel disks maintained at a constant temperature (7 = 25°C). To visualize actual shear deforma-
tions of the test fluids during the measurements, the measurement section of the rheometer was made of transparent acrylic
resin. Nechyporchuk er al. [5] investigated wall-slip and shear banding phenomena in a rotational rheometer with cone-plate
geometry using ink visualization. Utilizing this, the nonlinear behaviors at the beginning of rheological measurements can be
evaluated easily.

Now, to ensure understanding of important hypotheses of this rheometer in dealing with shear-strain or velocity profiles,
we describe the theoretical basis and procedures of the rheometer. The required conditions are (a) one-directional flow
(strain), (b) shear rate is a linear function in the axial direction, (c) non-slip conditions on the walls, and (d) homogeneity of
the fluid. These conditions must be satisfied to ensure the reliability of the rheometer. In many cases, a thin layer of the test
fluids is not sufficient to satisfy the assumptions (see the Appendix in detail). But in cases where the thickness is inadequate
to prevent the appearance of non-Newtonian behavior, shear rate ¥ and shear stress T must be considered as an apparent shear
rate ¥,pp and an apparent shear stress Tpp.

There are some empirical data correction techniques to reduce the deviation caused by insufficient satisfactions of the
conditions required. But here any data correction is not performed for the comparison to highlight the essential differences
between the rheometries, because such data correction is not universally applicable in general as also mentioned in the
Introduction.

5.3.2 CMC solution
5.3.2.1 Rheology evaluated by the parallel-disk rotational rheometer

Measuring the viscous resistance from the CMC solution as the loaded torque during the rotation of the upper disk, flow
curves of the solution were obtained by increasing and decreasing the rotation speed gradually as shown in Fig. 5.6(a). The
applied shear rates were controlled with stepwise increment (or decrement) as the nested, enlarged figure in Fig. 5.6(a). To
confirm whether the CMC solution has influences of the shear history and/or shear localization effect, the measurements
were conducted along a pathway (i) by increasing the rotational speed from ¥,p, = 107" to 10" s™! and (ii) by decreasing it
from ¥,y = 10! to 107! s™' . As shown in Fig. 5.6(b), the flow curves obtained under the two rotational speed change are
approximately equal.

Deformation of the CMC solution with food dye at ¥y, = 10" s — 1 was visualized through the transparent disks as shown
in Fig. 5.6(c), and the dye distribution presented a linear strain shape between the parallel disks (2 = 2 mm). This indicates
that shear localization or banding does not exist in rheological evaluations of the CMC solution using the rheometer. Unified
flow curves [Fig. 5.6(b)] in increasing and decreasing of y,,, reflect it. These support the reliability on the rheological
evaluations performed by the rheometer. In rheological evaluations for the CMC solution using the rheometer, there does
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Figure 5.6: (a) Two pathways (i and ii) of the shear rate with elapsed measurement time, where the shear rates in (i) and
(ii) were applied along stepwise increment or decrement, (b) flow curves (i and ii) obtained from rotational shearing, where
the fluid was deformed as shown in (a) when yp, = 107" 57! in (i), and (c) linear displacement of CMC solution (0.5 wt.%)
under rotational shear, visualized by food dye.

not exist shear localization or banding from this visualization. Also, since flow curves shown in Fig. 5.6(b) trace the same
pathway, there does not exist shear history and time-dependency. These support the reliability for the results obtained by
rheometer.

5.3.2.2 Rheological evaluations using USR

The distribution of uy(r, f) at 0 < tf, < 2 with f, = 0.5 Hz in oscillation frequency and ® = 57/18 rad in amplitude is shown
in Fig. 5.7(a). Other parameters in the measurement are detailed in Table 5.1. The velocity distribution also shows periodic
fluctuations with a phase lag at each radial position, the velocity amplitudes decrease with closeness to the cylinder center.
The real and imaginary components of Fourier coefficients, R[y] and J[dy], calculated from the velocity distributions at
each radial position can be separated into the oscillation frequency fo and other factors [Fig. 5.7(b)]. Calculating phase-lag
of velocity fluctuation of the CMC by Eq. (5.15), the phase-lag in Fig. 5.7(b) shows nonlinear profile compared to that of
Newtonian fluid as shown in Fig. 5.3(d). According to Chapter 3, this shape of phase-lag profile is typical in polymer solutions
having shear-thinning viscosity.

To evaluate the rheological parameters (u and &), the cost function F was calculated at 1072 < u < 10! Pa-s and
1072 < 6 < /2 rad by applying the procedure to determine the minimum value of F discussed in §5.2.2. The resolutions of
Ap and AS suggest 0.001 Pa - s and 0.001 rad, as approximate values. For instance, in the F(u,d) at /R =~ 0.9 and 0.7, the
minimum points are apparent from the contours of F [Figs. 5.7(c) and 5.7(d)]. The parameters, u and ¢, are determined from
the F(u, 0) calculated at each radial position, where the viscoelastic analysis can be achieved in a shortperiod with O(1 s) of
velocity measurement as the shortest.

In these experiments, the 2D histograms in .5 and u [Fig. 5.8(a)], y.¢ and 6 [Fig. 5.8(b)], and y.x and 7. [Fig. 5.8(c)]
were calculated from the number of samples, 200 times for the 2-s rtheological measurements, where the color scale represents
the number of samples. The y.g in Figs. 5.8(a)-5.8(c) and 7. in Fig. 5.8(c) are calculated from Egs. (5.13) and (5.14), respec-
tively. In Figs. 5.8(a) and 5.8(c), the solid and dashed curves show the p,p, and 7,p, obtained by the rheometer as presented
in §5.3.1. In Fig. 5.8(a), the variation of y agrees well with the results of the rheometer in §5.3.1. The important feature in
this result is that the viscosity ¢ decreases with increasing shear rate y.¢ [Fig. 5.8(a)], as the rheological characteristics of the
CMC solution displays a shear-thinning behavior. From the results in Fig. 5.8(b), the phase difference ¢ between the viscous
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Figure 5.7:

(a) Azimuthal velocity distributions with two oscillation periods tfo measured using UVP in 0.5 wt. % CMC

solution, with the wall angular velocity Uy,; = 318.0 mm/s, (b) magnitudes of real and imaginary components of iy in the
oscillation frequency w = w, (= 2nf,) (closed circle) and phase lag calculated from the magnitudes of Fourier components
(open circle), and u—¢ distributions of the cost function F(u, d; ) at (c) r/R = 0.9 and (d) 0.7.
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Figure 5.8: 2D histograms plotting 200 samples for the 2-s rheological measurements calculated by counting all profiles
(200 times); (a) u, (b) 8, and () Teg in Yeg profiles in 0.5 wt.% CMC solution, where solid (i) and dashed (ii) curves indicate
measured results using a parallel-disk rotational rheometer; f, = 0.8 Hz, ® = 57/18 rad, and Uy, = 318.0 mm/s.

and elastic moves closer to /2 with increasing y.¢. Considering that the CMC polymer chains are intricately intertwined,
and as the chains ravel and align in the shearing direction, this agrees with the rheological behavior of the CMC solution as
it changes from viscoelastic to viscous as y.g increases. In Fig. 5.8(c), similar to the result in Fig. 5.8(a), the variations in the
histogram of 7. are in good agreement with the results of the rheometer.

As mentioned in §5.3.1, the dilute CMC solution is well known as a typical shear-thinning fluid without yield stress
or time-dependence. The results show that here USR performance of simultaneous evaluations of flow curve and dynamic
viscoelasticity as comparable rheological properties are similar to the conventional shear rheometer. Also, as shown by the
histogram, the rheological evaluations of USR are statistically stable, allowing conclusion that USR is sustainable with long-
duration measurements. This was also the case by the example in Chapter 2 that USR could perform evaluations for 3600 s,
continuously.

Generally, the oscillatory tests using the standard rheometer evaluate ¢ relating to the storage modulus G’ and loss mod-
ulus G” as tan¢ = G” /G’. Further, the G’ and G” are expressed as,

w2 A2
G’ =Gy———, 5.16
@) = Gor s (5.16)

. _ wA
G'(w) = Go1 PPETR (5.17)

where the relaxation time is defined as A = u/E. So, the obtained ¢ can be translated as G’ and G” as the same indicator with
standard rheometer tests. But usually in the conventional tests, the dynamic viscoelastic evaluations are done in the range of
linear viscoelastic regime so that the both G’ and G” keep constant with respect to shear strain y. The applicable range of
USR is much larger 7 than that of the standard rheometers, so comparing the results of USR with the standard rheometer is
not needed.

5.3.3 Mt dispersion
5.3.3.1 Rheology evaluated by a parallel-disk rotational rheometer

Rheological evaluations by the parallel-disk rotational rheometer were conducted for Mt dispersions in the same way as the
procedures for validations in §5.3.2.2. The rheological behaviors of the Mt dispersions are time dependent and subject to
large changes with the shear history as discussed in §5.3.1. In Fig. 5.9(a), shear-strain visualization to ensure what happened
at the start of measurement shows clear differences from that in Fig. 5.6(c), where the Mt dispersions were left at rest for 100
min before the rotational shearing was applied. This difference arises as the Mt dispersions gave rise to shear localizations
or wall-slip as shown in Fig. 5.9(a). Nechyporchuk et al. [5] visualized the shear strain of soft material with shear-thinning
property and thixotropy during rheological measurement using cone-plate device. The test material in the previous work
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Figure 5.9: (a) Displacement of Mt dispersions (4.0 wt.% with 0.02 mol/L NaCl) under rotational shear at y,p, = 107" s7!in
(b-1), where the displacement was visualized with food dye after an initial stationary state at 100 min, (b) different pathways
(i-iii and i’) of the apparent shear rate y,p, with elapsed measurement time, (c) flow curves (i-iii and i’) obtained from the
rotational rheometer, 7,5, profiles with respect to the measurement time which are the same as (d) (b-i’) and (e) (b-iii).

has similar rheological characteristics to Mt dispersion we used. From the result (Fig. 7 in [5]), shear stresses change and
converge a certain equilibrium value; however, there exist nonlinear displacements in the shear strain.

Four rheological measurements were conducted along two different pathways (i-ii-iii and ig) of shear-rate variations as
shown in Fig. 5.9(b): (i) shear rates gradually increased in 5 s steps from 107! to 10? s~!; (ii) rotation speeds gradually
decreased in 5 s steps from 10? to 107! s™! immediately after measurement (i); (iii) rotation speed maintained constant at
10" s71; (i’) rotation speed maintained constant at 10! s™! after leaving at rest for 100 min to be free from shear history effect.
The shear rates in (i) and (ii) were applied with stepwise increment or decrement indicated in Fig. 5.6(a).

The progress of the measurements for each flow curve obtained along the different pathways (i)—(iii) and (i’) are indicated
by arrows in Fig. 5.9(c). Comparing the curves in (i) and(ii), they trace different histories of the flow curve, showing that the
rheological properties of the Mt dispersions show hysteresis. Immediately after measurement in (ii), the Mt dispersion was
measured at a constant shear rate ,p,, = 10" s7! (iii), and the resulting flow curve shows time elapse changes. The shear
stresses Typp in (iii) decrease gradually with time. However, it does not reach the 7,5, value obtained in (ii) at the same value
of ¥,pp but takes a value around 10" Pa, a larger shear stress than that obtained in (ii). In (i), assuming free from shear history
effect at the initial condition, 7, also has no coincidence with that in (ii) at the same ¥,pp.

To clarify the time-dependent change of flow curve in (i) and (iii), time profiles of the 7,,, along the pathways are
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investigated. As shown in Fig. 5.9(d), 74 in (i°) quickly converges to the value somewhat smaller than that in (i) at the
same Yapp. As shown in Fig. 5.9(e), time variations of 7, in (iii) seem to be saturated in the duration time converging to
an equilibrium state. The former indicates shear-thinning with time, and the latter may reflect recovery effect of the particle
networks in the Mt dispersions due to spending sufficiently long time under relatively weak shear along the pathway (ii).

From these measurements in the Mt dispersions, we speculate that the shear-rate profiles in the gap of the rheometer does
not satisfy the linear shapes but in different shapes depending on elapsed time and shear history, which may be influenced by
various conditions, including the gap & between the disks, the loading shear stress, and others. As we mentioned in §5.1.1
(see Fig. 5.1), unexpected phenomena, such as in the shear history, the wall-slip, or shear localization and others, may occur
simultaneously in combination. Especially in the case of fluids with time-dependency, the conventional rheometer is limited
to measure specific-rheological responses corresponding to the measurement condition. Thus, especially in such thixotropic
fluids, the flow curves obtained from the rotational rheometer do not always provide correct evaluations without influences
from shear localization, wall-slip, and others, even if the shear stress seems to reach equilibrium states.

5.3.3.2 Rheological evaluations using USR

The rheology of Mt dispersions may be subject to shear localization or shear history as investigated in §5.3.3.1. From our
previous investigation of the time-dependence and shear history of Mt dispersions [Chapter 3], oscillation periods that are
sufficiently long to achieve the equilibrium state are approximately equal to zf, = 1500. In this section, the rheological
evaluations of the Mt dispersions were conducted after an adequate time of oscillating of the cylindrical container to ensure
attainment of a specific state of equilibrium condition between the time-dependent recovery and breakup the particle networks.

The azimuthal velocity distributions of the Mt dispersions were obtained as shown in Fig. 5.10(a). The distribution was
transformed from the measured velocity fluctuations using UVP considering Eq. (5.1). Here, the parameters (f,, ®) were
properly chosen to realize the one-directional flow. The experimental conditions are detailed in Table 5.1. The momentum
propagates from the wall to the center of the cylinder as instantaneous velocity fluctuations with a phase lag. Here, the phase
lag in velocity fluctuations is decreasingly smaller close to /R = 0.7, and for /R < 0.7, no considerable phase difference
in the radial direction is observed. Using DFT, the real and imaginary parts of the azimuthal velocity distributions were
calculated [Fig. 5.10(b)]. The profiles also show very small variations in the phase difference. Figures 5.10(c) and 5.10(d)
show the contours of F(u, §) calculated by Eq. (5.11) at /R ~ 0.9 and 0.65, respectively. These are very different in the u — 9
coordinates showing minimum values. This difference indicates that the rheological characteristics of Mt dispersions change
very much with the applied shear rate.

In the same way as the analytical procedure in §5.2.2, 2D histograms in y.¢ and u [Fig. 5.11(a)], y.¢ and ¢ [Fig. 5.11(b)],
and Y. and T [Fig. 5.11(c)] were counted from the 200 times of the measurements of USR. The (i) solid, (ii) dashed,
and (iii) dotted curves indicate T,pp(¥app) Obtained from the parallel-disk rotational rheometer. The u(yeg) result indicates a
decreasing tendency as j.g increases [Fig. 5.11(a)], and it has a bending point at 10° < . < 10' s~!. This histogram shows
a very large difference from results obtained by the rheometer (i—iii).

One possible explanation for such a difference is that there are influences on the torque measurements reflecting shear
banding or localization. This is supported by the fact that the visualization inside the gap could not be assumed as linear shear
deformation. The visualization of food dye shown in Fig. 5.9(a) displays deformation at the edge of the disk. Since the shear
rate is the biggest at the edge, it is speculated that fluid deformations inside the disks could be a stronger influence than at the
edge. Moreover, as indicated in Fig. 5.1, the shear banding or localized influence may appear both in the axial direction of
the rotational plates and in the radial direction. If this is the case, the influence from inadequacies in the assumption would
lead to significant measurement errors considering integration of these differences arising from the assumptions made.

As indicated in Fig. 5.11(b), a three-phase region can be observed from the histogram of 6(y.gs). At 5 sl < 6(Fe),
8(y.) reaches m/2 representing the rheological characteristics as trends of viscous behavior. At 0.5 s™! < §(je) < 5577,
the histogram of 8(j.g) is slightly smaller than that at 5 s™' < §(¥e). At 8(er) < 0.5 s7!, the histogram of 5(j.¢) suggests
very large changes. To confirm the relationship between the obtained result and flow behavior, the shear deformations of
Mt dispersions are visualized by the azimuthal velocity profiles considering the geometric calculations [Fig. 5.11(d)]. The
three-phase regions described in Fig. 5.11(b) correspond to Fig. 5.11(d). From these visualized images, no deformation is
observed in the gel region, contrary to the large deformation observed in the sol regions. This suggests sudden rheological
changes in radial direction of the cylinder. Overall, the CMC solution results using USR in §5.3.2.2 are in good agreement
with the parallel-disk rotational rheometer, the rheological evaluations of Mt dispersions indicate large difference between
USR and the parallel-disk rotational rheometer.

The 7.g calculated from y and ¢ is shown in Fig. 5.11(c). The minimum value of 7. is estimated on approximately 0.3 Pa
at the shear rate yog = 1 s~L. From the result of O(7emr) and the visualizations as mentioned above, the minimum 7.g represents
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(a) Azimuthal velocity distributions for two oscillation periods, f, = 2, measured using UVP in 4.0 wt.%

Mt dispersion with 0.02 mol/L NaCl after zf, > 1500 from start of oscillations, with the wall angular velocity Uy, =
477.0 mm/s, (b) magnitudes of real and imaginary components of &y at the oscillation frequency w = wo(= 2nf,) (closed
circle) and phase lag calculated from the magnitudes of Fourier components (open circle), and u—d distributions of the cost
function F(u, d;r) in (c) r/R = 0.9 and (d) 0.65.
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Figure 5.11: 2D histograms plotting 200 samples for the 2-s rheological measurements calculated by counting all of profiles
(200 times); profiles of (a) u, (b) 0, and (c) Teg With yeg in 4.0 wt.% Mt dispersion with 0.02 mol/L NaCl, where the
broken (i), solid (ii), and dotted lines indicate measured results using the parallel-disk rotational rheometer shown in Fig. 5.9,
(d) representations of deformations of Mt dispersion visualized by azimuthal velocity profiles at tf, = 0.5; f, = 0.5 Hz,
® = 2n/3 rad, and Uy, = 477.0 mm/s.

the yield stress of the Mt dispersion. Hence, this trend of the histogram was different from the results of the rheometer like
in Fig. 5.11(a), and the differences in shear stress are O(10 Pa) at the maximum. As in the unsatisfactory condition for the
rheometer mentioned above, flow curves (i—iii) are specific responses corresponding to the measurement conditions. Thus,
the histogram of 7.4 shows flow curves of the Mt dispersions more accurately than the flow curves using the parallel-disk
rotational rheometer.

5.3.3.3 Rheological measurements of time-dependence in Mt dispersion

In §5.3.3.2, experiments for Mt dispersions were conducted by USR after reaching the equilibrium state between the time-
dependent recovery and breaking up of the particle networks. As a further step in USR rheological evaluations here for
time-dependent properties, evaluations of spatial profiles in individual oscillation cycles of period O(1 s) were performed for
the transient rheology of Mt dispersions. This has importance to evaluate efficacy of USR, because time-dependent recovery
and breaking up would be reflected on instantaneous velocity profiles that are analyzed to obtain instantaneous-rheological
properties in USR.

By UVP, the instantaneous velocity fluctuations were measured for long-oscillation periods equal to 450 s to evaluate
spatiotemporal profiles of rheological properties as shown in Figs. 5.12(a)-5.12(c). The velocity profiling was performed
immediately after stirring the Mt dispersions to place the particle networks into intermediate states between the states of
gelling and breaking up of the network structures. The rheological properties of the dispersions change with elapsed time as
mentioned in §5.3.3.1, and there are time developments in the velocity fluctuations in the results in Figs. 5.12(a)-5.12(c), that
show equilibrium states of the flow behaviors corresponding to the oscillations. This was also investigated in Chapter 2 and
3, and the rheological characteristics were qualitatively evaluated from the phase lag of the velocity fluctuations.

Following the procedures in §5.2.3, the rheological properties were evaluated as a function of time and shear strain rate,
U(Vesrs 1), O(Vests 1), and Teg(Vesr, £) as depicted in Figs. 5.13(a)-5.13(c). Here, the determination of y, 0, Ve, and Teg was as
outlined in §5.2.2. The color of the plots indicates spin-cycles, ¢ fy, and ¢ f, = 0 is the start of the velocity profiling immediately
after the stirring of the Mt dispersions.

As shown in Fig. 5.13(a), immediately after starting the oscillations, u(y.s) appears with a monotonic decrease, shown
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Figure 5.12: Azimuthal velocity distributions after different oscillation periods tfo measured using UVP in 4.0 wt.% Mt
dispersion with 0.02 mol/L. NaCl without recovery time left at rest; (a) immediately after starting oscillations, (b) after
tfo = 200, and (c) after ¢f, = 400, where the wall angular velocity Uy, = 357.8 mm/s.
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Figure 5.13: Linear viscoelasticity of Mt dispersions evaluated from short-time velocity profiles for 2-s, where (a) y, (b) J,
and (¢) T in Yo profiles; fo = 1.0 Hz, ® = /4 rad, and Uy, = 357.8 mm/s.

by the brighter plots. With #f,, u(y.r) gradually decreases approaching an equilibrium state in the whole of the y.g region.
At tf, = 400, there are two divided regions at g(Ver) (Ve < 109 57, monotonically decreasing and constant regions. As in
these results, the viscosity decreases with the oscillation duration also after initiating stirring of the fluids. From Fig. 5.13(b),
immediately after the start of oscillations, 6(y) is smaller than 37/8 in the whole range of y.¢. Then, 6(y.q) increases and
approaches /2 with ¢ .

The rheological behavior of the Mt dispersion immediately after discontinuing the stirring shows the fluid to be more
viscoelastic than that at the equilibrium state. As mentioned in Chapter 3, the viscoelastic characteristics result from micro-
scopic structures maintained by the particle networks even after strong stirring. The reason why the viscoelastic characteristics
gradually shift to viscous is that the particle networks break up and align by the unsteady oscillations. Considering linear
viscoelasticity, the particle networks of the Mt dispersions play a role in the viscoelastic characteristics even if the gelled
structures are made to yield by stirring as they are in an incomplete breakup state.

In Fig. 5.13(c), 7ex(7efr) Was calculated for each of the spin-cycle periods. Immediately after the start of the oscillations,
Teff(Veff) 18 in a positive-low-gradient state at 100s7! < Yeft » Which means that it is subject to a strong viscous response. Then
as with i and 9, s (Vo) gradually converge to an equilibrium state with zf,.

From the results in Figs. 5.13(a)-5.13(c) representing the rheological properties at every ¢f, = 2, the gradual changes in
rheological characteristics of the dispersions due to breaking up or restoration of the particle networks were observed. The
rheological characteristics with time-dependency may not be determined with the parallel-disk rotational rheometer because
of the hysteresis of the dispersions during the measurements as mentioned in §5.3.3.1. This is of great importance, suggesting
that the 7.5(yer) may represent novel flow curves as in the “time function”. This experimental finding is significant in that
USR has possibility to provide the flow curve for complex fluids with time-dependent rheological properties.

80



5.4. Efficacy of USR as a complementary technique

5.4 Efficacy of USR as a complementary technique

Through comparative experiments with the parallel-disk rotational rheometer, and from insights obtained in the previous
work, the advantages and limitations in the range of application of USR are summarized in Table 5.2. The relations be-
tween the USR and typically available rheometers are evaluated by comparing the different advantages and limitation with
exemplifications. There are two points of the significant complementary relations to note from the comparisons.

Table 5.2: Comparison of advantages and limitations for the conventional shear rheometer and USR.

Conventional shear rheometer Ref.
- Small amount O(1 mL) of test material §5.3.1
Advantages - Use in higher viscosities than O(10 Pa - s) — [34]
- Adjustments for viscous layer thicknesses by the gap i — [35]
- Difficulties of application to non-linear behaviors §5.3.3.1 [36]
Limitations - Approximation of apparent T and y values §5.3.1
- Unsuitable for long-duration measurements §5.3.3.1
Ultrasonic spinning rheometry (USR) Ref.
- Evaluations including wall-slip, shear localization, etc §5.33.2 Chapter 3
Advantages - Local rheological evaluations; O(1 mm) §5.2.2 Chapter 4
- Sustainable long-duration measurements §5.3.2.2 Chapter 2
- Large amount O(1 L) of test material §5.2.1
Limitations - Limitations of the given yg due to Af, Ar, and Aug . Chapter 2
- Optimization by oscillation parameters; (v/2w,)"/ 2 854
P! on by p

Because of the measurement principles, evaluating momentum propagations, the applicable range on viscosity of USR is
determined by the thickness of the viscous layer in the fluid flows. When the test fluids show a specific kinematic viscosity
v, a radius R of the cylinder that is larger than (v/2w,)"/? is required. From practical issues on the ultrasonic measurement,
the radius R and oscillation frequency fo are limited in O(10> mm), and less than O(10 Hz) because of attenuation and
divergence of ultrasonic wave and sampling rate of UVP measurements. In cases of higher viscosity than O(10? Pa - s), the
radial gradient of the velocity would be too small to extract information for rheological evaluations. For such high viscous
fluids, however, the influence of unknown velocity profiles, e.g., the shear localization or banding, would be negligible for the
use of conventional theometers. Overall, it may be concluded that there exists complementarity between conventional shear
rheometers and USR.

For the reliability of rheological evaluations with non-Newtonian fluids, the rheological evaluations using typical rheome-
ters cannot always be ensured to be accurate due to unexpected phenomena. Considering the results in this paper, the rheolog-
ical properties of the Mt dispersion simply establishes a boundary of physical properties versus unsteady shear deformations.
The reason why these problems occur lies in the appearances of spatial distributions of the rheological properties due to the
shear-rate-dependence. In such cases, rheological evaluations with conventional rheometers would not be reliable. Here,
USR can execute the rheological evaluations including accounting for any unexpected phenomena, so USR has clear ad-
vantages over conventional rtheometers. From the results of CMC solutions, the rheological evaluations of USR agree well
with those of conventional rheometers. This strongly supports the reliability of the linear viscoelastic analysis with USR for
non-Newtonian fluids, even though the fine torque measurements in the conventional rheometers can provide more accurate
evaluations than USR in cases that the assumptions are satisfied.

Finally, we should state here about limitations on USR arising from UVP measurements and the oscillating flow system
for practical use of USR. The maximum range of the shear stress y applied in USR is determined by the wall velocity of
cylinder, Uy = 27f,RO®, and rheological properties of the test fluids themselves. In addition to the limitations on R and
fo mentioned above, setting large amplitude of the oscillations, ®, may cause secondary flows in the cylinder. It may affect
momentum propagations evaluated in USR, where the azimuthally directional flow is assumed to be dominant. Heightening
of the cylinder can relax the influence of secondary flows, but not perfect. On the other hand, the minimum range of ¥ has no
limitation in theory, because of distributions of ¥ from the maximum value at the wall to zero at the center of the cylinder. But
in practical use, central region is not applicable, because of averaging effects due to considerably large measurement volume,
and velocity resolution of UVP. Enlargement of R and Uy, therefore, do not ensure widening the range of the shear stress.
As the final point, the minimum size of the cylindrical vessel is also restricted; large curvature of the cylinder wall does not
allow transmitting the ultrasonic wave into the test fluid. It is, therefore, not avoidable that considerably large amount of the
test fluid is required in USR.
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Chapter 5. Efficacy assessments in USR: Linear viscoelastic analysis on non-Newtonian fluids

5.5 Conclusion

For Newtonian fluids, the linear viscoelastic analysis of USR was validated by statistics on multiple measurements, and the
efficacy of USR for typical Newtonian fluids was proven. Even if the rheological evaluations are calculated from two-cycle-
data (2-s), these offer high accuracy and precision avoiding noise amplifications.

As a further step with the USR, the efficacies for non-Newtonian fluids were clarified by experiments comparing a con-
ventional rheometer with parallel-disk geometry. For the CMC solution, the rheological evaluations of USR agree well with
those of the parallel-disk rotational theometer. In addition, from visualization of the state of the solution with the parallel
disks, we observed linear displacements during the onset of the rotation experiments. Therefore, USR proves the precision
of the rheological evaluations if the conventional rheometer can measure the properties with precision. However, in the case
of Mt dispersion, entirely different flow curves between USR and the rheometer were obtained. From the dye displacement
of the dispersion [Fig. 5.9(a)], nonlinear displacements were observed at the onset of experiments, which was quite different
from the visualization of the CMC solution [Fig. 5.6(c)].

One of the problems in the conventional rheometer is due to uncertainty in nonlinear shear deformations during the
experiments. Instead, from the greater advantages on USR, the “local” rheological properties can be evaluated without any
uncertainty of the deformations. Considering the advantages and limitations on conventional rheometers and USR, USR
can be expected to offer complementary rheometry together with conventional rheometers on evaluations of non-Newtonian
characteristics.
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CHAPTER 6

Effective viscoelasticity of non-Newtonian
fluids modulated by large-spherical particles
aligned under unsteady shear
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The aim in this chapter is to prove the capability of the kinematic rhometry to elucidate the unexplained phenomena which
occurs when using a standard rheometer due to the limitation of methodology. As the target, effective viscoelasticity of
non-Newtonian fluids as macro rheology is evaluated, and is modulated by the alignment of spherical particles that is closely
related to the relaxation time of fluid media. This work was published in Yoshida et al., Phys. Fluids (2019).

Abstract

The effective viscoelasticity of non-Newtonian fluids with spherical particles has been examined by ultrasonic spinning
rheometry [Yoshida et al., J. Rheol. 63 (2019)]. Under unsteady shear flows, the dispersed particles make alignments in
the sheared direction if the relaxation time of the fluid media is sufficiently long. The alignments modulate the effective
rheological properties, and the effective viscosity does not reach the value estimated by Einstein’s law; the effective elasticity
increases significantly with increasing volume fraction in the bulk of the measurement volume. To establish further details of
factors influencing the aligned particles under unsteady shear flows/deformations, numerical tests using a simple toy model
assuming dispersed particles combined by spring forces considering yield stresses were conducted, and the model identified
the importance of the relaxation process on the orientation of the particles. Finally, considering the experimental findings,
local and macro rheological characteristics are strongly modulated by the particle alignment when the test fluid media have
long relaxation times (or high Weissenberg numbers).



https://doi.org/10.1063/1.5119335
https://doi.org/10.1122/1.5086986

Chapter 6. Effective viscoelasticity of non-Newtonian fluids modulated by large-spherical particles aligned under
unsteady shear

6.1 Introduction

In fluid mechanics, an understanding of the rheological properties of dispersive multi-phase fluids is of great importance to
control and predict flow behaviors. To evaluate the bulk viscosity in control volumes of multi-phase fluids, the “effective
viscosity” in dilute solid particle suspensions, u*, can be theoretically derived as

77=—=1+§¢, 6.1

where 1, u, and ¢ denote the relative viscosity, the viscosity of the dispersing fluid media, and the volume fraction of particles
dispersed in the media [1]. This formula is based on important conditions: (i) a steady simple shear flow, (ii) a low shear rate,
i.e. satisfying Stokes’s law, (iii) sufficiently low volume fractions (¢ < 0.1), (iv) perfectly spherical particles, and (v) neu-
trally buoyant particles. For more concentrated particle conditions, Eq. (6.1) is extended to an exponential form considering
interactions between the dispersed particles [2]. Some formulae have been proposed to describe the viscosity of concen-
trated suspensions with parameters determined empirically or semi-empirically [3-5]. Subsequently, these attempts were
theoretically substantiated by Frankel and Acrivos [6]. Several fundamental parameters of rheology for particle suspensions
in Newtonian fluids have also recently been investigated (e.g. [7-9]).

Compared with the Newtonian fluids, the effective rheological properties in non-Newtonian fluids with dispersed particles
are highly complex making it difficult to estimate the properties by theoretical considerations alone, as it is not possible to en-
sure that the important assumptions detailed above are fully considered. The orientation of particles dispersed in viscoelastic
fluid flows in the sheared direction have been reported by experimental and numerical approaches [10—17]; Joseph et al. [10]
found that there is a critical distance between the initial positions of each particle that enables the formation of particle strings
in a viscoelastic fluid. Lyon ef al. [11] reported experimental results on the evolution of particle microstructures with non-
colloidal particles suspended in a viscoelastic medium, and investigated the formation of particle strings corresponding to a
quantitative reduction in the simultaneously measured shear stress. Based on this, Scirocco et al. [12] investigated factors
that lead to the development of string structures for several test fluids with different Weissenberg numbers Wi, and found that
the critical Wi for the onset of string formation ranges from 0.5 to 16.5, with Wi defined as

Wi = 1y, 6.2)

where A and y represent the relaxation time of the test fluid and shear strain rate respectively. The Wi describes the viscoelastic
characteristics of test fluids, and the two limiting values, Wi = 0 and Wi — oo reflect viscous and elastic characteristics.

These experimental approaches suggested that development of the particle orientations with time elapsed and the initial
distance between particles play important roles. Also related to this, Won and Kim [13] established that shear thinning
properties are responsible for the formation of string-like structures even when the driving force enabling the migration of
the particles arises from the viscoelasticity in the relaxation of the fluid media. Numerical approaches [14—16] have indicated
that the alignments are governed by rheological characteristics, such as the shear-thinning viscosity, relaxation time, shear
amplitude, and other parameters even under limitations in the conditions of the steady state and instabilities arising from the
initial position of particles.

As above, there has been several reports of triggers to generate the particle alignment in viscoelastic fluids, but no results
have ever been reported of rtheological evaluations of fluid properties with the particle alignments considered macroscopically.
There have been a number of attempts to elucidate the rheological characteristics modified by the particle alignment: Pasquino
et al. [17] investigated alignment factors with increasing shear rates. The controlling factor here was determined as a measure
of the average length of particle strings determined by optical microscopy measurements. Van Loon et al. [18] evaluated
the local force and torque balance of the rheological response experimentally, based on the aligned particles. In summary,
depending on the rheological response of the particle alignment measured, they do not move beyond estimates based on optical
observations in the steady shear state and do not involve measurements of mechanical responses because of the geometric
limitations of standard torque rheometers. Rheological evaluations under unsteady shear are of great importance for how to
deal with the rheology of particle orientation media.

Torque rheometers are not suitable to evaluate rheological properties that are modified by the aligned particles in non-
Newtonian fluids because of two issues: (i) the rheometers can only measure the bulk rheology although the particles migrate
locally; (i1) common problems, such as shear banding, shear localizations, slipping on the walls, are considerable, especially
in multiphase conditions [19-21]. In Chapter 5, the condition of homogeneity of the fluid as one of several assumptions must
be satisfied as a prerequisite for ensuring the reliability of rheometer measurements. In the case of dispersed particles in
non-Newtonian fluid media, homogeneity may not be maintained due to the gradual migration or changes in the alignment of
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the shear direction. Also, alignment phenomena may cause shear localization or jamming in gaps of standard rheometers.

To overcome the limitations of standard rheometers, utilizing spatiotemporal velocity distributions of the fluid motion
reflecting all the rheological information of multiphase media is necessary. To respond to this, our group has developed a novel
velocity-profiling rheometry, termed ultrasonic spinning rheometry (USR) as explained in Chapters 2-5. The basic concept
of this rheometry is that velocity profiles are substituted into the equation of motion to estimate the rheological properties,
and details of this will be summarized in §6.2. The efficacy of USR for various complex fluids has already been evaluated
in Chapters 2-5. There the USR has been shown to be able to evaluate macro-rheological properties under conditions of
the particle alignment in non-Newtonian fluids. The USR can also realize measurements of shear-rate distributions, the
radial distribution of Wi in a test fluid layer, and makes it possible to validate conditions to form the particle alignment
simultaneously with the evaluation of the rheological properties. These two points are the objectives to be investigated with
USR in this study.

In this paper, the conditions for particle alignment are validated through rheological evaluations by the USR on test
fluids with three different rheological characteristics: Newtonian, viscoelastic, and pseudoplastic fluids. Next, the macro-
rheological properties of particle dispersions of non-Newtonian fluid media with particle alignments were examined, and
the effective viscoelasticity changing the bulk volume fraction of the dispersed particles are evaluated (§6.3). In §6.4, we
examine numerical assessments of particle alignments under unsteady shear flows by employing a toy model representing
spring forces with a known yield stress between dispersed particles. Finally, the rheological characteristics modulated by the
aligned particles is discussed based on the experimental findings and with a schematic summary.

6.2 Method: Ultrasonic spinning rheometry (USR)

In this section, the experimental setup, theoretical basis, and experimental conditions of the USR are summarized. The
process of the validation of the method was presented in the previous research (see Chapters 4 and 5, for details of the
efficacy assessments for non-Newtonian fluids) and is omitted here.

6.2.1 Experimental setup and theoretical basis

Schematics of the cylindrical test container for the USR is shown in Fig. 6.1, its dimensions are diameter 2R = 145 mm and
height 60 mm, with an ultrasonic transducer: Ultrasonic velocity profiler (UVP) Model Duo (Met-Flow S. A., Switzerland)
was adopted to measure the instantaneous velocity distributions. To obtain the azimuthal velocity component, an ultrasonic
transducer (resonance frequency 4 MHz and 5-mm active element diameter) is mounted at a displacement Ay from the
center coordinate of the container and 45 mm height from bottom of container. At the measurement position, thanks to the
optimization of the system including a circular plate set inside the container (see Fig. 6.1), the flow can be assumed as quasi-
one directional shear flow For the container oscillating with amplitude ® and frequency f,, and axisymmetric flow inside
the cylinder can be assumed with a negligibly small radial velocity component, the azimuthal velocity uy is calculated from
the geometric relation ug = usr/Ay (a circular disk fixed through a thin shaft is installed to prevent meridional circulation
in the cylinder, see Fig. 6.1). Here, the radial position r is calculated with the distance from the transducer & by r> =
AY? + [(R* — Ay*)!/? — &), Considering emissions of ultrasonic waves, the ultrasonic beams assume disk-like shapes at
each measurement point, growing gradually larger as they propagate. Empirically, based on the results of previous studies, a
A = 15 mm was used, and further details of the setup are detailed in Chapter 5.

If the fluid flows in the container are one directional and axisymmetric, the fluid motion obeys Cauchy’s equation of

motion given as
oug Ot 2t

— = — 4+ S
P ot or r
where p is the density of the test fluids, and 7 represents the shear stress. To describe the relation between uy and 7, Maxwell’s

model,
uor  (Oug up

TEa H (W ) 7)’
is selected as the simplest expression for the linear viscoelastic characteristics, where u and E denote the viscosity and
elasticity of the fluid. The USR determines these rheological properties by satisfying Eq. (6.3) under the condition of Eq. (6.4)
on the velocity data measured by the UVP. There are computational difficulties arising from noise augmentation in the
differential calculations with the experimental data as provided in Egs. 6.3 and 6.4, this was however successfully overcome
to become able to evaluate the rheological properties by adopting an algorithm of viscoelastic analysis in a frequency domain

(6.3)

T (6.4)
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Figure 6.1: Schematic of the experimental setup for capturing oscillating shear flows coupled with an ultrasonic velocity
profiler: (a) top view of the rotating cylinder and (b) side view.

Thermostatic bath: 7}

88



6.2. Method: Ultrasonic spinning rheometry (USR)

[Chapters 4 and 5]. Using the Fourier transform with respect to ¢, Eqs. 6.3 and 6.4 can be modified as

o 2
iwpity = (— + —) 7, (6.5)

or r
T+la)ET—,u(ar r)’ (6.6)

where the Fourier-transformed velocity and shear stress are denoted as iiy(r, w) = F [ug(r, t)] and 7(r, w) = F [7(r, 1)] with the
angular frequency w. To determine the ¢ and E satisfying the optimization problem, the cost function is given as

2

F(u,E;r) = , (6.7)

or r

N ((‘3 2)A
iwplly —|— + = |7

W=Wo

where the spectrum was adjusted as having a single dominant frequency at the oscillation frequency w = wo(= 27 f;).

6.2.2 Experimental conditions

Test fluids with three different rheological characteristics were selected: (i) silicone oil with 0.97 Pa - s in reported viscosity
and 970 kg/m? in density at 25°C, (Shin-Etsu Chemical Co., Ltd., Japan), (ii) polyacrylamide (PAM) solution 0.5 wt.%
(MT AquaPolymer, Inc.) with 1002 kg/m? in fluid density, (iii) carboxymethyl cellulose (CMC) solution 1.0 wt.% (Daicel
Chemical Industries, Ltd., Japan) with 1007 kg/m? in fluid density. The silicone oil is well-known as a typical Newtonian
fluid at lower shear rates than O(102 s™'). The PAM solution has a strong viscoelasticity even at small concentrations due
to the presence of long-length dispersive polymers. The CMC solution is known as a typical fluid having shear-thinning
viscosity, which arises from polymer dispersion with weaker viscoelasticity than PAM.

To measure the flow velocity, small tracer particles were dispersed in the test fluids: CL-2507 (Sumitomo Seika Chemicals
Co, Ltd., Japan) for the silicone oil, and HP20SS (Mitsubishi Chemical Co. Industry Ltd., Japan) for the CMC and PAM
solutions. The mean diameter and density of the tracer particles are 100 um and 1010 kg/m?, and those of CL-2507 are
180 um and 920 kg/m>. The influence of the added tracer particles on the rheological properties is negligibly small for small
concentrations (< 0.1%). Also, the optical visualization and echo amplitude showed that there was no aggregation of the
dispersed tracer particles during the measurements of oscillations of the cylindrical container.

Table 6.1: Experimental parameters of different test fluids.

# Test fluid ¢ [-] fo [Hz] 0 [rad] At [ms] A¢ [mm] Aug [mm/s] Section No.
@) Silicone oil — 1.0 /4 50 0.61 0.430 §6.3.1
(ii) 0.97 Pa-s 0.02 1.0 /4 50 0.61 0.430 §6.3.2
(iii) — 0.5 /2 50 0.93 0.586 §6.3.1
@iv) PAM solution 0.02 0.5 /2 50 0.93 0.586 §6.3.3
V) 0.5 wt.% 0.04 0.5 /2 50 0.93 0.586 §6.3.3
(vi) 0.06 0.5 /2 50 0.93 0.586 §6.3.3

(vii) — 1.0 /2 25 0.93 1.301 §6.3.1
(viii) CMC solution 0.02 1.0 /2 25 0.93 1.301 §6.3.4
(ix) 1.0 wt.% 0.04 1.0 /2 25 0.93 1.301 §6.3.4
(x) 0.06 1.0 /2 25 0.93 1.301 §6.3.4

To prepare multi-phase fluid media with set volume fractions (¢ = 0 — 0.06), relatively large spherical particles (HP20,
Mitsubishi Chemical Co. Industry Ltd., Japan; CL-8007, Sumitomo Seika Chemicals Co., Ltd., Japan) were chosen as
neutrally buoyant particles for the test fluids. In the experimental conditions of the previous research (e.g., [13, 17, 18]), the
density of the dispersed particles was very different from the fluid density. The mean diameter and density of CL-8007 are
600 um and 920 kg/m? [Fig. 6.2(a)], and of HP20 are 500 um and 1010 kg/m? [Fig. 6.2(b)] , where the HP20 was used for
CMC solution as well since the fluid density of CMC solution is almost equal to that of PAM solution.. The inertia moment of
the test particles is very small compared to the torque due to viscous stress by the surrounding fluid, and the radial motion of
the particles by rotation-induced lift forces can be disregarded. By calculating the volume of the particles from the weight of a
particle, the test fluids with the dispersed spherical particles for specific volume fractions were prepared as listed in Table 6.1
together with further details of the experimental conditions and parameters.
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Figure 6.2: Photographs of dispersed particles; (a) CL-8007 in silicon oil [condition (ii) in Table 6.1], (b) HP20 in PAM
solution [condition (iv) in Table 6.1].

@ Silicone oil (0.97 Pas) ®  PAM solution (0.5 wt.%) () CMC solution (1.0 wt.%)
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Figure 6.3: Radial-temporal velocity distribution of (a) silicon oil, (b) PAM solution, and (c) CMC solution.

6.3 Experimental results of the linear viscoelastic analysis

To capture base rheological characteristics of the three test fluids specified in the previous section, silicone oil, PAM solution,
and CMC solution, a USR evaluation is conducted where the viscosity, elasticity, and relaxation times of the test fluids are
evaluated. Here the details of the linear viscoelastic analysis using the USR are explained step by step in the process for ease
of understanding the results obtained. The macro-rheological response in the case of multi-phase conditions is then examined
by dispersing spherical particles with large diameters of O(0.1 mm) in the test fluids.

6.3.1 Rheological evaluations of test fluids without dispersed particles

The spatiotemporal velocity distributions were measured using the UVP as shown in Figs. 6.3(a)—(c). The vertical and
horizontal axes show the radial positions normalized by the radius of the container, R, and the spin-cycle period ¢f,. The
contours represent the azimuthal velocity normalized by the maximum azimuthal velocity at the cylinder wall (r = R),
Uyan(= 27 f,RO). Important experimental parameters in each experiment (silicone oil, PAM solution, and CMC solution) are
detailed in Table 6.1.

The amplitude of the velocity fluctuations decreases with closeness to the center of the container since the momentum
propagation is weakened by viscous damping. Comparing the velocity distributions in Fig. 6.3(a)—(c), there are differences
in the phase lag of the fluctuations in the radial direction of the velocity profiles. These reflect the differences in momentum
propagation rates arising from the different rheological properties of the test fluids as the momentum satisfies the equation of
motion, Eq. (6.3). In Fig. 6.3(a), the phase-lag in the velocity fluctuations with respect to radial position is smaller than that of
Fig. 6.3(b). Using Eq. (6.7) for the Fourier component obtained from the velocity profiles of the PAM solution at r/R = 0.9,
the cost function F is calculated as shown in Fig. 6.4, as an example, where phase difference in the linear viscoelasticity ¢ is
used instead of E.

The § is defined as tand = G” /G’ = E/wou, where the phase values around 7/2 indicate a fluid close to that of a
purely viscous body and smaller values indicate larger elastic contributions to the stress in the fluids [Chapter 4]. The
contours of Fig. 6.4 indicate the calculated values of the cost function for different ;1 and ¢, where the resolutions of these are
approximately 0.001 Pa - s and 0.001 rad, respectively. The contour map shows a concave surface of F' and a single minimal
point corresponding to the most probable values of i and ¢ satisfying the equation of motion and the spatio-temporal velocity
information. For a more efficient search for the minimal point, a randomly search method was adopted rather than calculating
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Figure 6.4: Cost function distribution obtained from the velocity profiles at r/R =~ 0.9 in the PAM solution [condition (iii) in
Table 6.1].

the map of F(u, ) as shown in Fig. 6.4.

For each radial position, the rheological evaluations summarized above are processed for velocity profiles of 1000 periods
of oscillations (i.e. in the case of f, = 1.0 Hz, the measurement duration in 1000 periods of oscillations corresponds to
1000 s). In determining the minimum of the cost function at different radial positions, Figs. 6.5(a) and (b) show average and
standard deviations of the viscosity u and phase difference 6.

The results for silicone oil show a constant viscosity independent of the radial position as is characteristic of a typical
Newtonian viscosity [Fig. 6.5(a)]. The results with the PAM solution show the viscosity decreasing to the radial position
around r/R = 0.75, representing a shear-thinning viscosity. The viscosity in the CMC solution decreases gradually through
the all radial positions suggesting a typical pseudo plastic fluid. In the phase difference 9, the silicone oil takes values around
n/2 like a purely viscous fluid [Fig. 6.5(b)]. With the PAM solution, 6 maintains values in a narrow range, 7/4 < 6 < 3n/8,
like that of a viscoelastic fluid. The CMC shows é = m/2 near the cylinder wall but it detaches from 7/2 at /R = 0.8. This
means that the rheological property is suggested as an elastic behavior at a shear rate lower than a certain critical value, here
around 8 — 10571

Next, to evaluate the viscoelastic effects, the relaxation time A of the test fluids is calculated [Fig. 6.5(c)]; the physical
meaning of A is the time at which the shear deformation reaches an equilibrium state after fully relaxed, represented by a ratio

of the viscosity u and the elastic modulus E,

1
1=k .
E wytand

(6.8)

Generally, A of pure Newtonian fluids is considered to be an extremely small value. Radial profiles of corresponding Wi
numbers calculated by Eq. (6.2) are shown in Fig. 6.5(d). According to [12], for experimental conditions of a steady shear,
different from the present conditions, the Wi required for the onset of particle alignments is empirically determined as the
range from 0.5 to 16.5. It is speculated that the Wi is from O(0.1) to O(10) here. From the calculated Wi, in the silicone oil,
there is no formation of any particle alignment in the range examined (0.5 < r/R < 0.9) because of the extremely small value
of Wi than the range of Wi required as indicated above. For the PAM and CMC solutions, there is the possibility to form
alignments in the range of 0.5 < r/R < 0.9 and 0.75 < r/R < 0.9, respectively, according to this criterion.

6.3.2 Rheological evaluation of silicone oil with dispersed particles

After 100 periods of oscillation, the dispersed particles in the silicone oil do not show any migration as expected and detailed
in the previous section as shown in Fig. 6.6(a); the photograph was taken from the top of cylinder under room lighting, and
the number of particles on the picture seems to be larger than the actual one; The particles are homogeneously dispersed in the
fluid medium. For the particle suspension of silicone oil at each radial position, the relative viscosity 7, ratio of the viscosity
with particles modified from the viscosity without particles [Table 6.1 (i) and (ii)] was calculated.

To include a sufficiently large number of particles in the control volume used to evaluate the effective viscosity, the
rheological evaluations were conducted at every radial position in /R = 0.5 — 1.0, making the volume around 1000 times
larger than the size of the dispersed particle. As shown in Fig. 6.6(b), the relative viscosity remains constant at all radial
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Figure 6.5: Radial profiles of (a) viscosity u, (b) phase difference ¢, (c) relaxation time A, and (d) Weissenberg number Wi
calculated by Eq. (6.2) in the test fluids.

$=0.02
(n=1+2.54)

Oscillation

Figure 6.6: (a) Photograph taken from the top of the cylinder under room lighting in silicon oil during oscillations [condition
(i) in Table 6.1], (b) radial profile of the relative viscosity i, where the solid line indicates the relative viscosity estimated by
Eq. (6.1).
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Figure 6.7: Photograph taken from the top of the cylinder under room lighting in the PAM solution during oscillations; (a)
condition (iv) in Table 6.1, (b) condition (vi) in Table 6.1, (c) radial profile from the top at relative viscosities 77, where from
the top of the solid line indicates from the top at the relative viscosity estimated by Eq. (6.1), (d) radial profiles of relative
elasticities &.

positions in the range examined, 0.6 < r/R < 0.8. This constant value corresponds well to the calculated value by substituting
¢ = 0.02 into Eq. (6.1) [solid line in Fig. 6.6(b)]. Eq. (6.1) is the simplest notation of effective viscosity to evaluate the impact
of the particle suspensions. It is valid when suspension is dilute as it is derived by taking the leading order of the Maclaurin
expansion of the exponential type function of effective viscosity with respect to the volume fraction (e.g. [2]). The leading
term cannot express the influence of direct-contact interactions among particles. In the experiments on the three test fluids,
modifications of the local shear rates by increasing the amount of the spherical particles were within 5%, and do not affect
evaluations of the effective rheological properties as radial profiles.

6.3.3 Rheological evaluation of the PAM solution with dispersed particles

Seen in the top view of the cylinder at the volume fraction, ¢ = 0.02 [condition (i) in Table 6.1], after 100 periods of
oscillation, the particles were aligned in the azimuthal direction as shown in Fig. 6.7(a). Here, the “alignment” expresses
that the dispersed particles form a corded structure in the azimuthal direction. Increasing the volume fraction of dispersed
particles, the aligned particles appeared more corded when comparing this aspect as in Figs. 6.7(a) and (b). The photographs
were taken from the top of cylinder under room lighting. During the oscillations, the test fluid oscillates maintaining the
alignments. From the experimental observations, particles dispersed in the PAM solution were aligned in the shear direction.
As explained in §6.1, this suggests that a factor acts as a restorative force between the particles and that it is arising from
viscoelastic effects.

To investigate the effective viscoelasticity of the PAM solution with dispersed particles in different volume fractions, three
volume fractions were chosen as listed in Table 6.1. From each rheological evaluation, the relative viscosity and elasticity
&(= E*/E) can be evaluated as shown in Fig. 6.7(c) and (d). The vertical and horizontal axes indicate the radial position and
the relative values. In the Fig. 6.7(c), the solid lines show the estimated relative viscosity in each volume fraction by Eq. (6.1);
This estimate compares the viscosity modulated by aligned particles with that of the ideal-homogeneous fluid medium.

From the result in Fig. 6.7(c), the relative viscosities do not reach the estimated relative viscosity. There are a number
possible reasons for this difference from the estimated values: (i) a smaller momentum transfer of aligned particles than with
the particles in the homogeneously dispersed media, (ii) a relatively higher shear rate around the aligned particles, and (iii) a
dominance of elastic characteristic brought about by the particle alignment.

In the case of reason (i), the difference would arise as the aligned particles could oscillate as an ensemble maintaining
the string structures. It may be postulated that an effective momentum transfer in this case would be lower than that at
a homogeneously dispersed medium. For reason (ii), there is some data from previous studies examined by numerical
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Figure 6.8: (a) Enlarged and contrast modified photograph of Fig. 6.7(b) and 6.7(b) schematic of particle alignment feature
observed from the experiment [condition (vi) in Table 6.1

simulations [14—16], and here a lower viscosity region around the particle chain was quantified, with high polymer extensions
confirmed in the region between chained particles. This suggested reason is supported by the experimental result that the
viscosity decreases drastically from the viscosity of the PAM solution without the particles as noted in §6.3.1. These results
of numerical simulations strongly support the anomalous shear-thinning behavior in the PAM solution with the dispersed
particles. For reason (iii), energy conservation considerations of the fluid flow (or deformation) must be considered together
with the dynamic viscoelasticity. If this is the reason, then according to previous investigations [11], using a simple parallel
plate with a stress transducer, the apparent shear stress in polymer solutions with spherical particles in the diameter range
here O(10° um) would gradually decrease with increasing applied strain.

In the case of ¢ = 0.02 [condition (iv) in Table 6.1], the relative elasticity is close to £ = 1 at all radial positions. Increasing
the volume fraction of the included particles in the fluid medium increases the effective elasticities significantly [Fig. 6.7(d)].
As mentioned above, the length of the aligned particles makes the appearance increasingly corded with increasing volume
fractions of added particles. This would support the speculation that there is a close relationship between the particle align-
ment and the effective elasticity. This effective elasticity would appear as the most likely reason to describe the multi-phase
condition in non-Newtonian fluid media, because it is difficult to evaluate the dynamic viscoelasticity with particle alignments
using standard torque rheometers due to the limitations as elaborated in §6.1. From the observation of PAM experiment [con-
dition (vi) in Table 6.1], the particles were aligned as shown in Fig. 6.8(a), which was enlarged from Fig. 6.7(b). Clearly
seen, the particle diameter at the middle of aligning particles is larger, and the diameter is gradually smaller as it gets closer
to the end of aligning particles [Fig. 6.8(b)]. From the feature of particle alignment, the restorative force may be weaker
as the particle diameter gets smaller, because particle alignment is structured with optimizing arrangements by the unsteady
deformations.

6.3.4 Rheological evaluation of the CMC solution with dispersed particles

For the CMC solution, looking from the top of the cylinder at the volume fraction, ¢ = 0.02 [condition (viii) in Table 6.1],
after 100 periods of oscillations, the particles were aligned in the azimuthal direction as shown in Fig. 6.9(a). The photograph
was taken from the top of cylinder by vertically sheet lighting with 2 mm thickness. Taken by flash lightning differently from
the photograph in Fig. 6.9(a), Fig. 6.9(b) is a macro-photograph to clarify features of the aligned particles at r/R = 0.65.
Although the alignment is not clearer when comparing it to that of the PAM solution, the dispersed particles were aligned
in the shear direction except in the area close to the cylinder wall. Comparing with the radial profiles of this relaxation time
in the CMC solution as indicated in Fig. 6.5(c), it decreases as it gets closer to the cylinder wall, i.e. the viscoelasticity in
the CMC solution is modulated with respect to the shear amplitude, suggesting that the particle alignment may become more
distinguishable as the relaxation time gets longer.

To investigate the effective viscoelasticity of the CMC solution with dispersed particles in different volume fractions,
three volume fractions were chosen as listed in Table 6.1. From each of the rheological evaluations, the relative viscosity
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Figure 6.9: (a) Photograph taken from the top of the cylinder in CMC solution during oscillations [condition (viii) in
Table 6.1, (b) macro-photograph at r/R ~ 0.65, (c) radial profile of relative viscosity 7, where the solid line indicates the
relative viscosity estimated by Eq. (6.1), (d) radial profiles of relative elasticities &.

and elasticity can be evaluated as shown in Fig. 6.9(c) and (d). The vertical and horizontal axes show the radial position and
the respective relative values. In Fig. 6.9(c), the solid lines show the relative viscosity in each volume fraction estimated by
Eq. (6.1).

From the results in Fig. 6.9(c), the relative viscosity remains considerably smaller than the estimated relative viscosity
except in the area close to the wall (#/R = 0.8), but the gap is much smaller than that of the PAM solution at the same volume
fraction. Further, the relative viscosity of the CMC solution at /R ~ 0.8 agrees well with the estimate. From this it may be
deduced that the particle dispersions remain homogeneous as Einstein’s law of viscosity assumes and as mentioned in §6.1.
It may also be that the change in viscosity versus the estimated value arises from the degrees of particle alignments.

The important consideration here regarding effective viscosity is that applicability of Eq. (6.1) may not be limited in a
Newtonian fluid, rather, the importance to ensure the applicability is also placed on relaxation time of the fluid media. This
is consistent with the experimental result for three different fluids (§6.3.2—6.3.4). Even if the test fluid shows non-Newtonian
characteristics, depending on the shear rate, the particles can be homogeneously dispersed in the fluid media, e.g. experiment
of CMC solution. In the case of the relaxation time almost equals to O(1073 s), the effective viscosity can be described by
Eq. (6.1).

In the cases of ¢ = 0.02 and 0.04 [condition (viii) and (ix) in Table 6.1], the relative elasticities increase gradually but
elasticity could not be determined at /R > 0.7, because the phase difference, ¢ here is equal to /2 in the radial position.
In the case of ¢ = 0.06 [condition (x) in Table 6.1], the elasticity was not evaluated as the phase difference reaches § = 7/2
over the whole of the radial position. Overall then, modulation of the elasticity in CMC solution is less than that of the
PAM solution. The behavior in this modulation can be explained by assuming that the degree of viscoelasticity arises as a
result of the particle alignments. A possible interpretation of the factor of particle alignments should be here; single-phase
fluids showing low viscoelasticity may have less influence on the alignments because the particles will be aligned during
the relaxation process. From the alignment features in Fig. 6.7(a) and (b), interparticle distances of the alignments in the
PAM solution appear contiguous while those in the CMC solution are intermittent, as shown in Fig. 6.9(a) and (b). It may be
deduced that the inter-particle distances reflect the degree of viscoelasticity which could explain and provide a reason why
the phase difference for ¢ = 0.06 [condition (x) in Table 6.1] suggested § ~ m/2 over the whole of the radial positions. This
point will be discussed further in next section.
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6.4 Discussion

From the experimental findings in §6.3, the alignment of particles under unsteady shear flows is closely related to the re-
laxation time of the fluid media. Further, the effective properties with respect to the volume fraction of included dispersed
particles will be modulated by the particle alignments. Two subjects are discussed in this following sections; one is consid-
ering a physical model to represent the alignment of the dispersed particles observed in the experiments explained in §6.3
above; the second is the effects of the particle alignment on the macro-rheological properties.

6.4.1 Verification of dominant factors of the alignment using a toy model

The relaxation time of fluid media is of great importance to understand the factors affecting aligned (and alignment of)
particles as determined from the experiments. We will consider a simple toy model representing a minimally essential
mechanism for the particle alignment, namely that particle behavior can be explained as a result of their being held together
by a spring model with a yield stress, and that the base flow is simulated by Newtonian fluids. The purpose of this numerical
simulation using the toy model is to express the mechanical characteristics necessary to orient dispersed particles as the
polymer relaxation takes place in the dissolving water.

The basic conditions we include are as follows: (i) considering the phenomena in a 2-dimentional plane; (ii) random
distribution for the initial position of the dispersed particles; (iii) volume fraction of the dispersed particles ¢ determined as
the ratio of the total volume of the dispersed particles to the disk-like volume within a radius R and height corresponding
to the particle diameter; (iv) one-way interaction from the flowing fluid on the particles (no influence of the particles on the
fluid flow); (v) one directional, axisymmetric flow given as an exact solution of the Navier-Stokes equation; and (vi) inelastic
collisions between particles.

The algorithm of the numerical calculation is explained here step by step: (1) displacement of the particles due to the fluid
flow as passive actors in the time elapsed, At, is calculated [Py and Py in Fig. 6.10(a)], as (xy-,yy) = (x; + ujAtcosp,y; +
u1 At sin ), where the velocity distribution of the fluid flow u;(x,y) is given from exact solutions (see Chapter 4) and ¢ =
tan~!(y1/x1). (2) Choosing a target and a surrounding particle [P; and P, in Fig. 6.10(a)], then (3) variations in the distance
between the particles via the displacement, Al, is calculated by Al = I}, — I;;. (4) If the variation in Al is positive, a
restorative force F'|,_,,» between the particles is calculated from

Froy = JF2+F2,00 .y = tan™! u
‘ X — X1
FX = kAlWl/_Qr COoS 91/_,2,, Fy = kAler_Q' sin 01,_,2,, (69)
where k denotes the spring constant and Wy._,»- represents the Gaussian distribution given by

R _u
exp [_ (X2'20)261) }exp O 20_)271) ]

Wiy = (6.10)

202

representing the Gaussian weight of multiple springs on the force as shown in Fig. 6.10(b). (5) If the force Fy._, is smaller
than the threshold value ky describing the yielding behavior of the polymer, it is included in the integrated restorative force
as Fx = XF, and Fy = XF,. (6) Alternatively, when the variation Al is negative, the contribution of the corresponding
spring on the restorative force is disregarded. (7) The steps from (2) to (6) are repeated for all particles considered, then the
displacements of the particles are modified by considering the restoration force as

FxAt FyAt
Xy = X1+ ‘);— + ugAtcos @, y1» = y1 + ‘l;— + ugAt sin ¢, (6.11)
1 1

from the integrated force Fx and Fy [Py~ and P,~ in Fig. 6.10(a)]. This series of calculations is repeated for a set number of
repetitions (iterations).
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Chapter 6. Effective viscoelasticity of non-Newtonian fluids modulated by large-spherical particles aligned under
unsteady shear

An example of the initial positions of the particles with ¢ = 0.1, particle radius r, = 0.25 mm, and R = 72.5 mm, is
shown in Fig. 6.10(c). The numerical data of the fluid flow here are given as: kinematic viscosity v = 500 mm?/s, oscillation
frequency f, = 0.5 Hz, oscillation amplitude ® = 7/2 rad, and time resolution At = 50 ns. Additionally, standard deviation
in Gaussian distribution and the volume of dispersed particles were given as o = 5.0 x 10~ m and V; = 5.2x 1077 m*. Now,
the condition of the spring constant as k, = 2 N/m are examined with the yield stress of the spring, ky = 1.0 X 1075 N.

Particle distributions are modulated as shown in Fig. 6.10(d); in the case of ¢ f, = 0 [Fig. 6.10(c)], the particles maintain the
initial homogeneous distribution. This distribution arises because the dispersed particles follow the motions of a Newtonian
fluid maintaining homogeneity in this case of an absence of elastic forces between the particles. With the oscillating period,
tfo = 0.5, the particles aggregate somewhat, and the aggregation trends become prominent with zf,. After tf, = 2, the
particles are clearly aligned as the terminal state. Comparing the results for ¢f, = 0.5 and 2 [Fig. 6.10(d)], it can be seen
that the development of the particle alignments depends on the applied shear deformations between the dispersed particles.
Also, for k, = 2, the particles are unaligned in the region close to the center due to insufficient fluid deformation applied to
the particles here. This clearly shows that fluid deformation plays an important role for particles to reach the aligned state,
and this would explain why there are no aligned particles at the inner region of the cylindrical container in the case of the
CMC solution [see Fig. 6.9(a)]. In the simulation discussed in this section, the fluid viscosity is assumed constant, but in an
actual case the elasticity between particles would be modulated with respect to the displacement of the particles, that is, the
relaxation time (ratio of viscosity and elasticity) may be assumed to change locally. In conclusion, the particle alignment is
arising from the relaxation characteristics which play a large role in the case of the strong spring assumption.

In our experimental conditions examined, the hydrodynamic interaction is overshadowed by the viscoelastic function,
i.e. the effective viscosity is mostly governed by relaxation process. This can be said so because kinematic viscosity is so
high (500 mm?/s) that particles fall in Stokes flow regime in case of Newtonian fluid. In Stokes regime, particles do not
show relative displacement due to the kinematic reversibility in oscillating shear, and thus contribution of the hydrodynamic
interaction is negligible.

We may now conclude that particle alignments can be simulated by using the present toy model, and the spring force and
yield stress can be assumed as the essential governing factors affecting the alignments in this simulation. Our understanding
is that there is no clear threshold of bulk volume fraction to sway the phenomenon as long as the flow is less influenced by the
solid collision among particles. Although the shear thinning viscosity is responsible for the formation of string-like structures
according to Won and Kim [13], the relaxation time [e.g. in this investigation where it is higher than O(1072 s)] arising from
the viscoelastic characteristic is also a necessary factor in the formation of the particle alignment by uniformly dispersed
particles.

6.4.2 Macro-rheological characteristics modulated by alignments

As suggested by the results of the effective viscoelasticity in §6.3, the modulated macro-rheology and behavior of the dis-
persed particles are discussed in this section as summarized in Fig. 6.11. For silicone oil, the dispersed particles do not align
due to shear deformation, and the effective viscosity increases as per the theoretical estimate based on Eq. (6.1). For the PAM
solution, the fluids deform unsteadily maintaining the particle alignment in the sheared direction. Here the measured relative
viscosity does not reach the relative viscosity estimated by the theory, while at the same time the relative elasticity increases
with increasing volume fractions of dispersed particles in the bulk solution. For the CMC solution, the particle alignments
were less regular than those in the PAM solution, while however alignments were observed in the region where the relaxation
time of the CMC solution increases as suggested in §6.3.1. Additionally, in the region where the particle alignments were
observed, the effective viscoelasticity was modulated by forces acting on the individual particles.

Combining and integrating these experimental results and situations, the local-rheological factors to align the dispersed
particles and the macro-rheological effect from the aligned particles can be discussed. A number of attempts to simulate the
phenomena of particle alignments by modelling with numerical schemes have been proposed, however, based on the above it
would be reasonable to assume that there are also spring forces acting on the aligned particles.

Considering spring functions, relaxation processes arise as a result of the relaxation time of the fluid medium and the
magnitude of the oscillations, and the process involved is the most important in achieving alignment of the dispersed par-
ticles. This hypothesis for local-rheology, that spring forces function to align the particle can be explained based on the
macro-rheological properties in the results of §6.3.2—6.3.4. It may therefore be postulated that if the interparticle mechanism
appears among all aligned particles, the particle alignments affect the effective elasticity as a macro-rheological phenomenon,
expressed differently, the overall particle alignment functions as a macro-spring. In the experiments in the viscoelastic fluid
(PAM), the effective elasticity was twice that of the single-phase fluid. It is noteworthy here that the alignments affected by
the macro-spring lead to a modulation of the effective viscosity as it remains at lower values due to the shear localization at
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Chapter 6. Effective viscoelasticity of non-Newtonian fluids modulated by large-spherical particles aligned under
unsteady shear

inter-alignments as suggested by and depicted in Fig. 6.11. The modulation of effective viscosity established here provides
definitive evidence for the background to the shear stress decreasing with time elapsed as found in previous reports [13, 17,
18]. The discussion above suggests a reason for the disappearance of elasticity in the CMC solution at the densest condition
of particles, ¢ = 0.06, shown in Fig. 6.9(d): Since there are lower viscous effects of the CMC solution without particles, the
particle alignment in the solution is weaker than in the PAM solutions [see Fig. 6.7(a) and Fig. 6.9(a)]. This allows a relatively
uniform distribution of the particles in the CMC solution to be established, especially for dense particle conditions, and the
effective viscosity increases as the conditions approach those of the theory. This makes the solution increasingly viscous
and the effects of the macro-spring due to the particle alignment may be buried (overwhelmed) and become impossible to
visualize in the case of the increased effective viscosity. The most important result of the findings and discussion here is that
the rheological properties modulated by the particle alignments can be evaluated. We emphasize that this result has so far
been considered as unexamined rheological properties.

6.5 Conclusion

Aligned particles in non-Newtonian fluid media and corresponding modification of the effective viscoelasticity were investi-
gated by means of ultrasonic spinning rheometry (USR) are introduced. From experimental observations of three test fluids
with different rheological characteristics (Newtonian, viscoelastic, and pseudo plastic fluid), the particles orient in the sheared
direction in the case of the fluid media having characteristics of long relaxation times. Because the particle alignments occur
at the radial positions satisfying the condition of the relaxation time (the Wi number) suggested in previous studies [12], it is
speculated that elastic forces act between the particles and that these are essential for the alignment of particles. Numerical
simulations adopted by considering a simple toy-like model, in which particles connect via springs and considering that the
yield stresses are dispersed in a Newtonian fluid, supported the results of the simulations. Effective rheological properties
modulated by aligned particles in non-Newtonian fluid media were then evaluated by USR; non-uniformity of the particles
due to the alignment provides less of an increase the effective viscosity than with uniform distributions; the particle alignment
strengthens the elastic force of the test media as macro-springs and the corresponding effective elasticity reaches a maximum
of twice that of the single-phase condition.
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CHAPTER 7

USR test on the rheology of gelled food for
making better tasting desserts
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Preface

The aim in this chapter is to prove the capability of the kinematic rhometry to elucidate the unexplained phenomena which
occurs when using a standard rheometer due to the limitation of methodology; this aim is similar to that in Chapter 6. The
rheological properties of gelled foods that may relate to flows in the swallowing process of complex food materials is clarified.
This work was published in Yoshida ez al., Phys. Fluids (2019).

Abstract

Rheological properties of gelled foods that may relate to the physics of the fluids in the swallowing process of complex
food components are determined by ultrasonic spinning rheometry (USR). Through rheological evaluations of thixotropic
gelled food, the inaccuracies in standard rheometer data to capture the true-rheological property is discussed first with steady
rotational and oscillatory tests; the inaccuracies arise from commonly existing problems that cannot be directly observed
in standard rheometers (wall-slip, shear banding, shear localization, elastic instability, and more). The results evaluated by
standard rheometers would be related to the measurements being specific response depending on the geometry of the mea-
surement device. The USR test discussed here shows the potential to overcome these problems in the rheological evaluation
of gelled foods and reflects the advantages offered by USR, such as spatial, local, and oscillation cycle measurements; the
results with the transient flow curve that has not previously been discussed can be usefully interpreted, and the stability of the
food materials in the unsteady shear displayed is of great importance in understanding which rheology indicates the better
texture.
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Chapter 7. USR test on the rheology of gelled food for making better tasting desserts

7.1 Introduction

Rheology of foods related to the chewing and swallowing processes has been extensively investigated as a safety issue,
and recently also to improve the quality of life of consumers; for example, usual oatmeal is good for people who have
weak chewing and swallowing abilities especially among older people and infants but due to very soft texture for chewing
is not enjoyable in the eating when good taste and good texture are valued. Differently, Jellied foods have problems with
aspiration even with the better impression arising from the eating. Both questionnaires and rheological tests have been used
in rheological research, but questionnaire research is affected by personal preferences and rheological tests are not always
suitable despite attempts to provide quantitative evaluations; this is because of both the complexity of the chewing and
swallowing processes and the rheological properties of foods. Rheological evaluations, therefore, require an understanding
of complex properties together with development of a rheometry that captures both the complex properties and individual and
preferential processes of swallowing involved.

Developments in research have tried to evaluate complex-rheological properties, such as shear thinning, yield stress,
viscoelasticity, effective viscosity with multi-phase dispersion, and other qualities, by creating novel rheometers with different
geometries. The precision expressed in the results with recent rheometers (different from measurement accuracy) is ensured
with sensitive torque sensors and with the improvements in geometry of rotational part, but little attention has been paid to
the “physics of fluids”. This is a reason why there are “common problems of the rheometers” arising from, for example,
the Couette inverse problem [1], and no fully acceptable solution for these problems are known, though extensive trials to
overcome specific problems have been made [2—4].

It is thought that non-Newtonian characteristics could be one source of the common problems (not directly observable),
which include shear history effects [5], shear banding [6, 7], shear localization [8], wall-slip [9, 10], elastic instability [11-14],
and other phenomena. When rheological evaluations are attempted without considering these influences, the obtained results
will reflect the specific response as it is dealt with in the measurement device, not exposing or clarifying the true-rheological
properties. These problems occur due to the fluid characteristics, and efforts to solve the problems have to be approached
from the perspective of fluid mechanics.

To improve the quality of rheometry, utilizing spatiotemporal velocity distributions of the fluid motion is required because
the velocity information reflects all the rheological information of a complex fluid. Approaches to achieve this from fluid
mechanics have mainly focused on standard rheometers coupled with inner visualization techniques (e.g. [12—14]), and have
made it possible to directly identify the common problems (usually invisible). Then the influence exerted by those problems
have been investigated by integrating standard rheometer readings with ultrasonic imaging. Gallot ef al. [12] proposed a
technique that explains the unstable shear-banding flow of non-Newtonian fluids, on this basis, Fardin et al. [13] found that
that the potential impact of inner flow patterns could be observed for both complex as well as Newtonian fluids in the large
amplitude oscillatory shear (LAOS).

Research into velocity-profiling rheometry [15—17] has dealt with time-averaged velocity profiles limited to steady flow
states; as one of the examples of velocity-profiling rheometry, Derakhshandeh et al. [15] performed measurements of transient
behaviors of thixotropic fluids using a Couette rheometer with a wide gap and ultrasonic velocity profiling (UVP) [18]. This
was able to detect yielding regions of the fluid from quasi-steady velocity profiles, also when the torque measurements may
be influenced by wall-slip something that could lead to errors in evaluations of the rheological characteristics. This leaves
problems, as one of the non-Newtonian characteristics involves both shear-rate-dependence in the rheological properties and
time-dependence (structural recovery, relaxation, and other aspects), and techniques and measurements must be able to detail
time-dependent properties for evaluations of transient rheological properties.

We have developed a novel velocity-profiling rheometry that supplements the rheological evaluations beyond the capabil-
ities of standard rheometers, and have termed it ultrasonic spinning rheometry (USR) [19] and Chapters 2—5. Based on the
ultrasonic measurement of instantaneous velocity profiles, the technique has advantages, such as offering ease of handling
and the option of employing it with opaque fluids and it has been applied to the measurement of foods in general [20]. The
basic concept of this rheometry is that velocity profiles are substituted into the equation of motion to estimate the rheological
properties, and the potential value of USR with various complex fluids has been established in Chapters 2-5.

In this paper, the rheological properties of gelled foods that may relate to flows in the swallowing process of complex
food materials are investigated by means of USR. We examine both test materials prepared with a recipe suggested by a food
company developed to enable better eating and also intentionally modified recipes. A comparison of results of rheological
evaluations of the both materials could lead to the establishment of a methodology necessary to understand what is involved
in optimum swallowing sensations. Here, as a test material, a milk dessert gelled by the chemical attraction between low-
methoxyl (LM) pectin (mainly used as a thickener for foods, such as fruit jam, paste-like sweets, and similar) and including
calcium ions was chosen, and three test fluids prepared with different recipes were examined by comparative experiments
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Figure 7.1: Schematic outlines of LM-pectin cluster and the egg-carton model.

involving the standard rheometer and the USR. In §7.3, the inaccuracies in the capture of the true-rheological property with
standard rheometers is discussed by examining the rheological evaluations of steady rotational and oscillatory tests. After
that, a rheology for better texture of complex food materials are discussed by considering the findings obtained by USR

(§7.4).

7.2 Materials and methodology

7.2.1 Recipe for test materials

The test material, “Fruiche” is a popular dessert in Japan and is available as a basic source material from House Foods Group,
Inc., Japan. The Fruiche source includes much fruit pulp, O(1 — 10 mm) in mean diameter, irregularly shaped and deforming
easily under shear stress. Mixed with whole milk, the completed Fruiche dessert changes drastically into a gel due to the
aggregating reaction between low-methoxyl (LM) pectin [21] (see the detailed chemical features in [22]) dispersed in the
Fruiche source and calcium ions dissolved in the milk as depicted in Fig. 7.1. Here, the whole milk is provided by Yotsuba
Milk Products Co., Ltd, Japan; the nutrient composition is protein 34 g/L, lipid 40.5 g/L, carbohydrate 48.5 g/L, Na 0.39
g/L, and Ca 1.14 g/L. The chained molecules of the LM pectin structures the network linked by the calcium ions, and the
structure is commonly called an “Egg carton model”. From the perspective of rheology, the complete Fruiche displays highly
complex-rheological properties (shear-thinning viscosity, viscoelasticity, yield stress, thixotropy, and modifications of the
effective viscosity by multi-phase dispersion). These would give rise to the common problems with the standard rheometer
mentioned in §7.1.

The basic source of Fruiche is designed by the company for good texture in chewing and the following swallowing, and
to do that, the best weight ratio of the milk to the source is set as 1 : 1. Here, to evaluate how differences from the recipe
affect the rheology, we intentionally prepared the Fruiche in different ratios (milk : source =2 : 1 and 1 : 2) from the recipe.
Putting the mixed materials on a 30-degree-inclined glass plate for 10 minutes, different behaviors were observed as shown
in Fig. 7.2. In Fig. 7.2(a) (milk : source = 2 : 1), the mix has fluidity and adheres on the surface of the plate. In Fig. 7.2(b)
(1 : 1), the material is firmly adhering to the glass surface, and its shape deformed only a little toward the lower part of the
slope within 10 minutes. In Fig. 7.2(c) (1 : 2), the material was slipped on the surface with keeping its shape as the same
with the feature in Fig. 7.2(b). These observations represent the simplest rheological test, and reflect important rheological
characteristics of the test materials qualitatively, such as adhesion, deformability, fluidity, and others qualities, and these
features can be used to verify the evaluated properties.

7.2.2 Steady rotational and oscillatory shear tests with the standard rheometer

A rheometer with a geometry of Taylor-Couette (Anton Paar MCR-502, parallel-plate geometry PP25) was used in the
rheological tests of the completed Fruiche prepared by the different recipes (§7.2.1). As is obvious from Fig. 7.2, all the three
different test materials show large difference in the rheological characteristics. Although a variety of geometries depending on
the characteristics of the test materials should be chosen, the same parallel plate was used for all the test materials to evaluate
the test materials under the same condition. Otherwise, the geometric difference will affect the rheological evaluations. The
test materials are maintained at a constant temperature (7 = 15°C).

For the steady rotational and oscillatory tests, the following conditions and considerations are maintained to ensure ac-
curacy: (a) one-directional flow (strain), (b) the shear rate is a linear function in the axial direction, (c) the walls are subject
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Milk : Source=2: 1 Milk : Source=1: 1 Milk : Source=1:2

Figure 7.2: Photographs of qualitative rheology for test materials prepared by different recipes and placed on 30 degrees
inclined glass plates. (a) Milk : Source = 2 : 1 mix, (b) Milk : Source = 1 : 1 mix, and (c) Milk : Source = 1 : 2 mix.
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Figure 7.3: (a) Ideal fluid response representing shear stress against the applied shear strain, (b) ideal features of Lissajous
curve in the case of shear strain versus shear stress.

to nonslip conditions (d) the fluid is homogeneous, (e) inertial effects from fluid motion are disregarded, and (f) there are no
secondary flows. A thin layer O(0.1 — 1 mm) of the test material is required to satisfy the assumptions, however, this thickness
is inadequate to prevent the appearance of non-Newtonian behaviors ([9, 10] and Chapter 5), the shear rate y and shear stress
7 are regarded as an apparent shear rate ,,, and an apparent shear stress 7,pp.

In ideal condition of oscillatory tests, the fluid response should be determined depending on its rheological characteristics
(e.g. viscous, viscoelastic, and elastic) as shown in Fig. 7.3(a), and Lissajous curves can be derived by considering shear
strain/shear rate and shear stress as horizontal and vertical axes [Fig. 7.3(b)]. Clearly seen, the rheological characteristics
can be distinguished by the feature of the Lissajous curves. Lissajous curves consisting of shear strain and shear stress draw
circles for viscous, ellipse for viscoelastic, and diagonal lines for elastic materials. In the non-linear viscoelastic regime, the
fluid response may not show clear sinusoidal characteristics due to occurrences of unexpected phenomena. To understand
the invisible phenomena of the fluid motion with the non-linearity in the gap of the rheometer, large amplitude oscillatory
shear (LAOS) measurements [23, 24] are performed for the rheological evaluations of complex fluids. The basic concept
behind the LAOS measurement is that the shear stress in the response to sinusoidal shear deformations are evaluated with the
approximations mentioned above. Non-sinusoidal responses depending on the rheological characteristics with complexities
(e.g. viscoelasticity, yield stress, multi-phase dispersions, and more) will be obtained using the LAOS. So, it is possible
to qualitatively understand the non-linear rheological response caused by the complex fluid characteristics. The purpose of
LAOS measurement in this paper was to clarify the rheological complexities in the test material, and it also will help to reveal
the vagueness in the rheological evaluations of standard rheometer.

7.2.3 Ultrasonic spinning rheometry (USR)

The experimental apparatus is an open cylindrical container made of acrylic resin; the container has 2-mm-thick side walls,
145-mm inner diameter, and is 60-mm high. The container was mounted at the center of a water bath to control the temper-
ature, T, of the test fluids and to avoid any influence from co-reflected ultrasonic waves. Oscillations of the cylinder were
controlled by a stepping motor to a set oscillation angle ® and frequency f,, where the motor was attached at the bottom of
the container. The oscillating motion was controlled as a sinusoidal angular velocity, Uyay sin 27 ff, where Uy = 271 f,RO
(see Chapter 5 for details). The UVP-Model Duo (Met-Flow S.A., Switzerland) was used to measure instantaneous velocity
distributions. To obtain the azimuthal velocity component, an ultrasonic transducer (resonance frequency 4 MHz and 5-mm
active element diameter) was mounted with a gap offset Ay from the center coordinates of the cylindrical container. With

106
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axisymmetric flow and the radial velocity component negligible, the azimuthal velocity uy is calculated from the geometric
relation ug = ugr/Ay. Empirically, Ay = 15 mm was selected, and further details of the setup for the transducer were detailed
in [19].

Important theoretical considerations for the linear viscoelastic analysis in USR are as follows: assuming that the fluid
flows are one-directional and axisymmetric, Cauchy’s equation of motion is given as pduy/0t = 0t/0r + 27/r, where p is the
density of the test fluids and 7 is the shear stress. To describe the relation of uy and 7, Maxwell model: 7 + (u/E)dt/0t =
M(Oug/Or — ug/r), is selected as the simplest expression to represent the linear viscoelastic characteristics, where u and E
indicate the viscosity and elasticity of the fluid. From the Fourier transform with respect to ¢, Cauchy’s equation and Maxwell
model can be modified as

2

iwpiy = (%’ + ;)%, 7.1

b it = (1o _ ) (12)
E or r

where the Fourier-transformed velocity and shear stress are denoted as ig(r, w) = F [ug(r, 1)1, 7(r, w) = F[1(r, )], with the
angular frequency w. Considering the cost function,
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the ¢ and E can be determined by satisfying the optimization problem, determining the u and E to minimize the cost function
F. From Egs. (7.2) and (7.3), the shear stress and shear rate, the flow curve, can be obtained from the Fourier components
obtained from the velocity (see Chapters 4 and 5 for detailed calculations).

In Chapter 2, the radial profile of the phase lags calculated from the velocity distributions,

(7.4)

¢(}") = tan_l {M} - ¢Wall7

Rlitg(r, wo)]

can be used to distinguish the rheological characteristics of test fluids: Constant phase lag regimes correspond to rigid rotation
and such regimes may be regarded to occur with fluids having elastic properties or very high viscosity values. Regimes with
a changing phase lag indicate fluidization areas and thereby can be regarded as fluids with viscous or viscoelastic properties.
For example, radial profiles showing discontinuous variations indicate the existence of boundaries between different regimes
of a rheological property.

Simultaneous consideration both of the linear viscoelastic analysis and phase lag in the USR offers the possibility to
elucidate the rheological properties with the transient behaviors. Such transient-rheological properties cannot be measured
by standard rheometers because of the limitations of methodology, and a number of valuable findings by the USR will be
discussed next.

7.3 Rheological evaluations by the standard rheometer

In this section, rheological evaluations of the test materials prepared with different recipes are examined by the standard
rheometer with the parallel plate geometry described in §7.2.2. The steady rotational and oscillatory tests using the standard
rheometer measured the rheological properties of the test materials (§7.3.1 and 7.3.2), then, inaccuracies with the standard
rheometer in measuring the true-rheological properties, arising from the common problems that may occur between the plates
are discussed in §7.3.3.

7.3.1 Results of the steady rotational tests

The original source of Fruiche includes numerous strawberry pulp particles as mentioned in §7.2.1 [see Fig. 7.4(a)]. The
sizes of this pulp component vary up to approximately 30 mm. The completed Fruiche with the dispersed ingredients is
critically influencing the rheological evaluations using the standard rheometer [Fig. 7.4(b)] as exemplified by jamming of the
gap between the parallel plates. Because the rheological evaluations in the standard rheometer should be done without very
large ingredients in the test fluids, the pulp components were removed for all of the experiments in §7.3.
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Figure 7.4: (a) Photographs of ingredients dispersed in the original source and (b) apparent shear stress versus apparent shear
rate obtained by the standard rheometer with the ingredients dispersed in test material Milk : Source = 1 : 1 mix.
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Figure 7.5: Rheological evaluations by the steady rotational tests with the standard rheometer for test materials prepared
by different recipes: (a)—(c) shear strain controlled measurements and (d)—(f) shear stress controlled measurements; gray and
black curves represent flow curved obtained after being left at rest for 1000 s and immediately after the pre-shearing.

The steady rotational tests were conducted by both shear rate and shear stress sweeps. In the shear rate sweep, the angular
speed representing the shear strain rate were logarithmically ramped up from 107! s™! to 5.0 x 10! s™! [Fig. 7.5(a)—(c)]. In the
shear stress sweep, the angular speed representing the shear stress was ramped up linearly from 0 to 100 Pa [Fig. 7.5(d)—(f)].
The vertical and horizontal axes indicate the apparent shear strain rate and shear stress defined in §7.2.2. The gray and black
solid curves represent the results obtained with or without settling for 1000 s, after pre-shearing, respectively.

In the shear rate sweep results in Fig. 7.5(a)—(c), the apparent shear stresses, T,pp, at low shear rates showed large differ-
ences in the condition of time left at rest: the 2 : 1 mix [Fig. 7.5(a)] in ypp < 4 s7!, the Tapp immediately after the pre-shearing
is much lower than that after being left at rest, while the 7,,, agrees between the conditions in the 4 s7! < J,pp; the 1: 1
mix [Fig. 7.5(b)], at yapp < 1 s7!, the Tapp immediately after the pre-shearing is much lower than that after being left at rest
similar to 2 : 1 mix, however, the 7,,, immediately after the pre-shearing around ¥,,, = 1 s™! showed an abrupt but slight
drop. Then the curves obtained in the different conditions behave with similar manner at the 1 s™' < 7,,, value. For the 1
: 2 mix [Fig. 7.5(c)] and for all of the ¥,p, range, there are clearly different manners between the conditions in the leaving
time; after leaving at rest, the 7., shows a plateau at 0.2 sl < Vapp < 1 s~!. These results show significant differences that
have to be understood for the different rheological characteristic, for example, at the 1 : 2 mix [Fig. 7.5(c)], as a typical flow
curve [9] the measured plateau 7, indicates the occurrence of wall-slip (or shear banding) that would be caused by a weakly
thixotropic behavior.

In the measurements with a shear stress sweep conducted to evaluate the critical yield stresses at 2 : 1 mix [Fig. 7.5(d)],
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Figure 7.6: (a) Storage and loss modulus (G’, G””) versus the maximum shear strain amplitude, where the black and gray
symbols representing the elapsed time, circle and triangle symbol representing storage and loss modulus (G’, G”), and (b)
the photography of the condition of Fruiche when removing the shaft of the standard rheometer immediately after the long
duration measurements at yy = 50%.

the 7,pp after being left at rest for 1000 s is larger than that immediately after the pre-shearing. This feature is also observed
at 1 : 2 mix [Fig. 7.5(f)], while the 7., at 1 : 1 mix [Fig. 7.5(e)] after being left at rest shows more drastic changes than the
others, suggesting that the rheological response at 1 : 1 mix [Fig. 7.5(e)] has a stronger slippage on the wall than the others.
This would be caused by the adhesion differences of the tested mixture detailed in Fig. 7.2. It is important to bear in mind
that in sweeping the shear stress, these trends represent the wall-slip and are generally considered as showing a “yielding
behavior” [25]; this strongly affects accuracy on the rheological evaluation as mentioned in §7.1. So usually, these critical
responses are regarded as the “apparent yield stress” to estimate the specific rheological response when depending on standard
rheometer readings.

All together the rheological characteristics obtained from Fig. 7.5(a)—(f), representing the rheological properties of the
Fruiche, show large difference depending on the length of time it was left undisturbed, indicating a structure that recovers
with time, i.e. thixotropy. Generally, rheological properties of thixotropic fluids would be evaluated as the equilibrium state,
or as an equilibrium flow curve [26]. However, especially in such thixotropic fluids, the flow curves obtained from rotating
rheometers do not always provide correct evaluations without influence of shear localization, wall-slip, and other factors,
even when the shear stress apparently assumes equilibrium states (Chapter 5). This clearly suggests that alternative tests have
to be used to evaluate these test materials to capture the true-rheological properties. The results evaluated by steady rotational
tests provided some hints to understand the rheological features. For instance, it is speculated that the strength of the gelled
structure would be in the order of the mixtures, 1 : 1, 1: 2, and 2 : 1 here.

7.3.2 Results of oscillatory tests

From the measurements of steady rotational tests (§7.3.1), it is found that the rheological characteristics of the completed
Fruiche are time dependent, they display thixotropy. To evaluate the equilibrium state in oscillatory tests, long duration
measurements at different shear strain amplitudes (1 — 300%) with the same frequency (1.0 Hz) for the 1 : 1 mix were
conducted (Fig. 7.6). The G’ and G”" amplitudes here were measured twice immediately after pre-shearing and at 5000 s
elapsed after the start of oscillation. Immediately after the pre-shearing [solid line in Fig. 7.6(a)], the G’ amplitudes decrease
monotonically as the shear amplitude increases, while G’” amplitudes remain constant. After 5000 s, the two amplitudes are
very different to those immediately after the pre-shearing; the G”” amplitude displays a local maximum at around yy = 100%.

It is hard to guarantee exact linearity of the test material deformation in the oscillatory test shown in Fig. 7.6(a), because
there may be shear banding effects in the gap of the rheometer; the photo in Fig. 7.6(b) shows the condition of Fruiche when
removing the shaft of the standard rheometer immediately after the long duration measurements at yy = 50%. As clearly
seen in Fig. 7.6(b), a thin layer with O(0.1 mm) thickness was formed, and the diameter was almost same with the parallel
plate. Here, material sticks to the bottom plate forming a thin layer, whereas the material at the top can be deformed because
of shearing by the upper plate. This would be clear evidence that the Fruiche was influenced by shear banding resulting in
thixotropic characteristics here with the time scale longer than O(103 s). In such case, the obtained G’ and G”” should be
considered as “apparent” value.
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Figure 7.7: (a) Storage and loss modulus (G’, G”) of the shear amplitude sweep for different oscillating frequency and test
conditions for different materials and (b) the Lissajous curves (shear strain versus shear stress normalized by the maximum
value) for different shear amplitudes and oscillating frequencies that were obtained from the measurements plotted in (a).

To estimate the relaxation characteristic of the test materials, with different frequencies (0.1, 0.3, 1, and 3 Hz), oscillatory
tests in a shear amplitude sweep from y = 1% to 300% were conducted after pre-shearing and leaving at rest for 5000 s. The
storage and loss moduli (G’ and G”’) obtained are shown in Fig. 7.7(a). For the 2 : 1 mix, the G’ and G”" gradually change
with respect to the strain amplitude, while more abrupt variations are obtained in the other mixtures (1 : 1 and 1 : 2). For the
1 : 1 mix, an abrupt variation is observed at around yy = 50% in all conditions at 0.1 — 3 Hz. For the 2 : 1 mix, the abrupt
variation appears at very similar y, as for the 1 : 1 mix, there with a lower frequency than 0.3 Hz. Although the amplitude
sweep measurements would be influenced by shear history effects like the oscillations, the abrupt variation would suggest
that phenomena invisible here possibly arising from wall-slip or some other effect, suggesting that there may be significant
differences in the relaxation behaviors of the test materials at O(0.1 — 1 s).

To understand details of the rheological response during oscillations, LAOS measurements were conducted simultane-
ously with the G’ and G” evaluations in Fig. 7.7(a). Figure 7.7(b) shows the changes in Lissajous curves (shear strain versus
shear stress) with respect to the oscillation frequency f, (0.1, 0.3, 1, and 3 Hz) and the maximum shear strain amplitude y,
(10, 30, 100, and 300%). As in §7.2.2, the Lissajous curves have been used to distinguish the rheological properties from the
curve shape as three kinds of features representing viscous, viscoelastic, and elastic.

At the high frequency (3 Hz) in Fig. 7.7(b), the Lissajous curves in each test material suggest an elastic response irre-
spective of the shear amplitude, and at f, = 1 Hz and y = 100% the shapes of Lissajous curves represent more viscoelastic
characteristics compared to the others of shear amplitude yq. At f, = 0.3 Hz all of the curves for all test materials are less
regular with kinks than at higher frequencies; these results can be explained by the qualitative deformation features described
in Fig. 7.2 for the behavior on the inclined glass plates.

For the 2 : 1 mix, the Lissajous curve at f, = 0.3 Hz and y = 30% has a nearly circular shape representing a viscous
reaction coexisting with irregular features [Fig. 7.7(b)]. Here, Fig. 7.2 shows easily deformable characteristics of the material.
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For the 1 : 1 mix, the Lissajous curve at f, = 0.3 Hz and y = 30% shows a close to to elastic response with some kinks
[Fig. 7.7(c)], similar to the more viscoelastic 1 : 2 mix [Fig. 7.7(d)]. The factors causing this difference can be understood by
the qualitative differences shown in Fig. 7.2. The 1 : 2 mix (the right hand column in Fig. 7.7) may more easily be exposed to
wall-slip than the 1 : 1 mix, and the Lissajous curves at the 1 : 2 mix suggest results influenced by wall-slip. This suggestion
is supported by the results in the steady rotation tests under the shear stress sweep (§7.3.1); the critical yielding behavior the
1 : 1 mix was larger than that of the 1 : 2 mix as shown in Fig. 7.5(e) and (f). It may be concluded that the gelled appearance
in Fig. 7.2 is accompanied by wall-slip.

The wavy features observed on the curves at frequencies lower than f, = 1 Hz at low shear strain amplitudes, and the
wavy features of the 2 : 1 and 1 : 2 mixtures are larger than those of the 1 : 1 mix. These features are observed at lower shear
strain amplitudes than those resulting in abrupt changes in the Lissajous curves, for example at the 2 : 1 mix at f, = 0.3 Hz
from 10% to 30% of yy. According to Fardin ef al. [14], unstable shear banding would be arisen from elastic instabilities,
when shear stress in flow curves exhibits plateau with respect to the shear rate under unsteady shear conditions. The geometry
used in this study is different from Taylor-Couette system used in the previous study, and it is of importance to be aware that
elastic instability would be triggered by a transient state in the rheological characteristics of complex materials.

7.3.3 Summary: the sources of physical inaccuracies in a standard rheometer

The standard rheometer has great advantages in the measurement of viscous or elastic materials without abrupt phase tran-
sitions, such as yielding behavior. As shown by the experimental findings in §7.3.1 and 7.3.2, the torque sensitivity in
measuring the rheological response will augment inaccuracies arising from bias errors in the understanding of the rheology
of test materials in the standard rheometer; the influence from the presence of a depleted layer arising from abrupt phase tran-
sitions is very significant here; the data output is a “specific-mechanical response” influenced by the geometry of rheometer.
Many reports have attempted to explain such shear banding problems as mentioned in §7.1, most focusing on measuring the
shear rate profiles in the gap of the rheometer. However, the problems arising from standard rheometer cannot be solved
by looking at only the influence of elastic instability even under steady state variations, as there are 3-dimensional unsteady
flows as reported elsewhere [11]. Further, it may not be possible to correct the data obtained from oscillatory tests because
the unsteady changes depend on the rheological characteristics of complex fluids. In oscillatory tests, inaccuracies will be
significantly magnified as the basic principle of oscillatory tests do not consider “fluid inertia”. Experimental proof of such
inaccuracies will be discussed in §7.4 by comparing the rheological evaluations of standard rheometers with those by USR.

7.4 USR tests of the rheology of gelled food

In this section, inaccuracies in the rheological properties evaluated by standard rheometers (§7.3) will be explained using
USR. The USR has the great advantage that it is capable of evaluating materials with dispersed ingredients contained in the
original source. Further, based on the equation of motion and rheological model detailed in §7.2.3, rheological evaluations
can be realized in unsteady shear conditions by frequency domain analysis (detailed explanations of the algorithm can be
found in Chapters 4 and 5).

7.4.1 Rheological evaluation on phase lag in velocity distributions

Spatiotemporal velocity distributions measured for the 1 : 1 mix using UVP are shown in Fig. 7.8. The vertical and horizontal
axes indicate the radial positions normalized by the radius of the container, R, and the spin-cycle period ¢f,. The contours
represent the azimuthal velocity normalized by its maximum value at the cylinder wall (r/R = 1), Uyay (= 21f,R®). The
distributions here were obtained at different elapsed oscillation times with f, = 1.0 Hz in the oscillation frequency and
® = 60 deg in amplitude. The resolutions of the UVP are 25 ms in time, 0.7-0.8 mm in space, and 1.35-1.4 mm/s in velocity.
To eliminate the shear history effects, UVP measurements were conducted leaving the test materials at rest longer than 15
min after stirring the fluid medium.

Immediately after the start of oscillation (¢f, = 0— 1), the test material oscillates in the azimuthal direction almost in phase
from the wall to the center of the cylinder as in a rigid body. As the gel structures of the test material are gradually broken
and become fluidized due to the shear stress from the oscillating wall, the oscillations of the test material assume small phase
lags in the radial direction, for example at 7f, = 60 (center column), and this is significant after 7f, = 1800. This phase lag
development can be used to distinguish the rheological characteristics of test fluids [Chapter 2].

From Eq. (7.4), and after calculating the Fourier components from the velocity distribution, radial profiles of the phase lag
for the test materials can be quantified as shown in Fig. 7.9(a)—(c). The vertical axis represents the radial position normalized
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Figure 7.8: Time variations in the azimuthal velocity distributions of a test material (the Milk : Source = 1 : 1 mix) at
different elapsed oscillating times, with the oscillation frequency, amplitude, temperature, and the maximum angular velocity,
fo = 1.0 Hz, ® = 60 degree, Ty = 15°C, and Uy, = 477 mm/s respectively.
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Figure 7.9: Radial profiles of the phase lag of the local velocity fluctuations from the cylinder wall for 10 s times averaging
at different elapsed times: (a) Milk : Source = 2 : 1 mix, (b) Milk : Source = 1 : 1 mix, and (c¢) Milk : Source =1 : 2
mix, with the oscillation frequency, amplitude, temperature, and the maximum angular velocity, f, = 1.0 Hz, ® = 60 degree,
Ty = 15°C, and Uyqy = 477 mm/s respectively.

by the cylindrical wall, R, where the horizontal axis shows the phase lag. Here, the range of phase lags are different for the
three materials in Fig. 7.9(a)—(c) to show the differences in the phase lags. The profile shape does not change so much at least
after 7f, = 1800, and the profiles are assumed to reach the terminal state at 7f, = 1800. The figures show some similarities in
the changes accompanying the development of the phase lag with the oscillation period ¢f,. These suggest shear thinning of
the test material with the shear deformations taking place during oscillations. For the 2 : 1 mix in Fig. 7.9(a), the development
is more rapid than for the other mixtures in Figs. 7.9(b) and (c). The terminal phase lag profile (f, = 1800—1810) for the 1 : 2
mix [Fig. 7.9(c)] shows a knee around r/R = 0.7—0.75, while the profile for the 1 : 1 mix [Fig. 7.9(b)] has smoother variation
around the radial position. It suggests that the 1 : 1 mix has a viscoelastic layer functioning as a buffer for the momentum
propagation between the liquid and gelled regions. There are also large difference in the terminal phase lag profile between
the 1 : 1 and 1 : 2 mixtures, that is, the gradient of the terminal phase lag for the 1 : 2 mix [Fig. 7.9(c)] near the wall
(0.8 < r/R < 1.0) shows as much larger than that at the 1 : 1 mix [Fig. 7.9(b)]. This can be interpreted as showing a lower
viscosity of the 1 : 2 mix [Fig. 7.9(c)] than that of the 1 : 1 mix [Fig. 7.9(b)].

The rheological characteristics of the different test materials can be summarized from experimental results above as
follows: the rheological characteristic of the 2 : 1 mix is the one that is most like a liquid and where it is easiest for the gelled
structure to break down; in the 1 : 1 mix, the rheological characteristics show a strong viscoelastic response at the interface
between the liquid and gelled regions; in the 1 : 2 mix, the rheological characteristic has a more abrupt change at the interface
between the regions than is the case for the 1 : 1 mix. These results may then be interpreted to be in close agreement with
both the qualitative features of each mixture (Fig. 7.2), as well as that they display the differences suggested by the standard
rheometer measurements (§7.3), and overall the rheological characteristics may be described by the terminal shape of the
phase-lag, the spatial gradient of the phase-lag.

From the gradient of the phase differences calculated by numerical differential of the phase lag in the radial direction,
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Figure 7.10: Radial-time distribution of phase lags in the local velocity fluctuations from a cylinder wall for (a) Milk : Source
=2: 1 mix, (b) Milk : Source = 1 : 1 mix, and (c) Milk : Source = 1 : 2 mix, where the dotted curves represent the border
between liquid and gelled regions estimated from the gradient of the phase lag, with the oscillation frequency, amplitude,
temperature, and the maximum angular velocity, f, = 1.0 Hz, ® = 60 degree, Ty = 15°C, and Uy,,; = 477 mm/s respectively.

the fluid motions in the oscillations suggests a division into liquid and gelled regions. The borderline of the division is now
defined as the appearance of “yielding” as determined in this study. The threshold value of the gradient here is set at 10 rad/m
corresponding to around 10* mm?/s [Chapter 2]. Figure 7.10 shows the phase lag with respect to the oscillation period f,.
Here, the phase lag profiles in Fig. 7.9 were averaged by 10 periods of oscillations, while those in Fig. 7.10 are not averaged
but are as measured profiles calculated from the velocity distributions for 1 s intervals.

For the 2 : 1 mix as shown in Fig. 7.10(a), the phase lag and the yielding border described with a dotted curve varies more
rapidly, immediately after the oscillation starts than in the case for the other mixtures shown in Figs. 7.10(b) and (c). Here
the gray scale in Fig. 7.10(a) showing the phase lag is different from the others [Figs. 7.10(b) and (c)] because of the drastic
changes in the rheological characteristics. In the 1 : 1 [Fig. 7.10(b)] and 1 : 2 [Fig. 7.10(c)] mixtures, the variations in the
positions where yielding starts show similar changes and vary more gradually, even immediately after the oscillation starts.
The phase lags with the 1 : 2 mix [Fig. 7.10(c)], however, display larger values than that for the 1 : 1 mix [Fig. 7.10(b)].

7.4.2 Results of the linear viscoelastic analysis

In the linear viscoelastic analysis by USR, the values of the rheological properties, such as viscosity, elasticity, shear strain
rate, shear strain, and shear stress are obtained from the measured spatiotemporal velocity distributions (e.g. Fig. 7.8) [Chap-
ter 5]. Further, by utilizing the gradient of phase-lag as described in §7.4.1, the physical borderline between liquid and gelled
states can be simultaneously estimated for every oscillation cycle. To quantify the rheology of the test materials, the rheologi-
cal evaluations were performed by calculating flow curves from the viscosity and elasticity obtained via the linear viscoelastic
analysis.

Figure 7.11 shows the flow curves obtained from averaged Fourier components for each of the test materials, with the
vertical and horizontal axes representing the shear rate and shear stress respectively. The gradation of the plots indicates the
corresponding radial position in the cylindrical container normalized by R. Each symbol in the plots shows the period of
the oscillation cycle, tf,, circles: 04, triangles: 4-8, squares: 16-20, diamonds: 32-36, pentagons: 64—68, and crosses:
1800-1900. Figures 7.11(a)—(c) show the flow curves in each period for each of the mixtures, and Figure 7.11(d) plots the
terminal flow curves (¢f, = 1800 — 1900) obtained from each material together. Such “transient flow curve” is typical in
the liner viscoelastic analysis by USR and is not obtained by standard rheometers. Here the ranges of r/R used for the flow
curves are from r/R = 0.95 to the radial position corresponding to the physically determined borderline between liquid and
gel r/R > 0.6.

For the 2 : 1 mix [Fig. 7.11(a)], the flow curves have almost monotonically increasing trends with respect to the shear
rate, but the shear stress shows larger values locally at the lowest shear rates in the periods from tf, = 0 — 4 to tf, = 64 — 68.
The tendencies of these changes are quite similar to the typical flow curves observed in shear banding fluids [7], where most
of the results were evaluated by steady rotational tests with standard rheometers in combination with a technique to visualize
the inside of the gap between the plates. In the terminal flow curve for the 2 : 1 mix, the gradients of the flow curve are
almost constant in the double logarithmic expression in the present range of shear rates. Comparing the initial and terminal
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Figure 7.11: Flow curves (y versus 7) at different oscillating cycles; (a) Milk : Source = 2 : 1 mix, (b) Milk : Source =1 :
1 mix, and (c) Milk : Source = 1 : 2 mix, and (d) terminal flow curves at zf, = 1800 — 1900 in each test material, with the

oscillation frequency, amplitude, temperature, and the maximum angular velocity, f, = 1.0 Hz, ® = 60 degree, Ty = 15°C,
and Uy, = 477 mm/s respectively.
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Figure 7.12: (a) Flow curves of the test material (Milk : Source = 1 : 1 mix) in LAOS plotted with USR results and (b) the
Lissajous curves (shear stress versus shear strain) plotted with oscillating time versus maximum shear strain yj.

flow curves, it is noteworthy that the flow curves overlap over a wide range of shear rates. For the 1 : 1 mix [Fig. 7.11(b)],
the initial flow curve (¢f, = 0 — 4) has a negative gradient at smaller shear stresses, and after some periods of oscillations
(tfo ~ 4 — 16), the flow curve appears similar to that of the 2 : 1 mix. At the terminal state (¢f, = 1800 — 1900), however,
the flow curve bends around ¥ = 4 s~!, this may be physically understood to show that the viscous resistance of the test
material changes greatly at a specific critical shear rate. For the 1 : 2 mix [Fig. 7.11(c)], the shear stresses in the flow curves
from 7f, = 0 — 4 to tf, = 64 — 68 are much larger than those of the other materials, and after reaching the terminal state
(tfo = 1800 — 1900), the flow curve becomes linear except around the lowest shear rates.

In comparison of terminal flow curves [Fig. 7.11(d)], the gradient of the flow curve of the 1 : 2 mix is the smallest of
the three mixtures, and the gradient of the 1 : 1 mix in 4 s™! < ¥ < 10 s7! is in good agreement with that of the 2 : 1 mix.
Further, at shear rates lower than 4 s~!, the flow curve of the 1 : 1 mix shows the steepest gradient. Relating these differences
in the flow curve to the qualitative observations for each mixture (Fig. 7.2) suggest rheological explanations of behaviors for
each of the mixtures: for the 2 : 1 mix, the mixture behaves as a liquid due to the lower yield stresses, however, the mixture
sticks to the glass surface after placing the glass plate at flat surface; for the 1 : 1 mix, the main feature is a large viscous
resistance in the range of low shear rates, which contributes to sticking to the inclined glass plate (Fig. 7.2). For the 1 : 2
mix, the agglutinating property is much smaller than in the other mixtures because of the decrease in viscous resistance after
yielding.

Figure 7.12(a) shows both flow curves for the 1 : 1 mix in the rheological evaluations of USR and with the standard
rheometer, where the flow curves (stars) were calculated from experiment in Fig. 7.6. The vertical and horizontal axes repre-
sent the shear rate and shear stress respectively, but the values for the standard rheometer are apparent values as mentioned
in §7.3. The shear stresses at + = 5000 s by the standard rheometer are much larger than those by USR, but at t = O s the
standard rheometer values show good agreement with the 5 s™' < 7 values by USR at the terminal state. Figure 7.12(b)
shows the Lissajous curves, obtained by LAOS at the experiments in Fig. 7.12(a), and help to elucidate the factors causing
the differences in the flow curves. The amplitude of the apparent shear stresses increases with time because of the restoration
of the structures present in the mixtures, i.e. thixotropy, however, an increased influence of the viscous characteristics can
be observed from the shape of the Lissajous curves at yy = 50, 80, and 100%. If the test materials display thixotropy, the
rheological properties would shift from somewhat viscous to elastic, but the results of the Lissajous curves show an opposite
change. It may be suggested that the rheological evaluations of the standard rheometer are influenced by shear banding caus-
ing the occurrence of a depleted layer at the oscillating wall. The apparent shear rate would increase if there is a thin layer
causing the shear banding, and the presence of this can be assumed from the changes in the rheological properties displayed
in the flow curves obtained by USR.
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Figure 7.13: Schematic visualization of the gelling features for different ratios of included pectin and calcium ions; (a)
Pectin/Ca?* ratio is low, e.g. whole milk : Fruiche source =2 : 1, (b) Pectin/Ca?* ratio is moderate, e. g. whole milk : Fruiche
source = 1 : 1, and (c) Pectin/Ca>* ratio is high, e.g. whole milk : Fruiche source = 1 : 2.

The depleted layer as the result of shear banding can be seen on the photograph [Fig. 7.12(a)] taken after removing the
shaft of the standard rheometer following the long duration measurements at yy = 50%. As also described in §7.3.2, material
was attached to the bottom plate in the form of a solid structure of a thin layer of O(0.1 mm) thickness, with the material at
the top was softer and could be deformed because of shearing by the upper plate. The speculations of a shear banding effect
in the gap is strongly supported by this observation.

7.4.3 Discussion: the rheology of a better-prepared dessert

From the rheological evaluations by USR based on fluid mechanics, the relations of the shear strain rate and shear stress
around the critical shear rate for yielding were quantified. These findings are significant as it is difficult to evaluate the true-
rheological properties mentioned in §7.3 with the standard rheometer. The schematic illustrations in Fig. 7.13 summarize
the findings: The figure represents the gelling behavior schematically with the ratio of included Ca®* and pectin. When the
ratio is low [Fig. 7.13(a)], for the whole milk : Fruiche source = 2 : 1 there is a low concentration of structured pectin, and
it does not contribute to gelling but it increases the viscosity. With moderate ratios [Fig. 7.13(b)] for whole milk : Fruiche
source = 1 : 1, the flow curve indicates a secondary critical shear rate that should be distinguished from the critical shear
rate for yielding. It is thought that the pectin inclusion caused the formation of structures of chained networks that lead to
the viscoelastic behaviors at lower shear rates than the critical shear rate for yielding. The result of this would be that the
material shows strong viscoelasticity arising from the electrical attraction between the included calcium ions and dispersed
pectin. Finally, for higher pectin ratios [Fig. 7.13(c)], for whole milk : Fruiche source = 1 : 2, the yield stress estimated
by USR shows larger values, and the viscosity is lower than the mixture with intermediate ratios; this may be interpreted to
suggest that the gelled structures were fully developed and that further the material has only a small influence on the viscosity
increase arising from the electrical attraction after yielding.

If the recipe suggested by the food company is assumed to provide the best eating quality (or texture), evaluations of these
are given as the rheological property of moderate viscoelasticity and yield stress as described above. Further, the stability
of gelled structures with moderate yield stress is also required to be evaluated, and the stability might be supported by the
thixotropic behavior as the structures need to be maintained after stirring.

7.5 Conclusion

Rheological evaluations on three test mixtures, prepared by adding whole milk to Fruiche (a commercially available desert)
source in different ratios, were conducted by both a standard rheometer and by USR for a better understanding of qualities
and physical features evaluated as better quality for eating. By the standard rheometer with parallel plate geometry, the
evaluations showed inaccuracies in measuring accurate rheological properties caused by commonly existing problems in the
rheometers (wall-slip, shear banding, shear localization, elastic instability, and more); for steady rotational tests, there are the
problems around the critical shear causing yielding or slipping of the test material on walls, and the rheological evaluations
showed significant differences between the shear rate and stress sweep data. In oscillatory tests, there were drastic changes
in the storage and loss moduli in shear amplitude sweeps, especially at low oscillation frequencies, and the Lissajous curves
suggested unexplained problems by LAOS measurements.
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7.5. Conclusion

To better understand the inaccuracies in measuring the true-rheological properties by the standard rheometer, the rhe-
ology representing the textures of complex food materials was suggested using USR based on the equation of motion and
spatiotemporal velocity information. In conclusion, the flow curves for all the test materials evaluated by USR showed more
reliable rheological characteristics than the data obtained by the standard rheometer. The word “reliable” here means guar-
anteed precisions with physical meaningfulness. Some unclarities in the rheological evaluations using standard rheometer
were found from the experimental results (§7.3). Not surprisingly, such complex test fluid showing rheological changes dras-
tically against shear deformations must affect the rheological tests. Based on the equation of motion, the USR can evaluate
rheological properties from the measured velocity profiles, and in this paper, presented true-rheological properties from the
perspective of physics of fluids compared to standard rheometers.

The significant findings were represented as follows; transient flow curves were acquired by linear viscoelastic analysis
in USR at each period of oscillations and that could not be obtained using the standard rheometer; comparing the rheolog-
ical evaluations by USR and LAOS measurements, the efficacy of USR was ensured by the obtained Lissajous curves; the
qualitative-rheological characteristics of the test materials prepared by different recipes support the validity regarding the
evaluated flow curves.
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Thixotropic effects on a standard rheometer

test, elucidated by large amplitude oscillatory
shear & USR
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The aim in this chapter is to elucidate the measurement difficulties of a standard rheometer that is caused by a transient
phenomena in the thixotropic features, by means of both LAOS and USR. The potential of the kinematic rheometry to
assume the role of filling “a hole” in the standard rheometer measurements as a complementary methodology is supported by
this work.

Abstract

Rheological evaluations of thixotropic fluids were examined by both the oscillatory test using a standard rheometer with
Taylor—Couette geometry and ultrasonic spinning rheometry (USR); the USR is a novel velocity-profiling rheometry with
details presented in [Yoshida et al., J. Rheol. 63 (2019)]. In the conclusions, measurement difficulties with the standard
rheometer due to thixotropy causing a transient state were elucidated by considering the findings in both large amplitude
oscillatory shear (LAOS) and USR. The flow curves obtained from the standard rheometer did not show physically meaningful
results with any assurance of accuracy due to unexpected issues including shear localization, shear banding, slip on the
walls, and elastic instabilities, even when an equilibrium state is reached by conducting long duration measurements. The
significant findings are summarized as follows: (i) when the torque response measured by the standard rheometer represents
clearly sinusoidal waves, the flow curve by the USR coincides with that by the standard rheometer; (ii) when the shapes of
the Lissajous curve in LAOS represent occurrences of the unexpected problems, the shear stress obtained by the standard
rheometer was around ten times higher than that by the USR; (iii) the onset of elastic instability in the Lissajous curves could
be observed near the critical shear rate evaluated by the USR.
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Figure 8.1: Shear deformation types in the measurement gap between the moving wall for ideal and non-ideal conditions.

8.1 Introduction

To fully understand the rheology of “complex” fluids, measurements of the axial torque via solid walls with specific gaps,
rheometers with various geometries such as parallel plates, cone-plates, and Taylor—Couette (TC), are used. As described in
Fig. 8.1, there are however common problems among these, related to shear history effects [1], slip on the walls [2, 3], shear
banding [2, 4-7], elastic instability [8—10], and more. Rheometers can measure a simple shear resistance as an axial torque
represented by the viscous resistance (the elastic response) in the fluid media. A narrow gap O(0.1-1 mm) is required to
satisfy conditions of constant shear rates or strains in the gap (i.e. linear velocity profiles or linear deformations); however,
most actual flows and deformations in complex fluids show non-linearities in the gap arising from the common problems
mentioned above. The measured results merely represent apparent viscosities because of unexpected actual shear-rate profiles
arising during the measurements.

To solve these problems, there is the semi-analytical approach which involves solving an inverse problem, i.e. the “Couette
inverse problem”, to estimate original velocity profiles in wider gap TC rheometry. There are a number of approaches for
rheological evaluations of non-Newtonian fluids [11, 12] most of which are limited to treatments of the problem for specific
test fluids, influenced by the elastic instability that is a difficult issue to overcome. As another approach there are efforts
involving surface modifications to the plates in the rheometers [3, 13]. These however offer solutions to only the slip on the
walls, leaving out the influences from shear banding, shear localization, elastic instability, and others, unavoidable because
such phenomena will present transient (unsteady) behaviors arising from non-Newtonian effects.

Utilizing spatiotemporal velocity distributions of fluid motion, complete flow field measurements would provide the most
appropriate solutions because the velocity information reflects all rheological information in the solutions. As examples of
velocity-profiling rheometries based on ultrasonic velocity profiling (UVP) [14], approaches coupled with velocimetries have
been proposed; Derakhshandeh et al. [15] performed measurements of transient behaviors of thixotropic fluids using a Couette
rheometer with a wide gap and UVP. This can detect yielding regions in the fluid with quasi-steady velocity profiles, while
the torque measurements may be influenced by the wall-slip leading to errors in the evaluation of the rheological properties.
Ouriev and Windhab [16] proposed a combined technique of UVP measurements and pressure difference measurements,
termed UVP-PD in-line rheometry. These reports have dealt with time-averaged velocity profiles limited to steady flow
states, while techniques are required to detail time-dependent properties considering the applicability to more complex fluids
and solutions (Thixotropic fluid).

In Chapters 2-7, Ultrasonic spinning rheometry (USR) has been developed as a novel velocity-profiling rheometry; the
important improvements over conventional velocity-profiling rheometries in the results here lie in the ability to examine un-
steady shear flows and to substitute experimental data into the equation of motion to solve the rheological flow problem.
In Chapters 2 and 3, the phase-lag analysis of USR was established by performing a series of rheological measurements,
including the effective Newtonian viscosity of clay dispersions with thixotropy, liquid food gelling behaviors with tiny ingre-
dients, and curry paste containing larger ingredients. Because the phase-lag analysis still limits the evaluation of rheological
parameters, a linear viscoelastic analysis in a frequency domain was presented in Chapter 4, and it was suggested that the
equation of motion with the rheological model can be satisfied by substituting Fourier components of velocity fluctuations.
In the theory of linear viscoelastic analysis of USR, making it possible for multiple rheological properties to be determined
with the velocity profile measurements alone.

The efficacy of this methodology for non-Newtonian fluids was strongly supported by previous work in Chapter 5, where
comparative assessments of the rheological evaluations of a standard rotational rheometer and USR were performed. In the
efficacy assessments, significant differences were found in rheological evaluations of clay dispersions displaying thixotropy
between a standard rheometer with a parallel plate geometry and USR, with experiments using a standard rheometer examined
under steady state conditions. Most recently, the USR has described the rheology in complex fluids, the effective viscoelas-
ticity modulated by particle alignment [Chapter 6] and the rheology of gelled food useful in making better tasting desserts
[Chapter 7]. Overall, the USR may be expected to be able to elucidate outstanding problems in complex fluid dynamics.
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Figure 8.2: Transition diagrams of particle structuring in the Mt dispersion: swelling in deionized water, (a) after leaving at
rest, (b) shearing; and swelling in an ionic solvent, (c) left at rest for long durations, (d) transient state, and (e) shearing.

Rheological evaluations by USR have been validated in Chapter 5 by steady rotational tests with a standard parallel
plate geometry rheometer, however one remaining issue is whether oscillatory tests with TC geometry that are considered
to be more precise as determined in experiments comparing with the USR and considering consistency between various
experimental geometries still needs to be verified. The research objective here is to clarify ambiguities in the methodologic
difficulties in standard rheometers, and the rheological evaluations of thixotropic fluids were examined by large amplitude
oscillatory shear (LAOS) using TC geometry (§8.3). Further, a comparison in the evaluations of LAOS and USR is examined
to ensure the efficacy of USR in understanding the measurements of the thixotropic fluids. The approach to using LAOS
measurements to understand the unexpected differences in the rheologic data when studying thixotropic fluids was outlined by
Perge et al. [17]. Finally, from the findings of the comparison of the rheological evaluations of LAOS and USR, methodologic
difficulties to evaluate thixotropic fluids using standard rheometers is discussed (§8.4).

8.2 Materials and method

8.2.1 Thixotropy in montmorillonite (Mt) dispersion

As the test fluid, a montmorillonite (Mt) dispersion was chosen (Kunipia-F; Kunimine Industries Co., Ltd., Japan). In the case
of dilute concentration O(1 wt.%), the particles are dispersed homogeneously without sedimentation in deionized water; here
cations in the medium are supplied by the ionization of the swelled particles [Fig. 8.2(a)]. Oriented in the sheared direction,
the rheological properties of the dispersion show a shear-thinning viscosity. The particle orientations would be relaxed due
to the Brownian motion for shear rates, y < y4 [Fig. 8.2(b)], where 74 is a threshold of shear strain rates for the onset of the
particle orientation relaxation.

The dispersion of Mt particles swelled in ionic solvents shows thixotropy due to networks of the particles structured by
particle interactions in non-sheared situations [18]. At higher pH than the isoelectric point and with dilute concentrations of
cations, the dispersed particles form structures termed “House-of-cards” [19] showing fluctuations with time due to the struc-
turing by the particle interactions [Fig. 8.2(c)]. These are structurally stable, because the surface of the dispersed particles
is electrically charged by the particles swelling in water. As shown in Fig. 8.2(d), these global particle networks are easily
broken into smaller clusters with Mt concentrations of less than O(10 wt.%). In simple shear cases, the macroscopic rheolog-
ical properties involve shear-thinning due to the alignment of the particles in parallel to the shear direction [Fig. 8.2(e)]. The
aligned particles relax with time similar to the condition in Fig. 8.2(b), but the relaxation is influenced by the concentration
of cations. Generally, the series of rheological characteristics outlined in Figs. 8.2(c)—8.2(e) is categorized as thixotropy [18],
and the thixotropic behavior plays a critical role in shear localization or shear banding.

Important factors to determine the rheological features in Mt dispersions may be summarized by the: volume fraction of
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Figure 8.3: (a) Schematic of the experimental apparatus for measuring velocity distributions of oscillating shear flows using
UVP, (b) spatiotemporal velocity distribution without NaCl and with 0.02 mol/L NaCl, (c) phase-lag profiles calculated from
the ug(r, 1) in (b), and (d) flow curves evaluated by linear viscoelastic analysis by USR [Chapter 5], where the , and ¥
denote the critical shear rate at the onset of yielding and shear thinning [Chapter 3], Ty = 25°C, f, = 0.5 Hz, ® = 27/3 rad;
Uwan = 477.0 mm/s.

the dispersed particles, cation concentration, pH value of the fluid medium, fluid temperature, relaxation time, recovery time,
shear amplitude, and more. In this paper the focus is on modifications of the rheology in the shear amplitude, to simplify the
problem setting.

8.2.2 Ultrasonic spinning rheometry (USR)

One of the main characteristics of the experimental apparatus is an open cylindrical container made of acrylic resin
[Fig. 8.3(a)]. The container has 2-mm-thick side walls, 145-mm inner diameter, and is 60-mm high. To control the tem-
perature of the test fluids at 7y = 25°C, and to avoid any influence from ultrasonic waves co-reflected at the wall, the
container was mounted at the center of a water bath. Oscillations of the cylinder was controlled by a stepping motor to an
oscillation angle ® and frequency f,, with the motor attached at the bottom of the container. The oscillation was controlled by
the sinusoidal angular velocity, U,y sin(2xfyt), where Uy, = 27 foRO (see [18] for further details). The UVP-Model Duo
(Met-Flow S.A., Switzerland) was used to measure instantaneous velocity distributions. To obtain the azimuthal velocity
component, an ultrasonic transducer (resonance frequency 4 MHz and 5-mm active element diameter) was mounted with
a gap of Ay from the center coordinates of the cylindrical container. Assuming that the axisymmetric flow and the radial
velocity components are negligible, the azimuthal velocity uy is calculated from a geometric relation given as ug = ugr/Ay.
Empirically, Ay = 15 mm was selected, and further details of the setup for the transducer are detailed in Chapters 2-5.

The spatiotemporal velocity distributions of different test fluids were measured using UVP as shown in Fig. 8.3(b); Mt
dispersions without NaCl and with 0.02 mol/L NaCl were used as test fluids. The vertical and horizontal axes indicate
the radial positions normalized by the radius of the container, R, and the spin-cycle period ¢f,. The contours represent the
azimuthal velocity normalized by Uy, = 477.0 mm/s, the maximum azimuthal velocity at the cylinder wall (/R = 1). The
azimuthal velocity fluctuations decrease towards the center of the container since the momentum propagation is diffused by
viscous damping. To quantify these phase lags in the velocity fluctuation, a discrete Fourier transform (DFT) was applied. The
oscillation in this system kept the frequency and angle at a constant value (f, = 0.5 Hz, ® = 2x/3 rad), so the response of the
fluid motion appears at this dominant frequency. Radial profiles of the phase lag, ¢(r) = tan~ ' (T [ig(r, wo)1/ Rlite(r, ws)]) —
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¢wall, calculated from the velocity distributions shown in Fig. 8.3(b) are detailed in Fig. 8.3(c) (see Chapters 2 and 3 for more
details). The vertical and horizontal axes show the radial position normalized by the radius of the cylindrical container and the
phase lag that is propagated from the wall. There is a significant difference between the phase lags for the dispersions without
NaCl and with 0.02 mol/L NaCl. Further the phase lag with the NaCl has a sharp knee at /R = 0.7. The relation between the
shear stress and shear rate, the flow curve, can be obtained as shown in Fig. 8.3(d), utilizing the Fourier components obtained
from the velocity (see Chapter 5 for details of the derivation of the rheological properties).

In Chapter 3, flow curves in the Mt dispersion have critical shear rates that would be caused by modifications of the
particle networks; j, and ¥y express the critical shear rates at the yield stress and the critical shear rate at the onset of shear
thinning. As seen in Fig. 8.3(d), the trends with the flow curves are similar to those in Chapters 3 and 5, and the critical points
defined in those are used in this work.

8.2.3 Standard shear rheometer

A rheometer with a geometry of TC (Anton Paar MCR-502, Couette geometry CC27; radius of inner cylinder, R; = 27 mm;
gap between inner and outer cylinder R, — R; = 1.13 mm with a length L = 40 mm) was used to compare the results with the
rheometer to the USR measurements for the Mt dispersions (§8.2.2). The test fluids were maintained at a constant temperature
(Ty = 25°C). In the oscillatory test, the phase lag ¢ can be calculated from the phase angle difference between the maximum
value of the torque amplitude and deflection angle at the inner cylinder. As suggested in Fig. 8.4(a), the ¢ can represent the
degree of fluid viscoelasticity: § = Orad, 0 < § < /2 rad, and § = 7/2 rad indicating elastic, viscoelastic, and viscous
characteristics, respectively. The shapes of Lissajous curves plotted by the shear strain/shear rate and shear stress as the
horizontal and vertical axes help in distinguishing the rheological characteristics [Fig. 8.4(b)]. Lissajous curves expressing
shear strain and shear stress plot as circles for viscous, ellipses for viscoelastic, and diagonal lines for elastic behaviors [20]
and Chapter 7. If the torque response from the test fluid versus the shear deformation can be assumed as an ideal sinusoidal
function, the storage and loss moduli, G’ and G”, are given by

G = Lcoss, 67 = Lsing, 8.1)

Yo Yo

where 7y and 7y, are the maximum value of the shear stress and shear amplitude. Further, the § can be measured in two
ways: (1) by calculating the difference between the maxima of the shear stress and shear strain or (2) fast Fourier transform.
Expressions to determine 7 and vy are,
M _R,+R; 0
“ 2Rl " TR, -R 2

T0 (82)
where M; and 6 denote the maximum torque measured at the inner cylinder and angular displacement, respectively. To derive
Eq. (8.2) from the geometric relation, assumptions satisfying linearity with respect to the radial position for the shear stress T
and shear strain y are required. If the torque response does not follow a sinusoidal curve due to shear banding, wall slip, and
other confounding factors, artifacts showing apparent values obtained from the rheometer will be included.

The applicable range, therefore, should be limited to that within the obtained sinusoidal waves showing a linear response
in the oscillatory tests, this is termed the linear viscoelastic range (LVE range). However, users of a rheometer must generally
evaluate the ranges solely based on the output profiles of G’ and G” in amplitude sweep measurements. The oscillatory
tests in the LVE range are regarded as small amplitude oscillatory shear (SAOS) measurements, and larger shear amplitudes
(non-linear viscoelastic range) are defined as large amplitude oscillatory shear (LAOS) [3, 6, 8, 17, 20]. By LAOS, non-
sinusoidal responses can be qualitatively interpreted as the non-linear rheological response, depending on the rheological
characteristics with complexities (viscoelasticity, yield stress, multi-phase dispersions, and more). The purpose of utilizing
LAOS measurements here is to establish and understand the rheological complexities in the test solution, and it will also help
to show and highlight ambiguities in the rheological evaluations of the standard rheometer.

In this study, the output stress was obtained under a strain-controlled condition, and the output strain was calculated from
the rotation angle of the TC shaft. To assess the rheological properties in the time development of the Mt dispersion, the
LAOS measurements were conducted under sinusoidal shear strain y = vy, sin(2x f,f), where the maximum shear strain and
oscillation frequency are given as yy = 1 — 500% and f, = 0.5 Hz after pre-shearing (400 s~') for 120 s [Fig. 8.4(c)]. By
conducting sufficient pre-shearing to break the particle networks in the Mt dispersion, the influence of slip on the walls and
inhomogeneities in the rheological properties could be eliminated at the start of the oscillatory tests. Following this, the tests
were continued for 5000 s under unchanged experimental conditions to evaluate the rheological modulation with elapsed
time, the thixotropic effect.
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Figure 8.4: (a) Ideal fluid responses plotting the shear stress versus the applied shear strain, (b) ideal features of Lissajous
curves in shear strain versus shear stress, and (c) pathway of the angular velocity for oscillatory tests using the rheometer
with the TC geometry.

8.3 Rheological evaluations of Mt dispersions w/o and with NaCl

8.3.1 Dynamic viscoelasticity examined by rotational rheometer

The profiles of G’ and G” for a Mt dispersion both w/o and with NaCl were measured at various shear amplitude y, for 5000 s
with the oscillation frequency fo set to 0.5Hz. In Fig. 8.5, the vertical and horizontal axes depict the shear amplitude y, and
elapsed time ¢, and the logarithmic contour from 0.1 Pa to 300 Pa shows the magnitudes of G’ and G”'. The contours show
clear differences between Figs. 8.5(a) and 8.5(c), and also between Figs. 8.5(b) and 8.5(d); the contours remain unchanged
with time without NaCl [Figs. 8.5(a) and 8.5(b)], while there are intense modulations in the contours when NaCl has been
added, especially at 2 < yp < 20% [Figs. 8.5(c) and 8.5(d)]. The start of occurrence of the modulations is suggested by
the red dotted curves in Figs. 8.5(c) and 8.5(d), suggesting that the duration for the occurrences of the modulation to arise
becomes shorter with increasing yy. This suggests the possibility that unexpected phenomena like wall-slip may happen in
the unstable balance between the shear amplitude and recovery of the particle networks in the Mt dispersions.

To better understand the shear strain and time contours [Fig. 8.5], Fig. 8.6 shows the profiles of G’ and G” extracted
from the contours at yy at = 100, 1000, and 5000 s. In comparison of Figs. 8.6(a)—8.6(c), these profiles are very similar at
0 > 5% but show slight difference at yy < 5% due to the structure relaxation as described in Fig. 8.2. The measurements for
the Mt dispersion with 0.02 mol/L. NaCl here were conducted with smaller steps in the shear strain y, than that without NaCl,
as it was speculated that the condition of Mt dispersion without NaCl could be more unstable. Figs. 8.6(d)-8.6(f) show the
profiles of G’ and G” versus the shear amplitude vy, extracted from the contours in Figs. 8.5(c) and 8.5(d) at + = 100, 1000,
and 5000 s. In Fig. 8.6(d), the cross-point of G’ and G” is around yy = 30%, and the profiles bend at 10 < yy < 20%, with
the peak gradually shifting to lower shear amplitudes as shown in Fig. 8.6(e). Finally, in Fig. 8.6(f), the profiles overlap in a
wide shear amplitude range, 3 < yy < 30%.

The profiles show a plateau region at shear amplitudes below 2%, and the measurement range at yy > 2% may be regarded
as the LVE range shown in Fig. 8.6(d). However, the plateau region representing the LVE range shifts to the non-LVE range
in Fig. 8.6(f). This may be seen to show that the LVE range is modified after longer elapsed times than O(10° s), where
the modifications are caused by the thixotropic behaviors of the Mt dispersion. In general, the cross-point of G’ and G” is
regarded as the position where yielding of test solutions occurs in oscillatory tests. The profiles in Fig. 8.6(f) in the range
of 3 < ¥y < 30% overlap suggesting that measuring terminal conditions with sufficiently long elapsed times as is presently
thought to be the best way to evaluate the rheological properties of thixotropic fluids need to be rethought [18] and Chapter 3.
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Figure 8.5: Shear strain and time contours of (a) storage modulus G” and (b) loss modulus G” in the Mt dispersion without
added NaCl; (c) storage modulus G’ and (d) loss modulus G” in the Mt dispersion with 0.02 mol/L NaCl added.
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Figure 8.6: The profiles of G’ and G” versus shear strain extracted at (a) 100 s, (b) 1000 s, and (c) 5000 s from the contours
in Figs. 8.5(a) and 8.5(b); and from the contours in Figs. 8.5(c) and 8.5(d) at (d) 100 s, (e) 1000 s, and (f) 5000 s.
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Figure 8.7: (a) Variations in Lissajous curves of the Mt dispersion without added NaCl from the parameters, oscillating time
and maximum shear strain y,, where the Lissajous curves express the 7/7y versus /¥y, (b) flow curves of the Mt dispersion
without added NaCl in LAOS compared to that in USR.

8.3.2 Comparison of rotational rheometer data of LAOS and USR

An iso-material plot of Lissajous curves plotting shear stress versus shear strain is shown in Fig. 8.7(a), where the vertical
and horizontal axes show the maximum amplitude of shear strain and oscillation time after the start of measurements. The
shape of the curves displays no significant changes along both the time and shear amplitude axes though noise increases as
the shear amplitudes decrease. The shape of Lissajous curves, an ellipse without kinks at a period, indicates ideal viscoelastic
characteristics. Aty = 500%, the curve displays small kinks at the maximum shear stress because of inertial effects arising
from the momentum of the test fluid.

From Eq. (8.2), flow curves, which express the effective shear stress versus the shear rate, were calculated as plotted in
Fig. 8.7(b). By comparing with the flow curve obtained with USR (§8.2.2), a good agreement of the two is observed around
% = 10" s7!. The shear stress in USR becomes slightly higher than that with LAOS as the shear rate decreases below 7 ~ 557!,
The reason for this would be differences in the restraint condition of the experimental geometry, as the measurement of LAOS
is conducted by TC geometry with a narrow gap and the measurement of USR is conducted with a simple open container.
Test fluids with the TC geometry may be more stable than those involved with USR, and this would generate the difference
in the rheometry of the development of the Mt particle alignments, the difference in shear stresses is however still less than
an order of magnitude.

Figure 8.8(a) shows iso-material plots of Lissajous curves plotting the shear stress versus the shear strain and these enable
a detailed evaluation of G’ and G” . Here, these expressions suggest the non-linearity in the response of a test solution. The
Lissajous curves of the Mt dispersion without NaCl does not show any very large changes in the shape with time and shear
amplitude [see Fig. 8.7(a)], the curves with the NaCl added display various shapes with respect to time and shear amplitude
as classified in Fig. 8.8(a); the Kinked outlines I and II appear in the kinked curve at the second and fourth quadrants and the
first and third quadrants of the Lissajous curve; the Wavy outlined shape represents low-frequency waves (5-20 Hz) on the
curves, which can be clearly distinguished from the mechanical noise shown in the curve at yy = 1% [Fig. 8.7(a)].

In Fig. 8.8(a), immediately after the pre-shear as explained in Fig. 8.4(c), the Lissajous curves resemble an ellipse,
however, at yy = 5-12%, the shapes could not be discerned due to multiple waves in Fig. 8.8(a). With time the shapes
gradually modify into the various types at all the shear amplitudes, yy (1-500%). For example, at vy = 5%, the curve is a
sharp elongated shape with waves at + = 20-100 s, and it changes greatly to a kinked sharp shape at + = 500-1000 s. This
feature may be interpreted as showing wall slip or shear localization due to recovery of particle networks in the Mt dispersion
with elapsing time. For yy > 3.5%, the enclosed area of the curves increases remarkably with time from the initial elongated
shape at around 500 s. This suggests an increasing energy loss due to the presence of a thin low viscosity layer. Remarkably,
the wavy features remain after the occurrence of the kinks, for example the case of vy = 5% and ¢ = 1000 s.

Considering that the boundary defined in Eq. (8.2) fluctuates with time, the effective shear stress and shear rate of the
LAOS measurements, the flow curve, can be calculated as shown in Fig. 8.8(b), where the diamond and circular symbols
denote the flow curves obtained from LAOS and USR, respectively. The vertical and horizontal axes are the effective shear
strain rate and shear stress. As mentioned in §8.2.2, the flow curve obtained by USR indicates two critical shear rates, y, and
vst- When both flow curves of USR and LAOS are superimposed as shown in Fig. 8.8(b), the flow curve in USR is approx-
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Figure 8.8: (a) Variations in Lissajous curves between 7/7y and y/y, of the Mt dispersion with 0.02 mol/L NaCl added plotted
against the parameters, oscillating time and maximum shear strain yy. The top schematic diagrams represent the classification
of the characteristic shapes, (b) flow curves of the Mt dispersion with 0.02 mol/L. NaCl added by LAOS plotted against those

by USR.
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imately overlapped immediately after the pre-shearing (elapsed time; 20 s) except at ¥ < 1 s™! in the LAOS measurements.

After 5000 s for the LAOS values shown in Fig. 8.8(b), the effective shear stresses in the yy = 1-500% conditions increase
with time. Here there are significant differences between results from the LAOS and USR measurements, with the shear stress
obtained from LAOS 10 times that obtained with USR, the flow curves largely agree for the Mt dispersion without NaCl [see
Fig. 8.7(b)].

The wavy features in the Lissajous curves occur at lower shear amplitudes than the critical shear rate ¥, estimated by
USR; the elastic instability here arises from the unstable shear banding when shear stress in flow curves exhibits a plateau
with respect to the shear rate according to Fardin et al. [8]. It is possible that the shear rate calculated by LAOS is qualitatively
different from the shear rate obtained with USR, and this agreement between the appearance of wavy shapes in the Lissajous
curves and critical events with USR (}y and y,) will be discussed further in §8.4.1, where the features of the wavy response
in the Lissajous curves are investigated with Fourier spectra.

8.4 Discussion

8.4.1 Summary of findings from LAOS/USR measurements

Unique features were identified by comparing the results obtained with LAOS and USR in §8.3, and this will be discussed
below: First, the flow curve in LAOS agrees closely with that in USR in the Mt dispersion without added NaCl. The Lissajous
curves are elliptical, and the shapes are maintained with increasing shear amplitude and elapsed time. There are no common
unexpected phenomena in the standard rheometer results, such as shear banding, wall slip and others, and the fluid motion
in this case may be assumed to satisfy the hypothesis that requires the linearity of flow/deformation in the narrow gap of
the rheometer. Second, the flow curve obtained by the LAOS measurements immediately after the pre-shear stage agrees
with that obtained by USR at y > 1 s~! for the Mt dispersion with added NaCl. Aty > 1 g1 (yo = 50, 100, 200, and
500%) and ¢ = 20 s, the Lissajous curves do not have the kinked shapes, suggesting that the fluid motion would satisfy the
hypothesis at this time. Third, the flow curve obtained with LAOS after 5000 s plots considerably above that by USR with
the Mt dispersion with added NaCl. The Lissajous curves at yy = 3.5% indicate kinked characteristics, suggesting influence
from thixotropic factors. Fourth, the wavy state seen in the Lissajous curves became stable at around the critical shear rate
7y evaluated by USR. These phenomena including the onset of wavy states around the critical shear rate evaluated by USR
were also investigated in Chapter 7, though the experimental geometry and test fluid there are different from those in this
study. This coincidence may be postulated as a causal connection with elastic instability arising from the thixotropic factors,
and below the conditions where wavy states were identified were further investigated with Fourier trans-formation for the
Lissajous curves.

8.4.2 Fourier analysis of the waves considered to result from elastic instabilities

To better understand the difference between mechanical noise and waves from the elastic instability, the power spectrum in
the raw data of the Lissajous curves were calculated; the solid curves in Figs. 8.9(a) and 8.9(b) show the raw data of the shear
stress versus the phase angle obtained from the Mt dispersion without NaCl, vy = 1%, and ¢t = 5000 s, and from the Mt
dispersion with added NaCl, yy = 12%, and ¢t = 5000 s. Plotted against smoothed variations in the normalized shear strain
amplitude shown as the dashed curve in each figure, both variations in shear stress display quite large fluctuations.

As shown in Fig. 8.9(c), the spectra for the dispersion without NaCl has a dominant frequency component corresponding
to the input frequency of 0.5 Hz, whereas the spectra for the dispersion with NaCl has strong components in the frequency
range of f = 5-15 Hz. Figure 8.9(d) shows residual waves calculated by inverse Fourier transform after high-pass filtering
(larger than 5 Hz). Compared with the changes in the residual waves and the shear strain amplitude, the amplitude of the
waves in the Mt dispersion with NaCl increases as the shear amplitude increases, and that in the Mt dispersion without NaCl
does not change the trends of the wave.

Further, residual waves have modulations influenced by the maximum shear strain amplitude y, (Fig. 8.10); the frequency
of the waves increase with increasing maximum shear strain amplitude, and the waves decrease during the shear strain around
at y/yo = 0. This makes is possible to speculate that there would be a phenomenon like that occurring as waves in a chord
tightens, something that may be rephrased as that the frequency arising from the instability could depend on the elastic
modulus of the Mt dispersion.

The phenomena reported by [8—10] and Chapter 7 bear a strong resemblance to the existence of such an elastic instability;
technically, these reports focus on instabilities in steady shear conditions, the influence from such instabilities under unsteady
oscillation would be more significant than that those working under steady rotation conditions. This may be rephrased as
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Figure 8.9: Shear stress profiles (a) without adding NaCl, vy = 1%, and r = 5000 s [Fig. 8.7(a)]; and (b) with 0.02 mol/L
NaCl added, yg = 12%, and ¢t = 5000 s [Fig. 8.8(a)]; (c) power spectrum calculated from the shear stress profiles in (a) and
(b); and (d) residual shear stress profiles calculated by high pass filtering (> 5 Hz) for the shear stress profiles in the Lissajous
curves in Fig. 8.7(a) and Fig. 8.8(a).
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Figure 8.10: Residual shear stress profiles calculated by high pass filtering (> 5 Hz) for the shear stress profiles in the
Lissajous curves of yo = 1, 5, 20, and 50% in Fig. 8.8(a).
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Figure 8.11: A detailed map explaining the methodologic difficulties in the rheometer by considering the experimental find-
ings, where the vertical and horizontal axes indicate the elapsed time of the oscillatory tests and the characteristic shear
amplitude.

an important point to notice where: The G’ and G” can be measured/evaluated even if the elastic instability occurs during
oscillatory tests for fluids with elastic characteristics, this implication may be stated because these values are calculated from
only the phase shift ¢ as explained in §8.2.3.

8.4.3 Consideration of artifacts due to thixotropy in standard rheometers

Based on the findings in the experimental results (§8.3), a map to explain important aspects of measurement difficulties in
rheometer for thixotropic fluids are detailed in Fig. 8.11, where characteristic shear rates assuming rheological features in the
gap of TC are represented by ys, ¥m1, ¥Mm2, and ..

At the ys in Fig. 8.11, vo = 1% in Fig. 8.8(a), the rheological property would shift from viscoelastic to elastic when
considering the time modulation of the Lissajous curves. The shear amplitude of yg is here much lower than the critical shear
rate y, depicted in Fig. 8.2(c). Further, the actual shear rate is very similar to the expected shear rate y5 because the Lissajous
curves show an ideal shape in the linear response.

At M in Fig. 8.11, y9 = 10% in Fig. 8.8(a), it is possible to determine the wave arising from the elastic instability,
and it remains after 5000 s while the Lissajous curves gradually shift to kinked shapes. This suggests that the thin-unstable
layer maintains a delicate state between the Figs. 8.2(c) and 8.2(d) states because the shear amplitude is at the transient state.
Here, at the terminal condition, most of the momentum energy from the oscillation will dissipate in the unstable layer, and
the actual shear rate may be regarded as y < yy;.

At ymp in Fig. 8.11, 9 = 100% in Fig. 8.8(a), the Lissajous curves take on circular forms, suggesting that the rheological
characteristic here is viscous, however, some kink features remain in the curves. Because higher shear rates than the critical
shear rate ¥, obtained by USR was applied due to the occurrence of shear banding, this eventually causes the formation
of a thin layer with low viscosity as described in Fig. 8.11. Because of the depleting of the momentum in the thin layer,
shear banding would continuously be maintained at some equilibrium. So, the actual shear rate may be much larger than the
expected shear rate, ¥ > y\p and ¥ > ¥y, and the other layer will be slightly stretched with ¥ < )\ due to a large rate of
dissipation of momentum energy at the low viscosity layer.

Aty in Fig. 8.11, yo = 500% in Fig. 8.8(a), the Lissajous curves are elliptical with kinks, and the closed area of the
curves at t = 5000 s is larger than that immediately after the pre-shear. This may be explained as the inhomogeneity of
rheological property arising from the re-covery of particle networks of the Mt dispersion at the bottom of the gap depicted
in Fig. 8.11. The kinked shape in the Lissajous curves can be explained by considering a relaxation of the Mt dispersion as
depicted in Fig. 8.2(d) and 8.2(e).

From the considerations in this section, the critical factors causing artifacts in the standard rheometer would be as follows;
(1) the geometric restraint condition that requires a narrow gap; (2) spatial inhomogeneity of the shear history of the disper-
sion. There are numerous examples of rheological evaluations of thixotropic fluids, with most of these analyses focusing on
the “equilibrium state” or “equilibrium flow curve” as the most suitable way to evaluate these thixotropic fluids. From the
experimental findings, the equilibrium states do not always show a true-rheological property, where the word, true, is meant
to suggest accuracy in the physics involved in the evaluations.
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8.5. Conclusion

We wish to stress the need for a novel rheometry instead of the present standard rheometer, required to ensure an accurate
determination of the thixotropic properties that show transient behaviors modulating with the time and shear histories; the
potential of USR to measure such transient behaviors was already presented in Chapters 5 and 7.

Without such rheometric determinations, the obtained results will be limited to “specific responses depending on the
geometry of the experimental apparatus”; this point can be seen to be supported by previous study [17] and Chapter 7.

8.5 Conclusion

The rheological evaluations of thixotropic fluids by LAOS using TC geometry were compared with those obtained by USR
to clarify factors in the ambiguity regarding the methodologic difficulties in standard rheometers. For non-thixotropic fluids
(Mt dispersion without added NaCl), the flow curves obtained from the standard rheometer are in good agreement with those
obtained in USR, because there are no kinks on the Lissajous curves, suggesting a close to ideal linear viscoelastic response.
For thixotropic fluid (Mt dispersion with added NaCl), the flow curves obtained with the standard rheometer agree with those
obtained in USR immediately after pre-shearing, and the Lissajous curves are elliptical without kinks. In the 3.5 < yy < 20%
range, there are unstable waves caused by elastic instabilities that appear here; this elastic instability was observed at lower
shear amplitudes than the critical shear rate measured by USR, 7,. With time, the differences in shear stress between the
standard rheometer and USR gradually increased as shown in Fig. 8.8(b), and the maximum difference is 10 times larger than
the shear stress in USR. At very long times of operation (longer than 5000 s), kinked shapes are observed in all Lissajous
curves in the measured range, 3.5 < ¥y < 500%. This result shows that the flow curves for thixotropic fluids obtained
with the standard rheometer do not always reflect the true-rheological properties even if the rheological response reaches an
equilibrium state; this consideration may be seen to be supported by investigation in Chapter 7, where a similar issue has also
been discussed using the standard rheometer with parallel plate geometry.

Although the idea of oscillatory tests is feasible to understand the rheology relating to the relaxation time of non-
Newtonian fluid, the standard rheometers present these unavoidable difficulties because thixotropic fluids cause the elastic
instabilities and transient behaviors. The potential of USR to assume the role of filling “a hole” in the standard rheometer
measurements as a complementary methodology is supported by this study, and we hope the USR will provide an avenue to
further rheometry developments.
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CHAPTER 9

Development of ultrasonic in-line rheometry
(UIR): Evaluation of viscosity and pressure
gradient from velocity profiles of exact solution
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Preface

The aim in this chapter is to establish a novel in-line rheometry by measuring the velocity profiles of pulsatile flows. Through
the work, applicability of kinematic rheometry is widen for a practical use in industry.

Abstract

To establish a novel rheometry to realize in-line measurement of rheological evaluations, termed ultrasonic in-line theometry
(UIR), the fundamental algorithm was presented and ensured the accuracy and precision in the evaluations of viscosity and
pressure gradient. The rheometry is based on solving an optimization problem; the rheological properties are determined
by minimizing the cost function regarding the equation of motion and constitutive equation. For ensuring the accuracy and
precision of the evaluations, the velocity profiles given from solving exact solution of pulsatile flows are substituted into
the cost function. At the first step, Newton’s law of viscosity was chosen as the simplest constitutive equation to describe
the rheological property. Calculating the statistical values regarding the rheological evaluation by the UIR algorithm, the
important parameters to assure the capability of UIR are discussed.




Chapter 9. Development of ultrasonic in-line rheometry (UIR): Evaluation of viscosity and pressure gradient from
velocity profiles of exact solution

9.1 Introduction

In the industry of food and chemical engineering, most fluid products are processed and transported using a pipeline sys-
tem as the highly efficient and productive way. To operate the whole system of huge pipelines, there is a strong demand of
measurement technique to evaluate the quality of products; the difficulty to realize the demand here is to establish “in-line
measurement technique”. The establishment of in-line measurement technique gives a benefit for realizing a feed-back con-
trolling the system by monitoring the property changes in real time. Though the measurement techniques of temperature and
flow rate attain have established with adequate accuracy, in-line technique for rheological evaluations is now still developing.
Commercially-supplied in-line rheometers are devices inserting the measurement torque sensor with Couette-type geometry
in a pipe, e.g. [1]. This technique is essentially the same with a standard Couette rheometer basically that performs rheologi-
cal evaluations as an off-line measurement. Standard off-line rheometers measure a simple shear resistance as an axial torque
represented by the viscous resistance (or the elastic response) in the fluid media. A narrow gap O(0.1-1 mm) is required to
satisfy conditions of constant shear rates or strains in the gap (i.e. linear velocity profiles or linear deformations).

Most actual flows and deformations in complex fluids, however, show non-linear profiles in the gap arising from common
issues, which are exampled as shear history effect [2], wall-slip [3, 4], shear banding [5-8], elastic instability [9-11], and
more. The measured results merely represent apparent viscosities because of unexpected actual shear-rate profiles arising
during the measurements [Chapters 5 and 7]. The standard rheometers, therefore, still is required to be innovated to solve
the considerable issues, so we must be with cautions and should raise a concern about the applicability in the practical uses
of the diverted rheometer. There are a number of approaches for rheological evaluations of non-Newtonian fluids [12—14],
most of which are limited to treatments of the problem for specific test fluids, influenced by the elastic instability that is
a difficult issue to overcome. Due to such unavoidable problems, in the present industry, a standard off-line rheometer is
generally chosen for evaluating the rheological behavior in order to estimate the important parameters for controlling the
pipeline operation.

To overcome such limitations on the developments, various kinds of velocity-profiling rheometry [15—17] has been de-
veloped in recent years. Complete flow field measurements would provide the most appropriate solutions considering spa-
tiotemporal velocity distributions of fluid motion, because the velocity information reflects all rheological information in the
solutions. Several approaches coupled with velocimetries have been proposed as examples of velocity-profiling rheometries
based on particle imaging velocimetry (PIV) [18] and ultrasonic velocity profiling (UVP) [19]; Perez-Gonzalez et al. [15]
developed a Rheo-PIV technique that evaluates the rheological properties for non-Newtonian fluid measuring steady flow
velocity in capillary tube. Derakhshandeh et al. [16] performed measurements of transient behaviors of thixotropic fluids
using a Couette rheometer with a wide gap and UVP. This can detect yielding regions in the fluid with quasi-steady velocity
profiles, while the torque measurements may be influenced by the wall-slip leading to errors in the evaluation of the rheo-
logical properties. Ouriev and Windhab [17] proposed a combined technique of UVP measurements and pressure difference
measurements, termed UVP-PD in-line rheometry.

These reports have similar principles; measuring time-averaged velocity profiles (i.e. limited to steady flow states), func-
tional approximation with the velocity profiles that is described by rheological model equation. If the test fluids indicate
viscoelastic features, the simplest constitutive equation to describe the fluid behavior is a “Maxwell model” that indicates
the rheological characteristics with a spring (elastic behavior) and a dash pod (viscous behavior). In this case, we have to
take account of the relaxation time of the test fluids. As a limitation of rheometries mentioned above, the evaluations of
rheological properties relating to the relaxation time are impossible because of the requirement of steady flow state. Further,
to solve the equation of motion, the measurement of pressure gradient (or shear stress) is required. So, the pipeline has to be
pitted to directly install pressure sensors, meaning the test fluids are contacted with the sensors. Such contact-measurement
directly to the test fluids is not suitable from perspective of quality preservation, such as liquid food. This is the reason why
engineers in the industry are not willing to use the conventional rheometry.

To establish in-line rheometry that can satisfy demands of the engineers, the measurement process has to be completed
with non-contact and non-invasive. Ultrasonic spinning rtheometry (USR) has been developed as a novel velocity-profiling
rheometry in Chapters 2—8; the important improvements over conventional velocity-profiling rheometries in the results here
lie in the ability to examine unsteady shear flows and the requirement is substituting only velocity data into the equation of
motion for solving the unexamined issues in non-Newtonian fluid flows. To determine the rheological properties, optimization
problems for the equation of motion considering cost function to satisfy the given constitutive equation are solved. In this
study, a novel in-line rtheometry based on ultrasonic velocity profiling termed ultrasonic in-line rheometry (UIR), which
is conceived from the principle of USR, is presented and validated. In §9.2, the theoretical basis of UIR to evaluate the
rheological property for Newtonian fluids is explained. In §9.3, the viscosity and pressure gradient of pulsatile fluctuation are
examined by analyzing the velocity profiles given from exact solution of pulsatile flows. By evaluating the obtained results
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Disk-like
test points

Figure 9.1: Schematic configuration of velocity profiling of test fluid flows in a pipe.

statistically, as well as the validations of UIR algorithm, important parameters to assure high accuracy and precision of UIR
are fully examined.

9.2 Theoretical basis of ultrasonic in-line rheometry (UIR)

The one-directional and unsteady shear flows in a pipe are described by the equation of motion,

Ou(r,t) ot(r, 1) N 7(r, 1)

Ey a(t) + a pant ©.H

where u(r, t), a(t), and 7(r,t) denote velocity as the function of time and space, pressure difference, and shear stress. The
shear stress can be represented by considering constitutive equations of rheological model, e.g. Newton’s law of viscosity,
Maxwell model, Kelvin-Voigt model, Herschel-Bulkley model, and more. In general, those models are chosen according to
rheological characteristics of test fluid to fit the flow curve obtained using standard rotational rheometer. In this study, such
constitutive equations will use to satisfy the equation of motion, so the brief purpose of this rheometry is similar to that of
conventional rheometer, but the actual meaning is different here. To simplify Eq. 9.1, the terms in the equation of motion are
rewritten as p
T u
f (r 3 t) - E = E
To avoid from the influence of noise augmentations because of differential calculation, by Fourier transforming the momentum
equation with respect to ¢, the equation can rewrite as

+ ; o(r, 1) 9.2)

— iwpg(r, w) = &(w) + f(r, w), 9.3)

where the mark “ " denotes Fourier transformed term in the function. So, the equation of motion becomes function of r and
w.

As shown in Fig. 9.1, measuring the pipe flow by UVP, the spatio-temporal velocity profiles can be obtained as discretized
velocity data with respect to r in the measured points of N. Naturally, the data regarding time is also discretized, but the
temporal variation in the pulsatile fluctuation can be measured enough. So, in this study, the temporal variation is assumed as
a continuous function.

When the appropriate model representing rheological characteristics of test fluid is selected, the measured velocity pro-
files, unm(ry, t) satisfy the equation of motion ideally. Also, when the temporal variation of uy,(ry, f) has dominant frequency
(fp = 2nwy), the velocity profiles calculated from the Fourier components in the frequency will satisfy the equation of motion.
So, Eq. 9.3 can be modified as

— iwpPRn(ry, @p) = Mwp) + fulry, wp), O4)

where the suffix m denotes the measured result.

Practically, Eq. 9.4 is not always satisfied as identity formula due to measurement error and the velocity profiling not
fulfilling the assumption. So, to estimate the optimal values of rheological parameters, cost function F,

N

Fla(@p), A, B,C, ey, = {[&(wp) + fulrw, 0p)| + PPy, wp)}, ©9.5)
n=0
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is defined, where neighboring measurement points are required to satisfy the equation according to the variable parameters
in the rheological model. The parameters are determined as minimizing the cost function F, i.e. the most feasible parameters
satisfying the equation of motion. The point here is the Fourier component of pressure difference is also considered as a
variable parameter, that is, there are no requirements for measurement of the pressure difference in this algorithm. To validate
this algorithm, the cost function F are modified considering Newton’s law of viscosity 7 = uy as

2
dr, (9.6)

R a,\
Fla oo, = f 2nr 16[ um(r,wm]
0

WPy (1, w,) + & + —— |1
pPltm p 'urar or

where
& = a, + iay. 9.7

9.3 Algorithm validations of UIR by inverse evaluations from the exact solution

9.3.1 Velocity profiles of exact solution with artificial noise

In the case of steady state in pipe flow, the velocity profiles are calculated by

APO 0 b r 2
uo(r,t)_E(R -r)=Up -] 9.8)
where APy, p, v, Uy denote pressure difference per unit length, density, kinematic viscosity of test fluid, and maximum
velocity of Poiseuille flow at the center of pipe.
The spatio-temporal velocity distribution of pulsatile flow can be described by the governing equations,

o " pe: T\ i ©-9)

Ouy 1dp (62u1 1 (9u1)

14 s
where dp/0z = AP, exp(iw,t) (angular frequency, w, = 2nf,). Assuming a unidirectional flow in the direction of axis of
pipe, the exact solution of the pulsatile flow is calculated as

-1

. 1/2 . 1/2
2 Ji [13/2R (wp/v) ] Jo [13/2r(wp/v) ] '
1- vt (9.10)

(rny=U;4q1-
o 1 3/2R (a)p/v)l/2 Jo [i3/2R (wp/v)l/z] Jo [i3/2R (wp/v)l/z]

according to [20], where U;, Jy, and J; denote pulsatile amplitude of cross-sectional average flow velocity, and Bessel
functions. Because they are enable to be considered as relation of linear combination, exact solution of the pulsatile flow can
be calculated as

u(r,t) = up(r, t) + ui(r, 1) 9.11)

from Eq. (9.8) and (9.10). The velocity profiles of pulsatile flow in a pipe can be calculated from Eq. (9.11); as shown in
Fig. 9.3, the phase lag of the velocity profiles are shifted from the wall of pipe (r/R = —1.0, 1.0) with respect to the pulsatile
frequency f, and kinematic viscosity v.

To give more reality on the calculated velocity profiles for the measured velocity profiles, the artificial random noises
assuming experimental conditions are created by a noise-model function using Box-Muller method [21] to create uniform
random values with (0, 1], which are generated by Mersenne Twister [22]. The creation process of artificial noise in the
velocity profiles was already established (see Appendix B); The artificial noise that is defined as e(average, standard deviation)
with Gaussian distribution is added to velocity profiles of exact solution as,

' (r,t) = u(r,t) + [0, X u(r,1)]. (9.12)

From this equation, the characteristics that the noise intensity increases with increasing velocity amplitude can be represented.

Figures 9.4(a)-(d) are the velocity profiles calculated from exact solution by the artificial noise added with { =
0, 0.5, 0.1, 0.15, along the calculating parameters summarized as follows; Uy = 0.1 m/s, U; = 0.05 m/s, f, = 0.2 Hz,
v = 50 mm?/s, p = 1000 kg/m3, At = 50 ms, Ar = 0.74 mm. From the velocity distribution, the noise intensity in the
velocity calculated from the exact solution increases. By Fourier transforming the velocity distribution in time direction, the
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Figure 9.3: Spatiotemporal velocity distribution calculated from Eq. 9.11 with different kinematic viscosity v and frequency
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real and imaginary components of the velocity profiles can be calculated, where the real, imaginary, and root-mean-square
of each component are shown in Fig. 9.5(e)—(h). And, figures 9.5(1)—(1) show phase-lag profiles calculated from the real and
imaginary components. As the same with the velocity distribution, although the obtained profiles of Fourier components
indicate the noise intensity, the profiles with noise show almost similar trend with the original profile.

Next, the modulations of viscous layer thickness with respect to pulsatile frequency in the calculation parameter are
examined. The viscous layer thickness ¢, of pulsatile flows in a pipe here can be estimated as

Sy ~ 1/2. (9.13)
Wp

The velocity distributions with changing the pulsatile frequency are shown in Fig. 9.5(a)-(d). Here, the temporal resolutions
are constant, so the sampling number of velocity distribution decreases with increasing the pulsatile frequency. From the
calculated velocity distribution, subtle modulations can be observed as shown in Fig. 9.5(a)—(d). By Fourier transforming
as the same with Fig. 9.4, the real and imaginary components have the difference in each frequency condition as shown
in Fig. 9.5(e)—(h). The differences are also observed in the phase-lag profiles calculated from both Fourier components
as indicated in Fig. 9.5(1)—(1). Here, the phase-lag profiles can be divided into two regions (i) that have large-gradient of
phase-lag at close to the pipe wall and (ii) that keep constant phase-lag value near the center of pipe. Also, the latter trend
increases with increasing the pulsatile frequency. This spatial information of phase-lag profiles indicate the momentum
propagation modulated by viscous resistance at the inner pipe wall. So, the region where the spatial gradient of phase-lag
is large represents viscous modulations of velocity information in pulsatile flows, but the region where the phase-lag profile
is flat does not include the feasible information for viscosity in the velocity profiles. Thus, for assurances of UIR using
information of velocity profiles in pulsatile flow, the viscous layer thickness must be taken account to satisfy the thickness for
measurement points.

9.3.2 UIR validations as a viscometry

As mentioned in §9.2, the cost function can be calculated by substituting the information obtained from the Fourier com-
ponents of velocity profiles into Eq. 9.6. However, as measured velocity profiles include noise, the influence from noise is
augmented by differential calculations. In the time direction, this problem can be moderated by band-pass filtering process
based on Fourier transform. In addition to this, by n" polynomial fitting, it is necessary to moderate the influence from
noise augmentations by spatial differential term. In this study, we selected least squared method to achieve the polynomial
fitting calculation, although there exist several types to approximate the function. Proper order number of polynomial fitting
is required since the shapes of curve of real and imaginary components vary with respect to rheological properties, pulsatile
frequency, and more. Higher-ordered polynomial fitting can describe even sharp curves, however, we need to take account of
over ordered fitting that would not be appropriate way to approximate the function, because it would result in the functional
fitting including noise components adversely.

To determine the minimal point of cost function F, unknown variables are viscosity coefficient u, real and imaginary com-
ponent of pressure gradient coefficient, @, and a}, respectively. Technically, the imaginary (or real) component of pressure
gradient can be assumed as negligible by adjusting the phase of velocity profiles in processing the Fourier transform. In this
study, the unknown variables are set all three to aim the practical uses in the experiment as the capability of measurement or
control devices may be unexpected.

Figure 9.6 shows three-dimensional plots F(u, @,, @), where color of plots means the magnitude of cost function value.
By random-search method, the minimal point of cost function is determined on three-dimensional space. In principle, at least,
neighboring three measurement points are required to satisfy the equation of motion, so the viscosity and pressure gradient
measurements are carried out every measurement points including the nearest points in this section.

To evaluate the estimated value of viscosity and pressure gradient statistically, the results are expressed as boxplot with
each radial range (i)—(iv); (i) 0.1 < r/R < 0.3, (ii) 0.3 < r/R < 0.5, (iii) 0.5 < r/R < 0.7, (iv) 0.7 < r/R < 0.9. In the
boxplot expression, the mode value is shown as red line, 50% of elements is included in the box-shaped figure, and 99.3% of
elements is included in the range of bar line. To ensure the statistical stability, the analytical process measuring the viscosity
and pressure gradients from the velocity profiles are examined 1000 times. The both results were standardized by the true
values, e and e Which are parameters to calculate the velocity profiles of exact solution. So, the values of u/p. and
a/ @y distribute close to unity are assumed as highly correct results.

Figure 9.7(a) shows the statics of the estimated value with respect to the noise intensity . When the velocity distribution
without noise (£ = 0), both viscosity and pressure gradients are highly accurate and precise in whole radial ranges (i)—(iv).
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Default parameters; kinematic viscosity v = 50 mm?/s, pulsatile frequency f;, = 0.2 Hz, pulsatile flow amplitude U, = 50 mm/s, Poiseuille maximum velocity

U, = 100 mm/s, polynomial fitting order 5, spatial resolution A= 0.74 mm, temporal resolution A7 = 50 ms, noise intensity (= 0.05, cycle of period 2

Figure 9.7: Statistics of estimated value of viscosity and pressure gradient with respect to (a) noise intensity ¢, (b) pulsatile
frequency f,,, (c) pulsatile frequency f, and kinematic viscosity v, where the other calculation parameters are listed at the

bottom of figure.
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Statistical calculation for each radial range; (i) 0.1 < 7/R < 0.3, (ii) 0.3 <#/R < 0.5, (iii)) 0.5 <#/R<0.7, (iv) 0.7 <r/R < 0.9
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Default parameters; kinematic viscosity v = 50 mm?/s, pulsatile frequency f, = 0.2 Hz, pulsatile flow amplitude U; = 50 mm/s, Poiseuille maximum velocity

U, = 100 mm/s, polynomial fitting order 5, spatial resolution A¢ = 0.74 mm, temporal resolution Az = 50 ms, noise intensity {= 0.05, cycle of period 2

Figure 9.8: Statistics of estimated value of viscosity and pressure gradient evaluations with respect to (a) amplitude of pulsatile
flow Uy, (b) main flow amplitude Uy, (c) main flow and pulsatile flow amplitude keeping constant (U; /Uy = 0.5), where the
other calculation parameters are listed the bottom of figure.

And, the precision of these results decreases with increasing the noise intensity as observed from Fig. 9.7(a). Especially in the
case of £ = 0.15, the statistics of viscosity show lower accuracy and precision at inner radial region (iv), because the influence
of the noise intensity at inner radial region, where the magnitude of velocity fluctuation is high, may be larger than that at
close to the wall. Further, considering Eq. 9.6, the term including the viscosity coefficient is a product of radial differential,
on the other hand, the term of pressure gradient consists in its own. Thus, the term including viscosity coefficient is easier to
be influenced from the noise intensity compared to the term of pressure gradient.

Figure 9.7(b) shows the statistics of the estimated value with respect to the pulsatile frequency f,,. The parameters of the
results in Fig. 9.7(b) are the same with the velocity profiles in Fig. 9.5. As mentioned above, the viscous layer thickness 9,
including viscous modulations becomes thin with increasing the pulsatile frequency, so it may be difficult to get significant
information regarding viscosity at out side of the viscous layer. Here, the viscous layer thicknesses in pulsatile frequency
(fp =0.1, 0.2, 0.5, 1.0 Hz) are 6,/R = 0.497, 0.351, 0.222, 0.157, respectively. As shown in Fig. 9.7(b), the consideration
is confirmed as the accuracy and precision of viscosity measurements decrease except the region (i) in the case of f, > 0.5 Hz.
However, there are no influence on the accuracy and precision of pressure gradient evaluations. In the case of outer range of
viscous layer, the pressure gradient estimations work well.

To ensure the importance of the viscous layer satisfaction, the statistical results as shown in Fig. 9.7(c) were adjusted so
that the viscous layer thickness keeps constant (6,/R = 0.351); the pulsatile frequency f, in Fig. 9.7(c) is the same with that
in Fig. 9.7(b), but the kinematic viscosity v also varies with respect to f,. From the results of Fig. 9.7(c), the accuracy and
precision of viscosity estimations are clearly higher than the same frequency in Fig. 9.7(b).

Next, the statistical investigation regarding ratio between the velocity of main flow U and amplitude of pulsatile compo-
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Statistical calculation for each radial range; (i) 0.1 <#/R < 0.3, (ii) 0.3 <#/R < 0.5, (iii)) 0.5 <#/R<0.7, (iv) 0.7 <r/R < 0.9
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Default parameters; kinematic viscosity v = 50 mm?/s, pulsatile frequency f;, = 0.2 Hz, pulsatile flow amplitude U, = 50 mm/s, Poiseuille maximum velocity

U, = 100 mm/s, polynomial fitting order 5, spatial resolution A¢ = 0.74 mm, temporal resolution Az = 50 ms, noise intensity {= 0.05, cycle of period 2

Figure 9.9: Statistics of estimated value of viscosity and pressure gradient evaluations with respect to (a) temporal resolution
At, (b) cycle of period in the pulsatile flow fluctuation, (c) the order of polynomial approximation of real and imaginary
profiles, where the other calculation parameters are listed the bottom of figure.

nent U; is examined. Figure 9.8(a) shows the statistics of the estimated values with respect to the pulsatile flow amplitude
U,, where Uy keeps constant and U; /U, = 0.05, 0.1, 0.2, 0.5. At the case of U; = 5 mm/s, U;/Uy = 0.05, the accuracy
and precision of both viscosity and pressure gradient estimations become lower. The accuracy and precision become higher
with increasing the amplitude U, and the error bar showing 99.3% is within the range 0.9 < < 1.1 when U/Uy > 0.2.
So, it is speculated that the required ratio U; /U is more than O(0.1) approximately, because the relative noise ratio is higher
when U, /Uy is small, vice versa. Conversely, in Fig. 9.8(b), the speculation above is confirmed as the main flow velocity Uy
changes with keeping the amplitude of pulsatile flow U; constant. The main flow velocity Uy is set as 0.1, 0.5, 1, 2 m/s,
that is, the ratios are U, /Uy = 0.5, 0.1, 0.05, 0.025 respectively. In comparison of the results in Figs. 9.8(a) and 9.8(b), the
obtained statistical results have great accordance when the ratios U, /U are the same. The importance of U, /U is ensured
as shown in Fig. 9.8(c) indicating the statistical result in keeping constant in U; /U, = 0.5.

To ensure the capability of UIR, higher accuracy and precision are required enough to evaluate the viscosity within
O(1 — 10%) error, as perspective of practical uses. As mentioned above, the accuracy of UIR is ensured by setting appropriate
parameters; pulsatile frequency making sufficiently large viscous layer thickness and the ratio between the amplitudes of U,
and U;. In the following, improvement of the precision is focused; in the principle of UIR, the influence from the noise
augmentations is moderated by calculating the Fourier components against the measured velocity fluctuations. The important
parameters to enhance the function moderating the influence of noise are temporal resolution At for velocity profiling, cycle
of period in the periodic pulsatile flows to calculate the Fourier components, and adequacy of polynomial fitting for the real
and imaginary components of velocity distribution.

Figure 9.9(a) shows statistics of the estimated value with respect to temporal resolution Az. The precision increases with
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becoming temporal resolution smaller,and vice versa, and the accuracy is not so influenced from changes of the temporal
resolution. So, simply say, the high precision surely results if the measurement repetitions are sufficiently high against a cycle
of the period of pulsatile flows. However, as a trade-off problem of actual velocity profiling, the noise intensity included in
the velocity distribution becomes significantly large, when the temporal resolution gets smaller.

Figure 9.9(b) shows statistical results with respect to the cycle of period in the periodic pulsatile flows to calculate the
Fourier components. The precisions of viscosity and pressure gradient become higher as the cycle of period increases, because
the frequency resolution becomes high with increasing the number of data for Fourier transforming. This results in avoiding
influences of the noise from the real and imaginary part of Fourier spectra at the dominant frequency component, calculated
from the velocity distribution.

Figure 9.9(c) shows statistical results with respect to the order number of polynomial approximation for the obtained
Fourier components. In the case of 2" and 3 order of polynomial approximation, the accuracy is not ensured because the
fitting order cannot approximate the original profiles of Fourier components. In the case of the 61 order, as the same with
the case of the 5™ order, the high accuracy is observed at whole radial range (i)—(iv). However, in the case of the 8" order,
the accuracy and precision become lower especially at the region (i) that is close to the center of pipe. This is regarded
as over-approximation; if the order of polynomial approximation is too high, the approximated function would include the
features modulated by noise. Thus, the order of polynomial approximation should be appropriate to describe the obtained
Fourier components.

9.4 Conclusion

To aim the establishment of in-line rheometry applying to pipelines in actual industrial situations, the algorithm to evaluate
the rheological properties without pressure gradient measurement was proposed. The establishment of UIR is expected to
provide high applicability for quality assessments of fluid products in the present industry. As the research objective in this
chapter, the viscosity and pressure gradient evaluations were examined by analyzing the velocity profiles given from an exact
solution for Newtonian fluid. The presented rheometry here is based on the methodology, which determines appropriate value
of rheological properties by minimizing the value of cost function. The cost function can be calculated by substituting the
velocity information into the equation of motion satisfying the given constitutive equation. To realize fundamental approach
of rheometry establishment, Newton’s law of viscosity was used as a constitutive equation.

The examined parameters for deriving the velocity profiles of exact solution in a Newtonian fluid are the artificial noise
intensity to assume the measurement noise in practical situations, frequency generating pulsatile flows, viscosity of test fluid,
amplitude of pulsatile flows, maximum velocity of main flow, temporal resolution for velocity profiling, cycle of period
for velocity profiles calculating Fourier components, order of polynomial approximation. By changing these parameters,
the essential knowledges to assure the accuracy and precision of the rheometry are summarized below. (i) Upper limit of
noise intensity included into velocity profiling is around { ~ O(0.1); (ii) optimal pulsatile frequency is required so that the
viscous layer thickness becomes larger than pipe radius; (iii) the accuracy and precision become higher with increasing the
measurement points in time direction; (iv) optimal order of polynomial approximation is required to describe the obtained
Fourier components as a radial function.

As noteworthy results examining the accuracy and precision for the theometry, the evaluations of pressure gradient assure
higher accuracy and precision compared to evaluations of viscosity coefficient. Further, although the viscosity evaluations are
influenced significantly, the pressure gradient evaluations ensures high accuracy and precision even in the case that the viscous
layer thickness is less than the pipe radius. To explain these findings regarding robustness difference between viscosity and
pressure gradient evaluations, the term of pressure gradient in Eq. 9.6 to calculate the cost function is denoted alone, on the
other hand, the term of viscosity is denoted as the product of differential of the velocity.

As future prospects to realize the UIR as a measurement tool, the issues to be solved are putted in order of priority below:
(1) Velocity measurement near the pipe wall — Optimization design of jigs for fixing the transducer; (2) applications to non-
Newtonian fluids — Expansion of spatial evaluation for understanding shear rate dependence; (3) developments of complex
fluid evaluation — More complex constitutive equations to express complex rheology; (4) clarifying the upper limitation of
velocity measurement of the pipeline in the actual industry; (5) applicability confirmation of harsh condition such as under
multiple pusatile frequency or developing flow state; (6) practicable experiments for aiming to apply to the pipeline in the
chemical or food industry; (7) understanding unexamined issues for viscoelastic instability arising from the natural resonance
frequency in the pulsatile flow.
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CHAPTER 10

Concluding remarks

A novel theometry, termed kinematic rheometry, is established through Chapters 2-9, for sophistication of rtheological method
contributing the wide fields of academic researches and industrial development. In Chapter 2, effective Newtonian viscosity
analysis was performed with demonstrations of the methodology. The kinematic rheometry was applied to various kinds of
fluids with different rheological characteristics. The complex fluid rheology can be equally evaluated without changing the
geometry and analytical method while the standard shear rheometer requires the both depending on the rheological charac-
teristics of the test fluid. The kinematic rheometry revealed the existence of characteristic viscoelasticity in montmorillonite
clay dispersion, especially its thixotropic behavior (Chapter 3). As further development of the kinematic rheometry, an idea
of linear viscoelastic analysis was introduced to allow viscoelastic analysis for understanding complex rheology in Chapter
4. The benefit of this idea is that the elastic characteristics that have been understood as the inclusive effect to the effective
viscosity can be evaluated separately. Further, this kinematic rheometry based on the linear viscoelastic analysis was validated
by comparative experiment with a rotational shear rheometer with parallel plate geometry in Chapter 5; the results proved
efficacy of the present methodology and its applicability as the complementary role of the standard rheometers. To ensure
the potential for elucidating the unexamined issues on complex rheology, which have never been unexplained by standard
rheometers, the studies in Chapters 6-8 were examined using the presented kinematic theometry as follows; (1) The effective
viscoelasticity of non-Newtonian fluids as macro rheology modulated by the alignment of spherical particles that is closely
related to the relaxation time of fluid media (Chapter 6). (2) Clarifying the rheological properties of gelled foods that may
relate to flows in the swallowing process of complex food materials by utilizing both the standard rheometer and kinematic
rheometry (Chapter 7). (3) Elucidating the thixotropic effects on standard rheometer tests by considering the rheological
evaluations using both large amplitude oscillatory shear (LAOS) measurement in the standard rheometer and the kinematic
rheometry (Chapter 8). To raise the applicability of kinematic rheometry, a novel in-line algorithm, which is based on the
theory of ultrasonic spinning rheometry, was presented to be used in the industry as a clamping on system; evaluations of the
rheology from the velocity profiles in a pipe flow were validated by inverse-calculations from the velocity profiles obtained
by an exact solution in Chapter 9.

To conclude this dissertation through Chapters 2-9, the presented kinematic rheometry has a great potential to contribute
to understanding and controlling the complex fluid rheology with higher accuracy than the conventional rheometers, thanks
to introducing the perspective of fluid mechanics. Figure 10.1 shows a schematic diagram to summarize a procedure of
rheological evaluation using kinematic rtheometry. The applicability of kinematic rheometry can be ensured by evaluating
phase-lag of velocity profiles; (i) the apparent viscosity estimated from viscous layer thickness (8, = Vv/w) is larger than
0(0.01 Pa - s), (ii) the apparent viscosity estimated from gradient of the phase lag is smaller than O(10 Pa - s). In the other
case of both (i) and (ii), the commercially-supplied rheometers are more suitable than the presented kinematic rheometry.
If the conditions (i) and (ii) are satisfied, by calculating the minimal value of cost function in each constitutive equation,
the appropriate equation should be determined for realizing better rheological evaluation. As future prospects, determining
the constitutive equation would give profits to realize appropriate numerical simulation of test fluid flow behavior. In this
dissertation, Newton’s law of viscosity or Maxwell’s model was chosen as the constitutive equation for describing fluid
characteristics. Here, the kinematic theometry (ultrasonic spinning rheometry) was proposed as laboratory-scale use with a
simple open container (e.g. Chapters 2—-8). Especially in Chapters 25, various methods to evaluate the rheological properties,
such as y, 7, u etc, were established as shown in the flow diagram in Fig. 10.1. Installing cylinder geometry into storage tank
of test fluid, this methodology can be diverted to an industry-scale use. Also, as mentioned in Chapter 9, the kinematic
rheometry can be applied to unsteady pipeline flow to evaluate the rheological properties.

To promote spreading the efficacy of the kinematic rheometer to the scientists and engineers, some novelties using the
presented kinematic theometry were found out on the physics of fluids. As the expected social impacts of this work, the
idea of the presented rheometry will provide an avenue to further rheometry developments to be able to fill “a hole” in the
standard rheometer, such as coupling usages with standard torque rheometer tests. For realizing the expectation with easily
handling to general users, the analytical and measurement process should be improved and optimized to evaluate the complex
fluid behaviors. From the future prospects of technical issues on this work, the enhancements of the capability of velocity
profiling technique would give a breakthrough on the full-understanding from microscopic to macroscopic rheological issues.
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The breakthrough may give us significant benefits for understanding the rheological issues between the macro, meso, and
micro-rheology. As unexamined issues in this study, the understanding rheological evaluations with respect to frequency
characteristics (Deborah number) is still not completed; it would help to quantify the complex features relating to the relax-
ation time of test fluids (or dispersed materials), such as the deformable bubble dynamics, viscoelasticity causing polymer
functions, and more.
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APPENDIX A

Inner structure visualization of fresh fruits
utilizing ultrasonic velocity profiler
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Abstract

We proposed a novel ultrasonic Doppler—echo visualization method that is expected to realize nondestructive visualization
using an ultrasonic velocity profiler. The visualization uses information of both the Doppler velocity and echo intensity
that have usually been used by the ultrasonic velocity profiler to obtain instantaneous velocity profiles. The feasibility of
the method is confirmed by measurements of a rubber ball, apple, and tomato having different acoustic impedances, pulp
hardnesses, shapes, and inner structures. Mathematical relations and image processing parameters were discussed to obtain
images of the inner structures of test objects using the ultrasonic velocity profiler. Trial measurements of test objects eluci-
dated that the Doppler velocity and echo intensity detect different features of the test objects. Using the Doppler velocity and
echo intensity, the outlines and inner structures of the objects can be visualized.




Chapter A. Inner structure visualization of fresh fruits utilizing ultrasonic velocity profiler

A.1 Introduction

The ultrasonic velocity profiler (UVP), which uses ultrasonic echography and Doppler velocimetry to capture instantaneous
velocity profiles in fluid media [1], is a powerful tool for fundamental fluid mechanics studies (e.g., [2—4]) and fluid engineer-
ing investigations (e.g., [5, 6]). Recent applications of the UVP with advanced postprocessing makes it possible to evaluate
the rheological properties of test fluid media [7-9] and to detect interfaces in multiphase media [10-12]. An original idea that
will motivate further development of the UVP is applying the UVP to evaluate the inner structures and rheological properties
of fresh fruit.

Owing to the increasing worldwide consumer demand for high-quality fresh fruit, rapid evaluations of the maturity and
quality of fresh fruits require a breakthrough in the development of a nondestructive, reliable, and noninvasive methodology.
Sensing the inner structures of fruits together with evaluating the pulp hardness is important to this purpose. In the field
of food engineering, sensing techniques have been developed using ultrasonic waves, magnetic resonance imaging (MRI)
[13-15], computed tomography (CT) [16, 17], optical coherence tomography (OCT) [18-20], and a laser Doppler vibrometer
(LDV) [21]. The capabilities of these techniques are summarized in Table A.1. MRI measurement systems require a huge
facility to obtain a visualized image, and they may, therefore, not be suited to practical use. For the same reason, CT using X-
rays should be disregarded as an option. OCT can realize higher spatial resolution O(10um) adopting near-infrared radiation;
however, the maximum transmitting distance of the radiation is limited to O(1mm) in the application to botanical tissues.
The LDV can estimate the hardness of pulps obtained by minute vibrations, and is a point measurement system. Thus, only
the local point of the target can be estimated. Mizrach [23-25] reported an evaluation method for determining fruit tissue
properties using a high-power and low-frequency ultrasound system. The system, however, determines the properties usually
from a single measurement point and increasing the number of measurement points requires additional pairs of an ultrasonic
emitter and receiver. Generally, fruit pulps have heterogeneous tissues, such as parenchyma cells, fiber cells, and stone cells,
which have different properties owing to differences in fiber orientation and moisture content. In these cells of fruit and
vegetables, which have an inhomogeneous microstructure, the depression of ultrasonic propagations is higher than that in
homogeneous media. Thus, a one-directional or one-point ultrasonic measurement may have obvious disadvantages. The
development of the multidirectional sensing of fruit properties in a simple and convenient way is desirable.

Table A.1: Comparison of the capabilities of different methods to obtain the inner information of test materials.

Method Dimension Convenience Multi-direction Cost References
Rotational system using 1D-UVP 2D v v Low -
Conventional ultrasonic system 0D(Point) N Low [23-25]
Array echography 2D v High [22]

LDV 1D v Low [21]

MRI 2D v High [13-15]
OCT 2D v Low [18-20]
CT using X-ray 2D v High [16, 17]

To realize the multidirectional sensing of inner structures of fresh fruit using the UVP, a rotating cylinder system is used
on the basis of our understanding of ultrasonic spinning rheometry [9, 26], where the test fruit is rotated by a cylindrical
vessel and passes through a single ultrasonic propagation line. This realizes multiple sensing lines for the test fruit without
using multiple sensors or rotating a sensor. To recognize inner structures, the Doppler velocity is used in addition to basic
echo intensity information. The Doppler velocity is obtained as the velocity of ultrasonic reflection particles dispersed in fluid
media, and it reflects local acoustic characteristics. Murai et al. [27] found that there are pseudo-low Doppler velocity regions
near the interfaces of bubbles flowing in fluid media because of the interference of ultrasonic waves around the interface.
Additionally, they used this phenomenon to detect interfaces [27].

In the present paper, we investigate the feasibility of applying the UVP to the visualization of inner structures of fresh
fruit, especially O(mm) in size comparable to the wavelength of the ultrasonic wave used in the present measurement, which
is termed ultrasonic Doppler—echo visualization. Points of investigation are (1) the incidence of the ultrasonic wave with a
relative high frequency used in UVP measurements and (2) how the Doppler velocity and echo intensity information work
to visualize the inner structures. When a test fruit is set in the cylinder, it rotates at constant speed. The incidence angle
to a test fruit gradually changes with cylinder rotation. The ultrasonic wave is affected by the surface roughness, surface
shape, and acoustic characteristics of materials, and the reconstruction of images of inner structures by ultrasonic Doppler—
echo visualization is thus not so simple. With consideration of this aspect, the feasibilities of standard ultrasonic echography
and ultrasonic Doppler information on different inner structures, outer shapes, and surface conditions are evaluated. After
explaining the system of ultrasonic Doppler visualization, results of a preliminary visualization experiment on a rubber ball
are presented. Numerically predicted visualization patterns reflecting fundamental behaviors of ultrasonic waves are then

154



A.2. Ultrasonic Doppler—echo visualization

explained to consider how to interpret visualization images. Finally, trial visualization measurements of fresh fruit, such as
an apple and a tomato, are performed.

A.2 Ultrasonic Doppler—echo visualization

A.2.1 System configuration

Experiments were conducted in the open-top rotating cylinder made of acrylic resin shown in Fig. A.1. The cylinder had
an inner diameter of 145 mm (2R), height of 60 mm, and lateral-wall thickness of 2 mm. The cylinder was filled with a
gelling suspension, test objects were put into the suspension to ensure incidence of the ultrasonic wave into objects, and the
objects were placed at their initial positions. The gelling suspension was made of montmorillonite powder (4.0 wt.%) and
NaCl solution (1.0 mol/L), and contained resin particles having a diameter of 100 um to obtain echo information from the
suspension. Gelling behaviors of the suspension could maintain the object position against centrifugal forces acting on the
object, and the incidence of ultrasonic waves into the object was improved by the acoustic characteristics of the suspension
being close to those of water, which occupies a large part of the test fruit. The cylinder was mounted at the center of a
1000 mm x 1000 mm water bath to maintain a uniform temperature at 25°C and to allow ultrasonic waves to propagate
from outside the cylinder. Rotations of the cylinder were controlled by a stepping motor set with a given rotation speed
Q (= 2nw/60). After all fluid in the cylinder reached a steady state of rigid rotation, repetitive ultrasonic emitting and
receiving were performed using a Duo UVP monitor (Met-Flow S.A., Switzerland), and ultrasonic echo signals from test
objects were processed using the same equipment to extract Doppler velocity information (termed the “Doppler velocity”
hereafter). The UVP originally provided a spatiotemporal velocity distribution u(£, ) and corresponding echo intensity. In
cases of measurements on rigid rotation flows with a certain displacement of the set measurement line n from the center line
of cylindrical vessels as in the present experiment, the measured velocity profiles become constant as

ug(&,1) = QAy, (A1)

where Ay indicates the horizontal displacement of the measurement line.

To obtain the multi-directional Doppler velocity at inner structures of test objects, an ultrasonic transducer with a res-
onance frequency of 4 MHz and effective element diameter of 5 mm was mounted in the chamber. The corresponding
measurement line was set 40 mm from the cylinder bottom with Ay = 15 mm. Test objects were located inside the vessel
at the off-center position, shown in Fig. A.1, and the single measurement line sensed inner structures of the objects multiple
times at different positions during cylinder rotations. The sampling rate and spatial resolution determining the number of
scanning lines were set at 66 ms and 0.74 mm during the measurement. Important parameters of the ultrasonic measurement
are summarized in Table 2.

Table A.2: Parameters of the UVP measurement.

Time resolution 66 ms TDX diameter 5 mm
Velocity resolution 0.391 mm/s Length of US beam 0.74 mm
Spatial resolution 0.74 mm Pulse repetition 32 -

A.2.2 Procedure of ultrasonic Doppler-echo visualization

The procedure of ultrasonic Doppler-echo visualization is explained in detail through a preliminary visualization experiment
using a rubber ball as the test object because of the following advantages. (1) The ball is hollow and thus has a clear inner
structure. (2) The acoustic impedance of natural rubber materials is almost equal to that of water, and the transmission rate of
the ultrasonic wave at the ball surface is relatively high. Furthermore, (3) rubber materials generally have a high absorbency
of acoustic waves, including ultrasonic waves, and there is therefore less effect of multiple reflections of the ultrasonic wave.
The rubber ball is 72 mm in diameter and is hollow with a regularly dented surface, and has a thickness of about 10 mm as
shown in Fig. A.2(a). Figure A.2(b)—(e) shows the cross-sectional test objects, which will be explained in §A.3. Here, the
rubber ball was set at an arbitral position in the cylinder filled with the montmorillonite suspension. The ball was rotated with
the cylinder at 15 rpm. The recording of ultrasonic echo information started after the flow inside reached a steady rotation.
Figure A.3a shows the Doppler velocity distribution extracted from the echo information. The axes indicate time nor-
malized by the rotation period of the cylinder and distance from the transducer, and the area between the two broken lines
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Figure A.1: Schematic diagram of the experimental setup for multi-directional ultrasonic visualization using the UVP; (a)
top view of the cylinder and (b) side view with outer water bath.
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Figure A.2: Image and photographs of test materials; (a) rubber ball, (b) apple, (c) tomato, (d) kiwi, (e) syruped cherry.
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Figure A.3: (a) Spatiotemporal Doppler velocity distribution, (b) spatiotemporal echo intensity distribution, and (c) schematic

drawing of the instantaneous position of the ball, where i-iv are relative to the measurement line represented by red dashed
lines.

corresponds to the interior of the cylinder. If the cylinder is filled with the suspension, the distribution has a uniform value as
given by Eq. (A.1) owing to rigid-body rotation inside. The distribution has a clear contrast of gray and black parts, which
vary periodically in synchronicity with the cylinder rotation. The black and gray parts, respectively, indicate an area of a
very weak echo signal and an area moving with the same rotation speed as the suspension. This is because the ultrasonic
waves may be almost completely absorbed and scattered at the interface between the inside rubber and hollow part, which is
filled with air. The Doppler velocity distributions were, therefore, measured as almost zero. Such variation is also seen for
the echo intensity distribution shown in Fig. A.3(b), but it is not as clear as that for the Doppler velocity distribution. The
complex distribution of the intensity means that the scattering condition of the ultrasonic wave for the echo is not constant in
the cylinder because of the random dispersion of resin particles in the suspension. The variation is translated as Fig. A.3(c),
illustrating the relative position of the ball to the measurement line. When the ball is off the measurement line [Fig. A.3(c)i—
ii], the Doppler velocity distribution takes the constant value calculated by Eq. (A.1), and there are no high echo intensities.
When the ball is located on the measurement line as in Fig. A.3(c) iii—iv, the Doppler velocity and echo intensity distributions
sense the existence of the ball. The echo intensity is higher on the ball surface away from the measurement line, because of
the relative angle of the surface to the measurement line.

As explained above, the Doppler velocity and ultrasonic echo information have different characteristics in the visualization
of objects. Therefore, a novel method of creating visualized images using both types of information was established at
the same time. Although the measurement line is fixed against the cylindrical vessel, test objects rotate with the cylinder
at constant speed and pass through the measurement line periodically. The visualization is developed by providing line
information with a certain displacement ¢ depending on the rotation speed, w, and sampling period of the UVP, At, as shown
in Fig. A.4(a). Single rotation provides a coarse drawing, however, continuing rotation fills the visualized domain of N X N
pixels set on the cylinder without the central region corresponding to a circle with off-axis displacement Ay as the radius. The
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time required to complete the visualization depends on w, At, and the spatial resolution of the UVP, A¢. The theory used to
evaluate the time is explained below.

With arrangement of the scanning line shown in Fig. A.4(a), the domain size N should be smaller than 2R/A&. In the
present case, A¢ = 0.74 mm and 2R = 145 mm, and N is thus set at 196 pixels. The time variation of the displacement angle
¢(t) on the scanning line is derived as

t
o) = 27r% > kar, (A2)
k=0

The visualized position in the domain, x; (width) and y; (height) from the left-upper corner of the image, is derived as

%= {%COS o) + sin”! (%)} . gJ (A3)
Vi = {% sin |¢(f) + sin™' (:—;)} + gJ (A4)

where r; is the radial position. As shown in Fig. A.1, r; is determined from the measurement position of the UVP (i.e., the
distance from the ultrasonic transducer &;) as

2
r= \/Ay2+( ,RZ_Ay2_§i+§O) , (AS)

where &) indicates the distance from the inner cylinder wall to the transducer. To fill the N X N pixel domain, the relationship
among the number of profiles, the temporal resolution A7, and the rotation speed is of great importance. A high temporal
resolution does not mean that the domain is sufficiently filled. Additionally, increasing the number of profiles does not fill
the domain. Instead, avoiding an overlap of the scanning line is important to efficient visualization or, at least, it should be
avoided conditions such that the rotation period of the cylinder corresponds to an integer multiple of the sampling period.
Figure A.4(b) shows the filling rate of the N X N-pixel domain with respect to the number of rotation cycles at different
time resolutions At. In trials with different values of A, visualizations with A7 = 25, 30, 32 ms cannot completely fill the
domain, while visualizations with A7 = 13, 66 ms can do that in 3 and 25 cycles of rotation, respectively. In the failed cases
above, the rotation period, 4 s at w = 15 rpm, corresponds to integral multiples of At = 25, 32 ms, and the scanning lines
thus overlap after a single rotation. Furthermore, the case of A7 = 30 ms has the lowest common multiple with the rotation
period as 12 s (three rotations), and overlapping thus occurs after three rotations. These results indicate a condition that the
least common multiple between the sampling and rotation periods has to be less than the time required to create a sufficient
number of scanning lines.

In addition to the above, higher temporal resolutions achieve a shorter elapsed time for measurements if the measurement
quality of the single line visualization is kept high enough. If the coordinates of the point derived from Eqs. (A.3) and (A.4)
overlap, their averaged Doppler velocities are given. In drawing the visualized image, the Doppler information is represented
as 256 brightness tones of grayscale as
_ug(&,0) o

umax

Vv 255 (A.6)

where um.x = 2QAy is twice the rotation speed. Meanwhile, the ultrasonic echo intensity o is displayed as a colored scale
value through a coloring process using statistical values (0ave: average, o std: standard deviation) as thresholds; the statistical
values are defined as

1
Tave = MIM§ ; Jz:l: Oij (A7)
and
1 & il 2
i =\ it D2 (- owe)s (A.8)

& =1 j=1

where M, and M; indicate the total numbers of scanning lines and measurement points on a single line. An example of
coloring along a single scanning line is shown in Fig. A.5(a): Here the points satisfying the condition o > 0 aye + O gg OF
0 < Oave — Ogq are drawn in red as strong echo points, and other points are drawn using a gray linear scale according to the
red-gray scale legend. The echo intensity distribution shown in Fig. A.5(b) is the coloring of Fig. A.3(b), where strong echo
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Figure A.4: (a) Schematic drawing of the visualization process using the geometric relationship, (b) filling rate of the image
drawing versus number of profiles at each temporal resolution; N = 196 pixels, w = 15 rpm, A¢ = 0.74 mm

signals affected by reflection at interfaces are displayed clearly.

Figure A.6 shows the results of the visualization process as described above. Figure A.6(a) presents the result obtained
from the Doppler velocity distribution, Fig. A.6(b) that from the echo intensity distribution, and Fig. A.6(c) that from super-
position of the Doppler velocity and echo intensity distributions. As shown in these figures, the spatiotemporal information
could be converted into a two-dimensional image by the drawing process mentioned above. Considering the actual diameter
and thickness of the rubber ball in Fig. A.6(c) (i.e., 71.0 and 9.6 mm, respectively), the black circular region in Fig. A.6(a)
may correspond to the hollow part of the rubber ball. Additionally, the strong echo intensity distribution in Fig. A.6(b) may
also indicate the diameter of the rubber ball. The rubber ball is hollow, and the acoustic impedance of air is different from
that of rubber. From the echo information in Fig. A.6(b), however, the strong echo is only detected at the outer surface of the
rubber ball owing to the attenuation characteristics of ultrasound inside the ball. Even though ultrasonic waves were reflected
at places inside the rubber ball, they were not detected owing to the low sound pressure of the reflected waves. In contrast,
Doppler velocity information in Fig. A.6(a) shows similar values even inside the ball except for the inner hollow. This is
because the Doppler shift frequency is calculated from variations in sound pressure of the echo and is not greatly affected by
the degree of the echo intensity itself, where sources of the ultrasonic echo from inside the ball are impurities and bubbles
in the rubber. Furthermore, it is expected that a silent layer forms near interfaces having a large drop in acoustic impedance,
where incident and reflected waves interfere and create an area of very low acoustic pressure [27]. Furthermore, no Doppler
velocity is obtained in the layer. Detections of the effect of the reflected wave at the surface of the hollow part in Fig. A.6(c)
around the interior of the hollow are evidence of the formation of the layer.

In summary, the preliminary visualization experiment conducted for a rubber ball elucidated the condition required to fill
the visualization domain and advantages of using two types of information — of the Doppler velocity and echo intensity —
that allow visualization according to different characteristics.

A.2.3 Echo intensity field expected from numerical simulation

Acoustic characteristics of attenuations, reflections, and refractions at interfaces in the present scanning system are discussed
here to clarify images obtained from the ultrasonic Doppler-echo visualization. Numerical simulations of sound pressures Py
for ultrasonic waves propagating in media are performed for different situations of the incidence of ultrasonic waves under
different acoustic conditions. Considered situations that modify incident ultrasonic waves are summarized in Fig. A.7, for (a)
attenuation, (b) modifications of the ultrasonic path length, and (c) total and (d) partial reflections at an interface.

As shown in Fig. A.7(a), the attenuations of sound pressure depend on the media and are expressed as

P = Py exp(-aé), (A.9)
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Figure A.5: (a) Instantaneous echo intensity at the measurement line and thresholds for coloring and (b) binarized echo
intensity distribution, where the original echo intensity distribution (Fig. A.33b) is superimposed for comparison
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Figure A.6: Visualization results of the rubber ball; (a) Doppler velocity, (b) echo intensity, where intensity higher than the set
threshold is indicated by red pixels, and (c) composite view of the Doppler velocity and the binarized echo intensity, where
the red dashed line indicates the vertical incidence of ultrasonic pulses to the rubber ball surface.
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(a) Attenuation (b) Ultrasonic path length  (c) Total reflection (d) Refraction
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Figure A.7: Schematic overviews of considered acoustic effects in cases of the speed of sound c¢; > ¢, for (a) attenuation,
where @ and @, indicate attenuation coefficients in each medium, (b) ultrasonic path length in media, (c) total reflection, and
(d) partial reflection at an interface.

Table A.3: Parameters used in numerical simulations.

Condition @y [1/mm)] ¢ [m/s] 7> [10° kg/mzs]
i 0.001 1500 1.50
i 0.005 1500 1.50
iii 0.001 1100 1.10

where Py and «, respectively, indicate the initial sound pressure and attenuation coefficient, and the transmission distance &
is the distance of the round trip from reflectors to the transducer. The speed of sound is defined as ¢ = (K/p)'/?, where p
and K are the density and elastic modulus of media, and this parameter thus indicates material hardness. In general cases
with an acoustic wave incident on solid media, the mode transforms from longitudinal waves to, for example, transversal
and Rayleigh waves. The speed of sound depends on the media, and the ultrasonic path length can thus be modified by the
difference [Fig. A.7(b)]. The reflection and refraction of the incident acoustic waves at interfaces are also determined by the
speed of sound in the media [Fig. A.7(c)]. Total reflections occur in the case that ¢; > ¢, and 6y > 6., where 6 is the angle of
incidence and the critical angle 6, is derived from Snell’s law as 6, = sin”! (c2/c1). When the angle of incidence is smaller than
the critical angle [Fig. A.7(d)], the waves can propagate to the inner medium with refraction angle 6, = sin"!(c2/c sin ).
The incident wave is partially reflected with the reflection ratio y defined as

B (Z2 cos By — Z; cos 0 )2 (A.10)

B Zycos 0y + Zcos by

where Z; and Z, indicate the acoustic impedance in each medium defined as Z = pc.

According to the fundamental knowledge of acoustics described above, numerical simulations of echo intensity fields
were performed as investigations regarding the sound pressure under the three conditions summarized in Table A.3. Acoustic
conditions for the present system configuration are summarized in Fig. A.8, where acoustic properties of the medium around
the test object are assumed to be the same as those for water; i.e., the speed of sound c;, density p;, acoustic impedance Z;,
and attenuation coefficient a; are given as 1500 m/s, 1000 kg/m?, 1.5 x 10° kgs/m?, and 0.002 mm™!, respectively. The radial
position of the test object R, radius of the test object r., and density p, of the test object are fixed at 25 mm, 45 mm, and
1000 kg/m?, respectively.

Figure A.9(a) shows color contours of the radial-azimuthal sound pressure distribution obtained from numerical simula-
tion under condition i. The vertical and horizontal axes indicate the rotation angle and distance from the transducer. Solid
and broken lines indicate the material interface and rotation angles of ¢ = 80, 160, 240, 320°. The attenuation is set larger
in the inner material than in the outer materials, and the decrease in sound pressure in the inner region is thus greater than
that in the outer region as shown in Fig. A.9(a). Figure A.9(b) shows the results of polar rearrangement using the algorithm
explained in §A.2.2. A comparison of results for conditions i and ii shows that differences in attenuation strongly affect the
propagation of the sound pressure, and decreases in the sound pressure depend on the incidence angle. In addition, results
for conditions i and iii show results for different speeds of sound. Condition i gives a complete circle of the color contour.
Meanwhile, condition iii gives a partial circle having a clear border. These wanes of the circle are affected by total reflection
at the interface of the material. The position of the interface is indicated with an asterisk in Fig. A.9(b)-iii. Occurrences
of the clear border are from the ratio of the reflection described by Eq. (A.10). These changes in the sound pressure field
are essential in consideration of propagations of the ultrasonic wave, and suggest thresholds that determine whether returned
ultrasonic waves are sufficiently strong to be detected.
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Figure A.8: Configurations of the numerical simulation (¢, ¢;: speed of sound, R,: radial position of center of the test object,
r.: radius of the test object, 6y: angle of incidence of the ultrasonic wave into the test object, 8;: refraction angle of the
ultrasonic wave, £, &: actual flight distance of the ultrasonic wave from a transducer, &,,: apparent flight distance as the
ultrasonic path length)

Table A.4: Qualitative characteristics of test objects.

Objects Roughness Hardness Inner structure Cross-sectional shape
Rubber ball Regular dents Elastic Hollow Circle
Apple Smooth Hard Semi-homogeneous I11-shaped circle
Tomato Smooth Semi-soft Complex Ellipse
Kiwi Fuzzy Semi-hard Fibriform Small circle
Syruped cherry Smooth Soft Seed Tiny circle

A.3 Practical application to fresh fruits

To investigate the applicability of the present visualization method to fresh fruit, test fruit with different acoustic characteris-
tics was chosen for the visualization of inner structures. The qualitative characteristics of the test objects (including a rubber
ball), such as the surface roughness, hardness, and cross-sectional shape, are summarized in Table A.4. Fresh apples have a
smooth surface, have pulp that is generally harder than that of other fruits, and have a slightly distorted circular shape. Fresh
tomatoes have a smooth skin surface, relatively soft inner pulp, and complex inner tissues, which can be observed for the
cut tomatoes shown in Fig. A.2. We can evaluate the feasibility of the present method using these different characteristics of
test fruit. In this section, we demonstrate the ultrasonic Doppler—echo visualization for the test fruit and discuss the practical
applications of the visualization for fresh fruit.

Figure A.10 shows results of the visualization for a fresh apple held in the montmorillonite suspension, Fig. A.10(a) the
spatiotemporal Doppler velocity distribution, and Fig. A.10(b) the ultrasonic echo intensity. These were obtained at elapsed
rotation times for rotation speed w = 15 rpm, temporal resolution Ar = 66 ms, and spatial resolution A¢é = 0.74 mm by the
UVP measurement. The vertical and horizontal axes indicate the radial position normalized by the radius of the cylindrical
container, R, and the rotation time. The grayscale contours represent the Doppler velocity normalized by up,x = 2QAy.
The spatiotemporal distribution of the echo intensity in Fig. A.10(b) is drawn using a linear grayscale and red for points
at which the intensity is higher than the threshold. The strong echo points have a periodic variation. According to the
preliminary results for the rubber ball summarized in the last section, the variation corresponds to the outer surface of the
apple. Clear boundaries observed here are reasonable considering the large difference in acoustic impedance due to pulp
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Figure A.9: (a) Color contours of the spatioangular sound pressure distribution under condition i and (b) results of numerical
simulation for the sound pressure field under conditions i—iii specified in Table A.3
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Figure A.10: (a) Spatiotemporal Doppler velocity distribution of a test apple and (b) corresponding spatiotemporal echo
intensity distribution

hardness and higher density for the pulp than for water. The Doppler velocity distribution in Fig. A.10(a) indicates the
corresponding outline of the apple surface as an area of low velocity. There are also complex variations on the middle-far side
of the scanning line. Doppler velocity distributions take a constant value in cases of steady rigid-body rotations Eq. (A.1).
Variations in the value indicate acoustic effects on the scanning line as summarized in Fig. A.7.

Visualization images are constructed from spatiotemporal distributions of the Doppler velocity and echo intensity shown
in Fig. A.10 by adopting the procedure described in §A.2.2, and the results are summarized in Fig. A.11. These figures reveal
that the shape of the apple may be visualized with both the Doppler velocity and echo distributions obtained from differences
in acoustic characteristics between the apple and suspension. The arc shape of the strong echo distributions in Fig. A.11(b) is
from total reflection at the interface of the apple and a similar pattern is observed in the results of numerical simulation shown
in case iii of Fig. A.9. According to the literature [29], the speed of sound in apple pulp is lower than that in suspension
(1480 m/s) and so this consideration is reasonable. The low-velocity region in the Doppler velocity distribution shown in
Fig. A.11(a) almost agrees with the distribution of the high echo intensity in Fig. A.11(b), and partially compensates for the
lack of high echo intensity along a deformed circular shape that may correspond to the outline of the apple. The basis of
this compensation using the Doppler velocity is that silent layers having low Doppler velocities are due to the interference
of incident and reflected ultrasonic waves, and the silent layers are not so strongly affected by echo intensity. Furthermore,
formations of the layer depend on the incident angle and the layers are not always observed in regions of high echo intensity.
Therefore, the shape of the apple is displayed by complementary visualization using both the Doppler velocity and echo
intensity. The inner region of the outline of the apple on the visualization plane seems to have an almost uniform Doppler
velocity and low echo intensity without dispersed dots of high echo intensity due to multiple reflections. This suggests that
the interior of the apple has an almost uniform acoustic property. Attenuation of the incident ultrasonic waves inside the apple
is strong and no echo was detected, and the effects of multiple reflections thus appear as spiky noise.

A fresh tomato as the second test object has characteristics of a pulp softer than other fruit pulps and a peel thinner
than other fruit peels. In comparison with apples as the first test object, tomatoes are expected to be penetrated far more
by ultrasonic waves. Figure A.11(d)—(f) presents the visualization results of the Doppler velocity distributions and echo
intensities of a fresh tomato. The tendency of the Doppler velocity and echo intensity distributions corresponding to the
outline of the tomato is similar to that of the apple shown in Fig. A.11(a)—(c), and the approximate external shape of the
tomato can be recognized from the Doppler velocity and echo information. Compared with Fig. A.11(c), where apples have
homogeneous and fibrous tissue, Fig. A.11(f) shows a complex pattern inside the visualized outline and the largest pattern
seems to be a second circular layer of low Doppler velocity. There is a possibility that the circular layer is caused by multiple
reflections between the cylinder wall and tomato peel. In fact, there are parts of high intensity in the inner region and multiple
circular patterns with lower intensity generated by multiple reflections. However, at the least, the thicker layer of low Doppler
velocity forming the circular pattern cannot be explained only by multiple reflections. We, therefore, conclude that the
visualization pattern in Fig. A.11(f) represents the inner structure of the tomato. However, in the case of measurement of kiwi
[Fig. A.11(g)—(1)], it is difficult to assure the applicability of the visualization, as the skin of kiwi fruits is so fuzzy. Such skin
feature may make it difficult to propagate the ultrasonic wave inside the fruit pulp. The measurement limitation is possible to
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Figure A.11: Visualization results for each test material, (a)—(c) apple, (d)—(f) tomato, and (g)—(i) kiwi, where (a), (d), and (g)
indicate Doppler velocity, (b), (e), and (h) indicate echo intensity, (c), (f), and (i) indicate composite view with the Doppler
velocity and the region of high echo intensity represented by red dots.
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Figure A.12: Visualization results for syruped cherry indicating composite view with the Doppler velocity and the region of
high echo intensity represented by red dots.

be overcome by considering the optimal design of ultrasonic transducer for better measurement.

As an another application of the visualization technique, inner seed detection for syruped cherries was examined
(Fig. A.12). When the test cherry is seeded, the ultrasonic echo amplitude is weaker than the result with seed. Further,
the Doppler velocity in the result without seed is also modulated compared to that in the result with seed. The reproducibility
was ensured with twice experiments as shown in Fig. A.12. From the observation of experiments, it is speculated that the
acoustic impedance of the syruped cherry matches better than the fresh fruit pulp because inner gas containing fruit pulp may
be extracted during making the syruped fruits.

A.4 Conclusion

We proposed a novel ultrasonic Doppler—echo visualization, which allows us to estimate the maturity and inner pulp structures
of fresh fruit using a rotating cylinder system and information of the Doppler velocity and echo intensity. Conditions of the
spatial resolution of the ultrasonic measurement and the number of scanning lines that form visualization images were inves-
tigated theoretically. The measurement systems including ambient fluids that hold test objects were optimized by considering
basic acoustic characteristics. The feasibility of the present visualization method was evaluated through trial measurements
of a rubber ball, fresh apple, and fresh tomato while considering the acoustic characteristics of the tissue and inner materials.
Complementarily distributions of the Doppler velocity and echo intensity had different patterns reflecting the outline and
inner structures of test objects including fresh fruit. In particular, the Doppler velocity distributions showed clearly that the
interior medium of each test material had distinct effects of the Doppler-shifted frequency. Superposition of the distributions
visualized details of the structures even though there were effects of multiple reflections of ultrasonic waves.
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B.1 Noise evaluation in measured velocity

B.1.1 Statistical calculation for obtained velocity

To obtain velocity fluctuations of unsteady shear flows in silicon oil (v = 1000 mm?/s), an ultrasonic transducer of resonance
frequency 4 MHz and 5 mm effective element diameter was selected. Important parameters of UVP are temporal resolution
At = 50 ms, spatial resolution A¢ = 0.74 mm, and speed of sound ¢ = 980 m/s. Instantaneous spatiotemporal velocity
ug, cycle-averaged velocity u,ye, and residual velocity ue,, are shown in Fig. B.1(a)-(c), where the horizontal and vertical
axes indicate cycle-period, ¢ f,, and radial position normalized by the cylinder radius, r/R. The gray scale indicates velocity
amplitude. uay. and ue; were calculated by cycle average of u; for N = 100 (At = 15) and ug — ua.. The velocity fluctuations
propagate according with phase-lag from the cylindrical wall, r/R = 1.0 [Fig. B.1(a) and (b)], where the result of Fig. B.1(a)
has more noisy profiles than that of Fig. B.1(b). From u,, distribution [Fig. B.1(c)], these noises increase with getting closer
to the wall, because quality of velocity obtained by UVP may change depending on velocity magnitude.

To confirm factors in the generation of u.,;, instantaneous velocity was compared to the averaged velocity [Fig. B.2(a)],
where differences between us and uave were compared in all data of /R and tf,. Two significant findings were observed:
(1) Deviations in the measured velocity increase as measurement target velocity increases. (2) Measured velocity profiles
have the lowest noise level observed from low velocity in Fig. B.2(a). Moreover, the variance profile of u., also indicates
the deviation tendency of obtained instantaneous velocity [Fig. B.2(b)], where the horizontal and vertical axes show variance

(a) (b) SESSSSSSSSSNTITIID () SSSSSSSSSSSSSITITIIT
-90 ug[mm/s] 90 [mm/s] 90 =30 g, [mm/s] 30

ave

1.0 1.0
08
= 0.6 n<06 %06
T04 0.4
00 05 10 o %% 510
71 [-] 71

Figure B.1: (a) Instantaneous velocity distribution, u;, in experiment, (b) averaged velocity distribution, uaye, with N = 100,
(c) relative error velocity subtracted u,ye from u,
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Figure B.2: (a) Comparison of instantaneous and averaged velocity, where a total number of plotted data is 2000 x 96, (b)
variance profile of u,, calculated from Fig. B.1(c)
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Figure B.3: (a) Produced artificial random noises at @ = 0.5, (b) velocity distribution with noise (a) to velocity calculated
form numerical solution, (c) e, variance in noise amplitude o = 0.5

and normalized radial position in the cylindrical container. The variance profiles converged to almost 10 mm?/s*> when r/R
get closer to the cylinder center. The reason for the significant increase in the variance near the wall is co-reflection of the
ultrasound at the interface between acrylic resin the fluid media.

B.1.2 Production of artificial random noises with normal distribution

Considering the tendency of noises estimated from u [see Fig. B.2], artificial random noises assuming experimental condi-
tions are created by a noise-model function using Box-Muller method [1] to create uniform random values with (0, 1], which
are generated by Mersenne Twister [2]. The noises are defined as n(y, o%) with Gaussian distribution, where u and o indicate
average and standard deviation. The noise-model considered from the experimental result is given as

Uerr = N4 (O, alugl) + 1y (0, o2 ), (B.1)

min
where a and o-fni , indicate a noise amplitude coefficient and the lowest noise level. n; and n, are a Gaussian random function
with normal distribution and are independent of each other. The noise amplitudes were determined by «, included in a func-
tion, n;. On the other hand, the standard deviation of n, was determined from the lowest noise level of the experimental result
as shown in Fig. B.2(b). Produced noise at @ = 0.5 and velocity distribution with noises to the analytical solution are shown
in Fig. B.3(a) and (b). The produced noises of Fig. B.3(b) are qualitatively agree with that of Fig. B.1(a). Variance profiles at
the case of @ = 0.5 have good agreement with experimental result [Fig. B.3(c)], so these parameters were determined in the
next section to evaluate the accuracy of the viscosity measurement algorithms.

B.2 Accuracy and precision assessments

B.2.1 Phase lag averaging with short time DFT

By utilizing the method to produce velocity distributions by numerical solution with artificial random noises as mentioned
above, it is possible to evaluate the accuracy as a probability density distribution Pyis(= Mcoun/M) by repetitive computing.
M oune and M indicate the count number of how many values fall into each bin and number of trials. P, is calculated by
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Figure B.4: Histogram in probability density distribution of the viscosity at cases (a) N = 1, (b) N = 80, (c) N = 320

numerical computation with M = 2000. Histograms of simulated results were calculated by counting Moy at every step
of v in 20 mm?/s from 0 mm?/s to 2000 mm?/s. Probability density distribution of viscosity profiles was evaluated from
simulated velocity distribution at cases of averaging cycle times, N = 1, 80,320 [Fig. B.4]. The horizontal and vertical axes
indicate kinematic viscosity and normalized radial position, where the true value of kinematic viscosity to solve the analytical
solution is emphasized by the dashed line. The gray scale shows the probability of viscosity measurement using the phase-
lag analysis. To evaluate the viscosity profiles, phase lag obtained from the velocity distribution is needed to calculate the
differential. Noises in the phase lag influences viscosity measurements due to noise amplification of differential in phase-lag
profiles. So, before the calculations are processed, noise reductions of phase-lag profiles are required to reduce viscosity
scattering. When the phase-lag profiles are N = 1, the evaluated viscosity profiles are scattered with large difference from
the true value [Fig. B.4(a)]. Since the noises in phase-lag profiles decreases by calculating arithmetic mean profiles in N > 1,
histograms of the viscosity show higher accuracy and precision than that of N = 1 [Fig. B.4(b) and (c)].

At noise amplitudes in different N, mode value (highest probability density distribution), +25% summation of the dis-
tribution from the mode value, and —25% of that are summarized in Table B.1, where these results were averaged by
0.6 < r/R < 1.0 and obtained from the viscosity. It indicates the accuracy of the viscosity depending on the averaging
cycle times N. Arithmetic mean calculations are, however, limited when test fluids have constant rheological properties with
changing shear rate (Newtonian fluid).

Table B.1: Mode, +25%, and —25% values calculated from histograms of the viscosity, which are averaged by 0.6 < r/R < 1.0

N 1 20 40 80 160 320
Mode [mm?/s] 316 919 938 965 981 993
+25% [mm?/s] 684 1122 1083 1051 1040 1032
—25% [mm?/s] - 695 754 818 919 952

B.2.2 Spectral subtraction method utilizing periodic functionalized algorithm

Considering noise reductions in phase-lag profiles obtained from instantaneous velocity fluctuations, it is expected that spec-
tral subtraction method utilizing periodic functionalized algorithm is efficient. A restricting condition in both ends of the
phase-lag profiles was given to apply the DFT filtering for the phase-lag profiles. The condition is a periodic functionalized
formula, ¢, which is defined as following formula [schematic details in Fig. B.5(a)]:

Ox-i-1 I1:0<i<X)
Pi-x+1 IM:X<i<2X-1)
$3x-io (:2X-1<i<3X-2)
bisxss (IV:3X-2<i<d4X-4)

() = (B.2)

X indicates a total number of radial profiles. Power spectra in ¢(i) calculated by DFT have dominant Fourier components
[Fig. B.5(b)], where the power smaller than E.(= 1072) are regarded as additive noise components due to white noise
characteristics. Removing the noise components on the spectra, the original phase-lag profiles ¢(r) were filtered by inverse
DFT. Comparing analytical solution with spatial gradients obtained from filtered phase-lag profiles ¢ (r) and ¢(r), gradients
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Figure B.5: (a) Periodic function defined in Eq. B.2, (b) power spectrum obtained from periodic function, (c) analytical
solution versus spatial gradient of ¢(r) and ¢ (), (d) probability density distribution of the measurement from filtered phase-
lag profiles

of the filtered profiles are better agreement with the analytical solution than that of original profiles [Fig. B.5(c)]. By using
this filtering process, the probability density distributions[Fig. B.5(d)] indicate higher accuracy compared to the original
histogram shown in Fig. B.4(a).

Actual measurement results (silicon oil: 1000 mm?/s) were analyzed to confirm the applicability of this spectral sub-
traction method. d¢(r)/dr and d¢(r)/dr obtained from N = 1 were compared with d@(r)/dr [Fig. B.6(a)], where ¢(r) was
averaged by N = 500 times of phase-lag profiles. d¢ (r)/dr has a correlation with dé(r)/dr compared to d¢(r)/dr, therefore
this filtering method can reduce the noises equal to or greater than the arithmetic mean calculation. Probability density dis-
tributions of the kinematic viscosity obtained from d¢(r)/dr and d¢¢(r)/dr were evaluated as shown in Fig. B.6(b) and (c).
The precision of viscosity measurement from ¢¢(r) became higher than that of ¢(r), although silicon oil may not be given
accurate kinematic viscosity value due to fluid quality and temperature control.

B.3 Influence from radial gradient of viscosity profile in phase-lag analysis

In this section, the methodology to estimate the effective viscosity using phase-lag analysis (Chapters 2 and 3) is ensured
regarding the condition of radial gradient of viscosity. Considering conservation of the angular momentum, the fluid flows
can be regarded as

2
d(pugr) 1 8(r T") _ Oug g
o = ; or , St. T = ,u(r) E 7 5 (BS)
where p(r) denotes the radial function of viscosity. Eq. B.3 is transformed into
Oug Pug  10ug  ug ov(r) (Oug ug
— = —t—— - — — - . B.4
Ot V(’)( o2 rar T 2) T e \ar Ty © BD

The relation, (A) = (B), shown in the underlines of Eq. B.4, is the same with Eq. 2.3 in Chapter 2, and the underline (C)
indicates an additional term to describe radial gradient of viscosity. When the term (C) is much smaller than the other terms,
the viscosity can be regarded as constant. To calculate the value of each term by substituting the values of uy and v(r) obtained
from phase-lag analysis, the formula was modified by considering Fourier transformation as

o P 10 1\. (o 1),
lwug—v(r)(ﬁ+;a—ﬁ)u9+ or (E—;)Mg. (BS)

When the unsteady flows have dominant frequency, w = w,, the values, Rlig], 3[ig], and v(r), are described as one-
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Figure B.6: (a) Spatial gradient of ¢(r) versus ¢(r) and ¢(r) at each radial position, and probability density distribution of

viscosity measurement from (b) ¢(r) and (c)¢¢(r) in At = 1 s (N = 500) of viscosity measurement
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Figure B.7: Radial profiles of (a) R [fig],(b) I[dy], (¢) v obtained from experimental result of carboxymethyl cellulose solution,
where the solid curves indicate profiles of polynomial approximation.
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Figure B.8: Radial profiles of F'y, F», and F’3 calculated from Eqs. B.7-B.9.

dimensional profiles [Fig. B.7(a)—(c)]. The obtained profiles can be modified as polynomial function,

N] Nz N3
Ritglom, = ) ar*, Slitgloa, = D b, v(r) = > ek, (B.6)
k=0 k=0 k=0

The results of polynomial fitting are shown in Fig. B.7(a)—(c), where the results were obtained by measuring carboxymethyl
solution with 0.5 wt.% that is the same test fluid with Chapter 5.
To calculate each term in Eq. B.4, the norms were defined and quantified as follows:

Ny 2 N> 2
Fi (1) £ |iwofigl = wo [Z akr"] + (Z bkrk] . (B.7)
k=0 k=0
def 0> 10 1 N M ’ N :
« T ) I k 2 _ =) 2 _ k-2
F(n) = v(r)(arz too rz)ug = ;ckr \(kz:(;(k 1) ar ] +(kz:(;(k 1) byr ] : (B.8)
Ns N 2 Na 2
. 1
Fy(r) =L 6g(r) (aﬁ - -)ag = chkrk_l Z(k— l)akrk“] + (Z (k - l)bkr"‘l] . (B.9)
r r r k=0 k=0 k=0

Figure B.8 shows the radial profiles of norm calculation results in F'y, F,, and F3, substituting experimental results (Fig. B.7).
The radial profile of F; has good accordance with that of F,, whereas both profiles of F; and F, are much larger than the
profile of F5. This means the term (C) in Eq. B.4 is negligible toward the result of carboxymethylcellulose solution, so there
is no need for considering the radial gradient of viscosity in the phase-lag analysis.

B.4 Summary

We estimated the accuracy of the rheological evaluation using phase-lag analysis. Artificial random noises with the normal
distribution, which can represent actual velocity by estimating experimental noises in UVP, were produced. This production
of artificial random noises can realize statistical evaluations from numerical calculations. Thus, it is possible to estimate the
accuracy of the measurement system by iterative computing. The measurement noises of viscosity were caused by the noise
of differential amplification in phase-lag profiles. To apply the spectral subtraction to the phase-lag profiles, the additive
noises can be eliminated. These results were obtained from N = 1 (At = 1 s), so the filtering process is expected to be applied
to complex fluids with instantaneously changeable rheological properties, such as polymer solutions, thixotropic fluids, and
bubbly liquids. This can lead to highly accurate and real-time rheometry. As future prospects, the accuracy of another
analytical procedure in USR will be validated by the iterative calculation using the artificial random noises assuming actual
measurement errors.
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Rheological evaluation of non-Newtonian
effects on Newtonian fluid with localized
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C.1 Introduction

Effective viscosity of fluid with dispersed multiphase media, such as bubbles or droplet, is difficult to evaluate by estimation
of its volume fraction alone. It is due to complex effects of surface tension arising from the deformation of bubble/droplet.
The effective viscosity of fluid with deformed bubbles is studied in the field of volcanology; To estimate the effective viscosity
in the gas-liquid two-phase flow, Llwellin & Manga presented flow diagram under steady and unsteady flow condition [1].
There is, however, limitations in applicable range of the estimation of effective viscosity, so it is required to expand and
universalize the applicability.

Utilizing ultrasonic velocity profiling technique [2], our research group has been established ultrasonic spinning rheometry
[3] and Chapters 2-9. Tasaka et al. [3] evaluated the effective viscosity of fluid with homogeneously dispersed bubbles
under unsteady shear deformation, and extended a part of the flow diagram presented by Llwellin & Manga [1]. There are
still unexamined issues on the bubble rheology; because the deformed bubbles have relaxation time showing viscoelastic
behavior, evaluating higher-ordered non-Newtonian effect and controlling the applied shear rate to dispersed bubbles are
required. In this chapter, by constructing the system to realize the localized bubble dispersions, viscoelasticity arising from
the bubble deformation is quantified utilizing liner viscoelastic analysis (Chapter 4).

C.2 Experimental setup

The experimental setup was constructed by a simple open cylindrical container made of acrylic resin with the inner diameter
2R = 150 mm, the height, 280 mm, from the bottom of cylinder to upper surface of test fluid as shown in Fig. C.1(a) and
(b). The shear flow is propagated from the wall of container to the inner test fluids by oscillating the container centering on
the center with amplitude ® and frequency f,. The measurement line of ultrasonic transducer with basic frequency, 4 MHz
was set at 150 mm height from the needle for injecting bubbles, and the distance, Ay = 15 mm, from the center of cylindrical
container.

The gray part shown in Fig. C.1(b) was fixed at outside water chamber to move independently from the cylinder rotation
and oscillation. The needles with inner diameter 0.1 mm were set at r/R = 0.85 of the bottom disk in the cylindrical
container, and the container rotated with a steady angular velocity in 10 rpm(f; = 0.167 Hz) [Fig. C.1(c)]. During this rotating
process, the fine bubbles (the diameter; d ~ 1 mm) were generated with the volume of flow, 10 mm?/s, approximately. By
injecting bubbles in 10 times rotations, the bubbles were dispersed like curtain at 0.8 < r/R < 0.9. After that, to obtain
the velocity profiles, periodic oscillations were applied with frequency f, = 1 Hz and oscillating amplitude ®. Using UVP,
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Figure C.1: Schematic of experimental apparatus from (a) top view and (b) side view, and (c) angular velocity in different
control modes.

the flow velocity propagating inside the cylinder was measured as fluctuations of u, along the measurement line as shown in
Fig. C.1(a). If the fluid flows in the container are one directional and axisymmetric, the fluid motion obeys Cauchy’s equation
of motion given as pduy/0t = 0t/dr + 271/r, where p is the density of the test fluid, and 7 represents the shear stress. By
repeating the modes of steady rotation and periodic oscillation, the processes of bubble generation and measurement were
examined 50 times as shown in Fig. C.1(c). From Stokes’s law, the bubble raising speed in the diameter d = O(1 mm) is
much less than shear amplitude of oscillating cylinder so as to be negligible.

Oscillating the cylinder with f, and ®, azimuthal velocity uy is applied and satisfied the equation of motion, pduy /0t =
0t/dr + 2t/r. To describe the relation between uy and 7, Maxwell’s model, 7 + (u/E)(07/0t) = u(Oug/dr — ug/r), is selected
as the simplest expression for the linear viscoelastic characteristics, where ¢ and E denote the viscosity and elasticity of the
fluid. To determine the u and E satisfying the optimization problem, the cost function is given as F(u, E;r) = |pdug/0t —
0t/0r — 27/r?. The details of the basic concept about USR are conferred in Chapters 4 and 5.

C.3 Statistics of viscoelastic analysis in the region of localized bubble dispersions

In the condition of f, = 1 Hz and ® = n/2, the fluid flow propagates inside with constant phase-lag when the fluid viscosity
is homogeneous as shown in Fig. C.2(a). However, in the condition that the bubbles are dispersed at 0.8 < /R < 0.9
[Fig. C.2(b)], the velocity profiles in the region with the bubbles are different from those in the case of single phase
[Fig. C.2(a)]. This is considered as the velocity modulation arising from the bubble deformations; from observations of
the deformed bubbles in the oscillation, the dispersed bubbles were deformed periodically as shown in Fig. C.2(c).

The power spectrum of the velocity fluctuation is calculated by the discrete Fourier transform with respect to time, and
the frequency component, f,, at the applied oscillation is the most dominant (97% compared to total energy of the power
spectrum). Thus, the Fourier components of real and imaginary parts shown in Fig. C.3(a) and (b) fully represent the original
information of the measured velocity fluctuation. In comparison of Fig. C.3(a) and (b), there is a clear difference in the
existence of bubble dispersions. To determine the ¢ and § minimizing the cost function value, F(u, d; r) was calculated by
substituting the real and imaginary parts, where phase difference & was used as an indicator of viscoelasticity. The § was
defined as tand = E/(2nfou); (0 < 6 < m/2), and it is physically interpreted that 6 — /2 means viscous characteristic,
0 < ¢ < /2 means viscoelastic characteristic, and 6 — 0 means elastic characteristic. as shown in Fig. C.3(c) Figure C.3(c)
shows the calculated results of F(u, ¢) integrated 0.84 < r/R < 0.86 where is the region of bubble dispersions [Fig. C.3(b)];
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Figure C.2: Spatiotemporal velocity distribution (a) without bubbles and (b) with bubbles in 0.8 < r/R < 0.9, and (c)
photographies of bubble deformation in an oscillating cycle.
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Figure C.3: Profiles of real and imaginary components of the most dominant Fourier component, f, (a) without bubbles and
(b) with bubbles in 0.8 < /R < 0.9, and (c) F(u,d) at 0.84 < r/R < 0.86 in (b), where a red cross indicates the minimum
value.

the distribution F(u, 6) has a minimal point at 4 = 0.6 Pa - s and § ~ n/4, showing viscoelastic characteristic.

To investigate the interrelationship between the bubble deformation and viscoelastic response, for the different oscillating
amplitudes O(= n/4,7/2,51/6, 1), the measurements and viscoelastic analyses were examined 50 times with the same pro-
cedure mentioned above. Because the maximum shear amplitude changes with respect to oscillating frequency f, and angle
0, the bubble deformations are closely related to them. To help the graphical understanding of the bubble deformation, the
short and long axes, a and b, of ellipse shaped bubbles at the maximum deformed state were quantified from the photography
in each condition of ®. Using a and b, the maximum flattening of the bubble, ep.x(= 1 — a/b), can be illustrated as bottom
of Fig. C.4. The vertical and horizontal axes indicate the obtained u and E with the standard deviation, and y with the stan-
dard deviation. The dotted line in the Fig. C.4(a) indicates the catalog viscosity (0.49 Pa - s) of silicone oil at 25°C. In the
case without bubble [black plots in the Fig. C.4(a)], the measured viscosity equals to the catalog viscosity 0.49 Pa - s, so the
rheometry was ensured well. In the case of injected bubbles, the measured viscosity increases at the bubble regions regardless
of ®. It is speculated that the effective viscosity increases because the momentum propagation is enhanced by functions of
localized bubble dispersion. Further, the shear rate in the bubble region shows constant as shown in Fig. C.4(a). This is
regarded as shear banding phenomena that the bubble deformation is localized shearing. Figure C.4(b) shows the measured
elasticity E calculated from § and y; the E decreases with increasing the shear rate for deforming the bubbles, as the surface
tension effect of bubble is less with increasing deformation degree of the bubbles.

C.4 Summary

The viscoelasticity of deformed bubbles under unsteady shear was investigated by ultrasonic spinning rheometry. To clarify
the interrelationship between deformation of bubble and viscoelasticity, viscoelastic effects arising from the deformations
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Figure C.4: (a) Viscosity u and (b) elasticity E evaluated by linear viscoelastic analysis for different oscillating amplitude @.

were evaluated as statistical values by several-time measurements for curtained-like bubble dispersions inside the cylindri-
cal container. As a result, the rheological effects in the deformed bubble can be separated into viscosity and elasticity.
Noteworthy-experimental findings were as follows; (1) The effective viscosity with deformed bubble dispersions is modu-
lated. (2) The elasticity with the deformed bubbles decreases with increasing shear amplitude.
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