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ABSTRACT

The linear viscoelastic material functions of complex fluids relate stress and strain
when these assume sufficiently small values and are used to simulate fluid flow us-
ing more sophisticated constitutive equations in complex flow regimes. The standard
method of determination is to apply a sinusoidal torque at discrete frequencies to ob-
tain the complex modulus at those frequency values. In this thesis, the implications of
using a completely arbitrary applied torque are investigated. Recent research has con-
centrated on Fourier transform methods, but here the problem is analyzed in the time-
domain in terms of the relaxation modulus, which allows questions of well-posedness
to be more easily addressed.

The work falls into two main parts. The first part is concerned with the analysis of
the relationship between the applied torque and observed strain response. A variety of
candidate torque functions are considered and analytical expressions are obtained for
the simulated response using Laplace transform techniques, assuming known material
properties. The second part addresses questions concerning stability of the solution
of the Volterra integro-differential equation and methods of numerical solution. It is
demonstrated that the process of obtaining a solution for the relaxation modulus is
equivalent to solving a Volterra integral equation of the first kind, which is known to
be an ill-posed problem. Considering the governing equations in such a form allows
existing methods involving perturbed solutions to be adapted to provide estimates of
bounds on the error level in the data such that a stable solution can exist. It is shown
that the applied torque function which minimizes the ill-posedness of the problem is one
that corresponds to a kernel with one-smoothing characteristics. Finally, discretization
and regularization schemes for numerical solution of the problem are discussed and an
existing predictor-corrector regularization scheme is implemented which preserves the
Volterra (causal) nature of the problem and allows near real-time solution.
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Rheology is concerned with the deformation and flow of materials. The relevance of
this discipline is readily apparent when the importance of modern industry involving
the manufacture of materials for which the flow properties are critical to the efficacy of
the product are considered. Examples of such industries are the manufacture of plas-
tics, non-drip paints, adhesives, printing inks and multi-grade oils. The motto of the
Society of Rheology: “mavta pet” is due to the Greek philosopher Heraclitus, trans-
lated as “everything flows” and highlights the motivation behind this area of study.
From the slow erosion of mountain chains over millions of years, to the swirling of
coffee in a cup, the phenomenon of flow is all around us, albeit occurring on widely
varying timescales. The desire of the rheologist is to obtain constitutive relations link-
ing the stresses to the deformation of a material, which coupled with the kinetics of
the flow and conservation laws, provide a complete description of the flow of that ma-
terial and may then be applied to the solution of engineering problems such as those
involved in the manufacturing of products mentioned above.

In this introductory chapter, a review of the literature pertaining to the problem
of determining the optimal form for the applied torque in controlled-stress rheometry
is first presented, along with a discussion concerning the motivation for the work in
this thesis. This is followed by a summary of the background to rheology and linear

viscoelasticity which forms a basis to the work in subsequent chapters.

[. LITERATURE REVIEW - RHEOMETRY

The field of rheometry is the aspect of rheology concerned with measurement of the
characteristic functions of viscoelastic materials, which relate the stress and strain
within the material sample, by experimental methods. The behaviour of viscoelastic
materials in simple (rheometrical) flow geometries, such as steady shear flow or small
amplitude oscillatory shear is obtained with the intention of utilizing this information
to predict the flow in more complex situations. Even the simplest of geometries may
prove surprisingly difficult to elucidate the rheological parameters from. The under-
lying theory of measurement, the microstructure of the fluid and the interaction of the
fluid sample and instrument are some of the considerations encountered. Often it is
necessary to ensure the deformations are sufficiently small that a linear approxima-
tion can be employed; the linear viscoelastic functions being thus determined can be
used in non-linear constitutive equations combined with the stress equations of motion

and continuity conditions to model industrial processes involving viscoelastic materi-
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als by computational methods. The question of whether the parameters determined
from these simple flow geometries are applicable to geometries more complex in char-
acter is a fundamental question in rheological modelling, but in this thesis only the
steps involving acquisition of the rheometrical data are studied. Another motivation
of rheometry is to relate the molecular structure to the material behaviour, interpreting
the motion of the polymer chains in terms of the relaxation spectrum.

The earliest instruments utilized to characterize fluid materials were known as vis-
cometers, which as the name suggests were intended to measure the viscosity of Newto-
nian fluids. However, in a more general sense these proved inadequate to characterize
Non-Newtonian materials, since the viscosity of such fluids is not necessarily inde-
pendent of the shear-rate. Thus, the need for an instrument termed a “rheometer”
was recognized, which may be defined as an “instrument for measuring rheological
properties”.

A profusion of designs exist for rheometrical instruments, concerned with mea-
surements in steady shear, extensional, rotational, linear or non-linear frameworks.
References such as [99] give an idea of the wide variety of instruments which have
been available over the years, however in this discourse only measurements involving
rotational motion as a result of a prescribed applied torque in the linear viscoelastic
regime will be considered. The concept of linear viscoelasticity will be explored fully
in the following section, but suffice it to say at this point that for suitably small de-
formations of a viscoelastic material, the assumption that the stress-strain relationship
within the material is linear in nature provides a good approximation.

One of the best known of the first generation of rheometers was the Weissenberg
Rheogoniometer [96, 20], which enabled experiments to be carried out in a strain-
controlled regime. The material sample was contained between two boundary sur-
faces, the lower of which was rotated with a prescribed angular motion. The upper
platen was constrained by a torsion bar possessing a calibrated elastic constant, allow-
ing the resulting motion of the upper platen to be used to determine the stress exerted
upon the platen surface. In steady shear mode the lower platen would be rotated
at a steady angular velocity and the torque on the upper platen measured, whereas
in oscillatory shear mode the lower platen would be oscillated at a specified angular
frequency, resulting in both of the plates oscillating with the same frequency once a
quasi-steady state was achieved, albeit with a measurable phase difference.

Several novel experimental geometries [96] such as the eccentric rotating disk
(ERD) and tilted sphere (balance rheometer) were tried in the 1970s which offered
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steady rotation of the sample whilst subjecting fluid elements to small harmonic
strains. The advantage of these experiments was that the real and imaginary parts
of the complex modulus G*(w) were measured separately as two forces or torques in
two orthogonal directions, whereby eliminating the need to measure the phase differ-
ence, which may be problematical under certain conditions. The limiting cases ¢ = 0
and ¢ = 7 were formerly difficult to measure and usually contaminated with experi-
mental artefacts such as phase displacements introduced by the electronic system and
instrument compliance effects. The new geometries should have resulted in increased
accuracy over the standard methods, but have been discarded in preference for the
simpler experimental setups combined with the improved design of accurate modern
rheometers.

Historically, the preference for strain-controlled instruments has been dominant,
mainly as a consequence of the simplicity of design and experimental setup of this
type of rheometer. Stress controlled experiments are becoming more popular as instru-
ment sensors become more sophisticated and capable of resolving torque and strain
more accurately, although most modern instruments are capable of performing both
strain-controlled and stress-controlled experiments. In terms of the mathematical the-
ory, strain-controlled and stress-controlled experiments are equivalent, however ex-
perimentally, stress-controlled measurements enjoy some advantages [20]. Operating
in controlled-stress mode generally results in higher sensitivity and in the case of oscil-
latory tests, better measurements of the complex modulus at low frequencies is achiev-
able. Step changes in stress are more easily applied than corresponding variations
in strain, the latter being severely limited by the effect of the inertia of the rotating
assembly of the rheometer. Certain materials may actually require stress-controlled
measurements, such as those which possess a yield-stress or highly elastic gels.

The standard techniques for determining the material functions in the linear regime
can be categorized into two groups: static and dynamic tests. Static tests involve the
application of a constant stress (or strain) to the material under investigation and mea-

surement of the resulting strain (or stress) in the time domain.

If the strain is specified as a step function, the behaviour observed is stress relax-
ation, allowing the relaxation modulus to be determined directly. The typical response
for a viscoelastic fluid being that illustrated in Figure 1.12, where the measured stress
jumps instantaneously to a value oGy then decreases exponentially to zero as ¢ tends

to infinity. For viscoelastic solid materials, the stress decreases towards a constant lim-
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Figure 1.1: Creep response for :
a viscoelastic liquid. Rl i
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iting value G, representing a residual finite amount of stored energy. The initial jump
in strain can be difficult to reproduce accurately due to inertial effects, since the inertia
of the rotating assembly is in general significant in relation to the inertia of the material
sample. This technique is limited to relaxation times of at least a few seconds, since the
time to reach steady state must be short in comparison with the time over which the re-
sponse is measured to ensure suitable accuracy. Additionally, the range and resolution

of torque measurements limit the reliability of long time-scale data [62].

O'().]oo-

Figure 1.2: Creep response for o0l

a viscoelastic solid.

Creep experiments involve the application of a constant stress 0y, allowing the di-
rect measurement of the creep compliance. A common extension is to consider creep
and recovery, where the applied stress is now constant for 0 < ¢t < t;, then zero there-
after. The typical strain response observed for a viscoelastic solid is shown in Fig-
ure 1.2. The strain jumps instantaneously to an initial value oy Jp, then increases as an
exponential function towards an asymptotic value 0yJ, provided that ty is sufficient
to allow the displacement to reach a quasi-equilibrium state. For t > tj, the strain
then relaxes exponentially to zero, representing the complete recovery of all the stored
elastic energy. For viscoelastic fluids, as shown in Figure 1.1, the strain initially grows
exponentially, then increases as an approximately linear function in time. When the

stress is removed, the strain relaxes exponentially towards a constant value ‘7?7&, repre-
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senting the energy dissipated by the viscous component of the material behaviour. The
problems concerning inertia combined with the relative ease of measurement of strain
in comparison with stress, has resulted in creep tests being preferred over relaxation
tests.

The standard method for determining frequency-dependent linear viscoelastic
functions, such as the complex modulus, complex compliance or complex viscosity
is to apply a sinusoidal waveform of a fixed frequency, whereby upon attaining a
quasi-steady state the relevant function can be obtained at that particular frequency.
As shown in Figure 1.3, an oscillatory stress (or strain) is applied to the material un-
der investigation at a specific, fixed frequency wy and the resulting strain (or stress) is
measured, which is also of the same frequency, from which the phase angle é and am-
plitude ratio can be used to calculate G’ (wy) and G”(wy) at that particular frequency.
The experiment is then repeated at the next frequency, and so on until the desired range
of frequencies has been covered.

The first reference to oscillatory tests appears in [67], where an oscillatory shear
experiment using concentric cylinders was considered. The outer cylinder was oscil-
lated at a prescribed angular frequency and the inner cylinder, which was connected
to a torsion balance was used to determine the resulting strain on that cylinder. A
similar analysis can be carried out for the cone-plate and parallel plate geometries, the
equations for the parallel plate geometry first appearing in [97].

Modern rheometers such as the TA Instruments AR2000 handle this process auto-
matically by performing a “frequency sweep” over the desired frequency range at a
specified number of points, usually distributed evenly over a logarithmic scale. For
stress-controlled measurements, the linear range would usually be determined by per-
forming a “stress sweep” at certain frequencies; in the linear regime the measurement
of G*(w) is independent of the magnitude of the applied stress. Such experiments are
termed dynamic since the excitation is a continually varying function of time. Note
that the equation for determining G*(w) from oscillatory shear tests is strictly speak-
ing only valid in the limit as t tends to infinity, although it can be reasonably assumed
that a quasi-steady state is reached after several cycles. The first few cycles contain
a superimposed transient function which necessarily limits the minimum duration of

the experiment.

A variation of the oscillatory shear experiment considered relatively early on was

the determination of the oscillatory linear material functions using free, rather than
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Figure 1.3: Small amplitude
oscillatory shear. T

forced, oscillations. The technique involves the application of an arbitrary strain profile
up until a finite cut-off time, after which the damped oscillations are used to calculate
the complex modulus. Experimental investigations in [97] and [90] indicated that the
quality of data achievable was decidedly inferior to that produced by the standard
method of forced oscillations, due to the rapid diminution of the measured stress to
levels which could not be measured with sufficient accuracy and hence resulting in
noisy data for higher frequencies.

A number of problems become manifest with experiments made within the fre-
quency domain using fixed frequency waveforms. At low frequencies the instrument
transponder is unable to respond to the very small forces or displacements produced,
so noise is a potential problem in data collected at those frequencies. At the other end
of the scale, the response is dominated by the inertia of the rotating assembly of the
rheometer at high frequencies. The frequency data is ultimately used to determine the
relaxation spectrum, which reveals problems in the nature of the data. Only a limited
range of discrete frequencies are available, and contrary to rheological folklore that this

1 -1

yields relaxation spectrum data over the interval [wr;ax, wmin} , the interval has been

conjectured [21] to be shortened to [e%wr;éx, efgw;iln

]. This is known as sampling
localization.

The standard techniques for determining the material functions of linear viscoelas-
tic materials have maintained their popularity mainly by virtue of the simplicity of the
mathematical process for converting the experimental data for output stress or strain
into the relevant characteristic function. The primary limitation in a practical sense of
these techniques is the timescale involved to collect sufficient data to determine the

required characteristic function. Each experiment performed at a fixed frequency only
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yields a single datum for the complex modulus, at that particular frequency. For a
material sample with stable temporal properties, the only inconvenience is the time
expenditure required to characterize the material; the accuracy of the data is indepen-
dent of the experimental time. However, for so-called “rheokinetic” materials which
have unstable and evolving structures, only a short experimental time is available in
order to determine the properties of the material before the material changes to an-
other state and hence a change occurs in the properties. Examples of such materials

and processes are

1. Chemical reactions: Gelation involves a chemical reaction resulting in a tran-
sition from a relatively low viscosity fluid to a highly elastic solid. Of particular
interest is the gel-point at which the material ceases to be fluid and becomes solid.

Other examples of chemical reactions include curing processes and polymerization.

2. Physical aging: The structure of certain materials may change over time. Exam-
ples are crystallization, phase transition, solvent evaporation for polymer solutions

and slow structural rearrangements.

Thus, experiments concerning these materials and processes have two competing
mechanisms to deal with: stress relaxation which is the approach to an equilibrium
state at rest and structural change in the material which results in a change of that
equilibrium state, assuming that each transient structure can be characterized by an
equilibrium state. Some materials, such as dispersions suffer structural changes as a
result of even the smallest deformations [55]. Therefore, it is often desirable to perform
experiments which provide the greatest range of data over the shortest possible time
period. The progression of certain processes and reactions can be followed given a
sufficiently rapid experiment; of particular interest is the gelling-point at which point
a material makes the transition from liquid to solid form. In [35] the limitation of ex-
perimental data for rheokinetic materials was defined by stating that the experimental
time must be short compared with the characteristic time of material change. How-
ever, measurement of a relaxation process requires that the experimental time must be
of the order of the relaxation time of the process, therefore for a material with high rate
of change properties, only the short end of the relaxation spectrum can be investigated.

This can be expressed mathematically by requiring the inequality

=<1 (1-1)
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to be satisfied, where A symbolizes the rate of change of the relevant property, for the
longest relaxation time A to be determined.

This leads to the first part of the motivation for the problem considered here - to
attempt to define the optimal form for an experiment which acquires as much infor-
mation as possible in the shortest possible time-frame, preferably from a single test.
Thus, celerity is of primary importance where acquisition of data is concerned. Much
research in the past 25 years has been directed at this particular subject, of which the
main achievements are now summarized below.

Two main avenues of investigation have evolved, approaching the problem from

subtly different angles, namely

1. Time domain mechanical spectroscopy (TDMS): The determination of the com-
plex modulus G*(w) from measurements in the time-domain was first investigated
in [60] by considering an experiment involving the application of a constant strain
rate ¥ over a finite interval [0, Tp]. The response can be divided into two parts.
Firstly, starting from a stress-free state the measured stress o7 (f) increases to a con-
stant value 0y = 1oy at constant strain rate, allowing the relaxation modulus to be
calculated from

. 1 d0'1
=5

(1-2)
and the required frequency dependent function can then be obtained from the
Fourier transform

n*(w) = % /OTZ o1 (t) e Wt qt. (1-3)

For times subsequent to T, stress relaxation is observed after the cessation of
steady-state Newtonian flow and the relaxation modulus for this portion of the

curve is given by

1de
G(t) = —ad—f (1-4)
and correspondingly
n*(w) =1 — E N oy (t) e dt. (1-5)
T I
The numerical Fourier transform was initially carried out using the FFT, but the
Carson-Laplace transform proved to generate better accuracy. Agreement with data

obtained from a standard oscillatory test in the “terminal region” (largest relaxation
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times) was considered to be reasonable, however a departure from dynamic data at
intermediate frequencies was observed. The conclusion was that frequency domain
methods provide more accurate data, but the time-saving experienced as a result of
using the TDMS method was significant, typically reducing experimental times by

a factor of 4 to 8.

2. Fourier transform mechanical spectroscopy (FTMS): Instead of applying a sin-
gle, fixed-frequency sinusoidal waveform, the idea behind FTMS is to simultane-
ously apply several harmonic frequencies and thus determine more than one data
point on the complex modulus curve from a single experiment using a frequency
based analysis. Two approaches have been considered, using periodic and non-
periodic waveforms. The first mention of the method concerning periodic wave-
forms in the literature appears in [35], where a small number of frequencies were
simultaneously applied to the sample. Thus, the applied signal has the form of a

Fourier series

n

n
() =) v(wi) =) visinwit, w;=mwys: m; e 7.>0 (1-6)
i—1 i=1

where wy is the fundamental (lowest) frequency applied and the {7;} must satisfy
Yt 17 < . for some 7y, > 0so that the equations of linear viscoelasticity are valid.
Linearity implies that the output will also be a periodic signal of the same frequency
composition, although with a constant phase shift, provided that sufficient time has
elapsed to attain a quasi-steady state. Thus, the output signal takes the form of the

Fourier series

m

o(t) =) o(w) = i [A;sin(w;t) + B; cos(wt)] (1-7)
i=1 i=1

where the coefficients of the series can be obtained by applying a discrete Fourier
transform to the measured stress data. Thus, the storage modulus G’(w) and loss
modulus G”(w) can be determined for each frequency w; using the same equations

for the single frequency test,

I o(w;) , 2 B
G'(w;) =kl (@) cos 6 (w;) + Iw; (1-8)
Mmooy U(wi) . ) _
G'(w;) = k,y( y sind(w;), (1-9)

where §(w;) is the loss tangent associated with the i-th frequency component and k

is a geometric parameter depending upon the specific experimental configuration.
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The advantage of this method is that several data can be accumulated from a single
experiment, however the experimental time still has to be augmented to allow the
transient portion of the response to decline to a negligible magnitude. Additionally,
the choice of the amplitudes of each frequency component requires careful choice. If
the sum of the magnitudes is too great the linear viscoelastic limit will be exceeded
and the governing equations are no longer valid, alternatively the amplitudes of
the higher frequency components of the output may be too small to measure with

acceptable accuracy if the number of frequencies is increased.

A selection of more sophisticated waveforms was considered in [22] using a mod-
erate number (at least 20) of frequency components in a stress-controlled experi-
mental framework. Two waveforms were considered, based upon a fundamental

frequency wy:
(i) Square waveform:

n (—1)]‘771 cos jwyt

Ct)=Co ), (1-10)
j=L,0dd J
(ii) Equal amplitude cosine waveform:
n
C(t)=Co Y, coskwyt (1-11)

k=1,0dd
In each case the discrete Fourier transform of the data yields the Fourier series co-
efficients whereby the storage and loss moduli can be obtained using the standard
oscillatory equations (1-8)-(1-9). Experimentally, problems encountered with the
square wave, taking n = oo which corresponds to a perfect square wave, were
small output strain amplitudes for the higher frequency components, which con-
sequently approached the minimum strain specification for the instrument used in
the experimental investigation. This is due to the fact that the torque amplitude
of the k-th harmonic is proportional to 1/k. The highest fundamental frequency
is limited by the mechanical inertia of the rotating instrument assembly, which re-
sults in very small angular displacements and consequently experimental scatter.
The equal amplitude cosine waveform, constructed using n = 39, produced gen-
erally better agreement with standard data, but the amplitude of higher frequency
harmonics in the output strain were still limited by instrument inertia. An increas-
ing amplitude torque waveform was also considered, which gave good agreement
at higher frequencies, but conversely a slight discrepancy was observed at lower

frequencies due to the low torque amplitudes being applied at low frequencies.
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The fundamental question pertaining to the choice of applied torque profile with
reference to the FIMS technique is how the applied waveform should be chosen
such that the amplitudes of the frequency components of the measured signal are
sufficiently large to be measured with acceptable accuracy, whilst conforming to
the constraint imposed by the linear viscoelastic limit. The simplest periodic wave-
forms, such as the square and triangular wave, suffer from very small amplitudes
signals at higher frequencies as the number of modes is increased, which leads to
inaccurate data at those frequencies [22]. The main constraint upon the amplitudes
of the input frequency components is that the sum of the strains should be small
enough to lie in the linear viscoelastic regime. The choice of the amplitudes is oth-
erwise arbitrary, but influences the accuracy with which the moduli can be deter-
mined. One approach [12] involves minimization of the ‘spread” of the amplitudes
of both the applied and measured parameters. Assuming the stress is specified as
N superimposed frequencies w; with phase differences ¢; and amplitudes o;, for

i =1,...,N, then the resultant strain amplitudes will be given by

o2

2 i .
’)/‘ - ’ 121/"'/N (1-12)
"GN (wi) — kW] + [G (w;) — kdew;)?

where k, I and d are instrumental parameters. The quantity to be minimized is the

parameter S, defined by

2

_ (1-13)

1 {O'max 4 ')’max] .
Omin Ymin
The value opyin can be set arbitrarily due to the linearity of the stress-strain relation-

ship. Rewriting (1-12) in the form
0i = F(wi)7i (1-14)

where F(w;) is a known and strictly non-negative function of w which has maxi-
mum and minimum in the interval [Wmin, Wmax] Occurring at w = w, and w = wy,

respectively. Then, the minimum value of S is satisfied by

1
Cmax _ Ymax _ (F W)i. (1-15)

Omin Ymin

The extension of the FTMS technique to encompass arbitrary, non-periodic wave-
forms was first proposed in [59]. However, a potentially significant problem con-

cerning the use of non-periodic functions as an input in controlled stress or strain
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rheometry arises from the use of the equations (1-8)-(1-9), which assume that a
quasi-steady-state has been achieved. Where periodic waveforms are concerned,
this criterion can be satisfied by allowing several cycles to occur before measure-
ment takes place, whereby allowing the transient to decay to negligible values.
However, when the property of periodicity is no longer possessed by the applied
stress or strain signal, it is no longer obvious whether a steady-state can ever exist
and consequently if the equations for G'(t) and G”(t) can be used with any de-
gree of accuracy. If the input profile has significant low frequency components,
this may cause more significant problems than a profile consisting mainly of higher
frequency components, since the transient constituent of the signal usually decays

more rapidly for higher frequencies.

The problem concerning low output amplitudes for higher frequencies can be ad-
dressed in an analogous manner to the periodic case. An increasing frequency

waveform [29] was tried for which the applied torque was given by

t2
C(t) = Cysin (”7:2 ) . 0<t<Hh (1-16)
1

and is essentially a frequency sweep performed within a single experiment. Al-
though no longer considered to be a candidate for an optimal applied torque, the
absolute value of the Fourier transform exhibits a relatively constant value over a
finite range of frequencies with a slow decline into the higher frequency region. In
[58], the optimal choice of torque input was defined to be that which contains equal
amplitudes for all harmonics in a specified range. This implies that in Fourier space
the required function is the box function, which assumes a constant value over a
defined domain and is zero elsewhere. In the time domain, this is equivalent to

applying a strain in the form of the sinc function

sin wot

t (1-17)

Y(t) = 70

Favourable results were presented in comparison with standard results in [55],
however it is not clear to what extent the method is influenced by the effect of
the transient component of the torque which is assumed to be negligible in the sub-
sequent analysis to obtain the storage and loss moduli. In [20] it is noted that from
a purely theoretical perspective, the optimal form for an applied strain in terms
of frequency content would be the delta function, since the Fourier transform is a

Heaviside step function and thus contains equal information about all frequencies.
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Another approach taken in [104] was to reduce the experimental time by allowing
the use of the transient data to calculate the complex modulus recursively, in compar-
ison to a standard experiment where at least a single oscillation is applied before any
measurement takes place, whereby reducing the relative experimental time by at least
a factor of two. The advantage is only slight for higher frequencies, but for extremely
low frequencies, such as those required by materials composed of fibrin networks or
to investigate gelation processes where frequencies as low as 10~* rad s~ might be
necessary, the improvement is readily apparent. It was noted in the discourse that data
from the first cycle of oscillation can produce errors as great as 16% when the steady
state equations are indiscriminately applied, however the error commonly diminishes
to around 1% for the second cycle and also that for multi-frequency waveforms the
error can be larger, since the sum of the transient responses from all component fre-
quencies is measured, suggesting that the FTMS method can only be reliably applied
to periodic waveforms. Another advantage stated for this method is that fluid inertial
effects are less significant during the first cycle than are experienced thereafter.

A recent development concerning measurements in the time domain allows G()
and J(t) to be determined from a single experiment [66], rather than by performing
separate creep and relaxation experiments, or performing one experiment and inter-
converting which requires the solution of an ill-posed problem. The experimental
setup is based around “spring loading”, as illustrated in Figure 1.4. A viscoelastic
bar of the material under investigation of cross-sectional area Ap is connected in series
with a Hookean “load spring” with spring constant ks. Att = 0, the lower end of the
spring is subjected to a step function displacement of Al, exerting a tension on the bar
which causes a time dependent deformation. As the spring extends, the tensile force
decreases, but that in the bar increases. If the material under investigation is a vis-
coelastic liquid, the length of the bar will increase by the original length of the spring,
the spring reverting to its initial length. However, if the material is a viscoelastic solid,
an equilibrium will be reached as the force in the spring becomes equal to the elastic

forces in the bar.

Applying the linear viscoelastic constitutive equations from (1-34) and (1-37), com-
bined with the relations Al (¢) + Als(t) = Al and fyr(t) = F(t) = ks [Al — Aly(t)], the
following Volterra integral equations of the second kind are obtained,

Al = Al (t) + 2—;; MtG(t —t) % [AL(t)] dt' + AlLL,(0)G(¢) (1-18)
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Figure 1.4: Spring-loading ex- —_———
periment to determine creep Al
and relaxation functions si-
multaneously. t=0 t=t
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st = | [ =) G o (#)] Q'+ (0] 1) (1-19)

the solutions of which are well-posed problems. Use of the interconversion condi-
tion (1-52) provides equations relating the relaxation modulus and creep compliance
in terms of either f;¢(t) or Al,(t), indicating that the two equations can be solved si-
multaneously or sequentially. Although it appears that an ill-posed problem has been
replaced by two well-posed problems, in fact the instability is transferred to the data
through the presence of the derivatives of the measured variables f¢(t) and Al,(t).
The degree of ill-posedness of the differentiation process is equivalent to the degree
of ill-posedness of the interconversion condition. The advantage of being able to ob-
tain both functions from a single experiment is clear however, in terms of experimental
time and stable solution techniques are more readily found for the pair of equations of
the form in (1-18) and (1-19). This method seems to be the best choice where viscoelas-
tic solids are concerned, however it is not obvious how the setup can be adapted to
accommodate viscoelastic liquid materials which cannot easily be constrained in bar
form when subjected to extensional stresses.

The approach taken in this thesis differs from previous methods of tackling the
problem of defining an optimal form for the applied torque in a stress-controlled ex-
periment by considering the intrinsic properties of the governing equations, which are

of Volterra form when the solution is taken to be the relaxation modulus. The optimal
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applied torque is defined to be that which minimizes the ill-posedness of the prob-
lem, whereby resulting in the most stable solution for the relaxation modulus. Using
the definition of the v-smoothing problem in [50] for Volterra integral equations of the
tirst kind, which are well-known to be ill-posed, the degree of ill-posedness is demon-
strated to be dependent upon the behaviour of the platen angular velocity near ¢t = 0.
The optimal form for the applied torque in a theoretical sense is the delta function, but
since it is debatable whether this torque can be reproduced experimentally, the next
best form for the applied torque is a box function, which produces a step increase in
the platen angular acceleration at t = 0. It is concluded that applied torque functions
which exhibit slow growth near t = 0 produce the least stable problem and should
be avoided if possible. This result is compatible with the conclusions in [58], since the
sinc function also belongs to the nearly optimal class of 2-smoothing problems - the
additional assumption concerning the equal amplitudes for higher frequencies is an
experimental consideration, which complements the theoretical conclusions reached
here.

Additionally, a numerical scheme for obtaining the relaxation modulus directly in
near real-time from a controlled stress experiment is presented here. The basic dis-
cretization of the Volterra integral equation is shown to be inadequate for accurate
solution for the relaxation modulus due to the ill-posedness of the problem in the pres-
ence of noisy data. This is probably the main reason why little interest has been shown
in solving the governing integral equations for the controlled-stress rheometry experi-
ment directly. Thus, regularization is required to obtain a reasonable solution and it is
here demonstrated that the future-constant [47] and future-polynomial [18] regulariza-
tion methods of Volterra type are effective at obtaining a stable and accurate solution
even in the presence of noisy data, for appropriate choices of the regularization param-
eter(s).

Despite the abundance of new techniques proposed in recent times, the simple
small-amplitude oscillatory shear experiment still remains the standard technique for
determining the linear viscoelastic functions, perhaps only superseded by FTMS in its
most elementary form using a small number of discrete frequencies to represent the
interval of interest. The main rationale is perhaps the mathematical and experimental
simplicity involved in obtaining the relaxation modulus from a sinusoidal input once a
steady-state has been achieved. Although the experimental time involved in construct-
ing a complete complex modulus curve can be seemingly interminable, particularly if

low-frequency data is required, the data acquired by this method for temporally stable
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materials is of the best quality attainable, since only a single datum or perhaps several
data points are obtained from each experiment and several cycles can be averaged to
improve the data further. The method is robust in the sense that accurate data can
be reliably obtained for any material, provided the linear viscoelastic limit is adhered
to. A further drawback of using the FTMS method with large numbers of frequency
components is that the quality of the data is dependent upon the choice of the relative
amplitudes in the input signal - if the overall sum is too large, the linear viscoelastic
will be exceeded and the governing equations no longer valid and if certain frequency
components in the output are small in magnitude, the instrument sensor will be unable
to resolve that component with sufficient accuracy.

The main advantage of the technique proposed here is that the relaxation modulus
can be obtained directly almost in real-time using the measured values of the applied
torque and output platen angular displacement. The relaxation modulus can be deter-
mined over the interval defined by the experiment, less the length of the future interval
used in the regularization method, whereby circumventing the problem of sampling
localization inherent in the frequency-domain experiments. However, there are some
disadvantages to take note of. Firstly, in common with multi-frequency waveforms it
may be difficult to choose the amplitude of the applied torque such that the output dis-
placement is sufficiently small to lie within the linear viscoelastic region, whilst being
sufficiently large that the instrument sensors can measure the displacement with rea-
sonable accuracy. The choice of the value of the regularization parameter for a particu-
lar experiment may also be problematic, since there is no automatic means for choosing
the optimal value. If the value is chosen to be too high, over-smoothing results and the
solution diverges from the actual solution, whereas if the value chosen is too small, the
data will still contain spurious oscillations as a result of the data noise and inherent
ill-posedness of the problem.

The underlying theory for linear viscoelasticity is now explored in more detail as a
basis for the development of the governing equations for stress-controlled rheometry

in Chapter 2.

II. LINEAR VISCOELASTICITY

The study of the deformation of materials has long provided an area of interest for
philosophers and scientists. The documented history begins in the 17th century with

the pioneers in the fields of solid and fluid mechanics: Hooke and Newton, who set
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down relations between force and deformation for the first time for solid and liquid
materials, respectively. At that time, materials were assumed to belong to one of two
distinct classes - which were later to become known as the Hookean elastic solid or
Newtonian viscous fluid. A solid or arrheodictic material may be defined [94] as one
which does not continuously change its shape when subjected to a stress, while a liquid
or rheodictic material will continuously change its shape (i.e. flow) when subjected to
a given stress, irrespective of the size of that stress. A solid possesses a reference state
in which the material is free of the effects of any stress or strain history it may have
experienced prior to deformation, but for liquids there is no preferred configuration

and it makes no sense to talk about an undeformed state.

1.2.1 Hookean Elastic Solid

In 1678, Robert Hooke introduced his theory of elastic materials [37]. Experiments with
springs led him to deduce that the tension in the spring was related to the extension

by a simple linear equation.
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Figure 1.5: Deformation of a v/ v/
Hookean elastic solid mate- v vl
rial.
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By considering a small shear deformation of an elastic solid material, here taken
to occupy the rectangular block OABC initially at t = 0, which under deformation
becomes the parallelogram OAB'C" att = ' > 0 with angle COC’ denoted by y(t) as
shown in Figure 1.5, the relationship between shear stress oy, (t) and strain «(t) at time

t > 01is given by

Ty () = 87(1), (1-20)

where the constant g is referred to as the rigidity modulus.
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Note that if a step strain, vy, (t) = YoH(t — to) is applied at t = to, then oy, (f) =
Y0gH(t — tp). From this it can be deduced that the strain response is instantaneous,
reaching an equilibrium value g7y as shown in Figure 1.6. Conversely, if a step strain
is imposed, the stress will also be described by a step function. In a perfectly elastic
material, the energy required to deform the material is stored and can be completely

recovered when the applied stress is removed.

1.2.2 Newtonian Fluid

The corresponding model for viscous fluids was proposed by Isaac Newton in part
of his great mathematical treatise [65]. Consider a liquid contained between two large
parallel plates, the upper of which is moved with a constant velocity in a fixed direction
until a steady state is obtained as illustrated in Figure 1.7. The velocity at any point is
v1 = v1(y), vy = vs = 0. Assuming the flow is laminar, if f is the frictional force
resisting the motion of two adjacent parallel laminae past each other and 4 is the area

of the plates, then the shear stress (f/a) is given by

Oy (H) = 77 (t), (1-21)

where 7 is the coefficient of shear viscosity and the strain-rate is defined 7 = %. If a
step stress oy, (t) = opH(t) is applied in this case, it can be seen that the strain rate will
increase instantaneously to an equilibrium value op/#, but the strain 7y will increase
linearly as a function of time with gradient op/# as shown in Figure 1.8. The energy
required to deform the material, in contrast with the elastic solid, is entirely dissipated

as heat due to the friction as the laminae flow over each other.
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1.2.3 Viscoelasticity

The classification of materials into the extremes of Hookean elastic solid and New-
tonian viscous fluid was accepted for over a century, until experiments with certain
materials revealed behaviour that could not be described by either of the classical the-
ories of elasticity and viscous fluid flow alone. The permanent deformation of metals
when the stress increases beyond a certain limit is one such example. In 1835, the Ger-
man physicist Wilhelm Weber [98] noted that the elasticity of silk threads in tension is
not perfect - an immediate elastic tension is followed by continued slow extension as a
function of time. When the force is removed from the thread, it returns to its original
length; an process known as creep and recovery today. This was the first description
of the concept of a viscoelastic material, i.e. one that displays both elastic and viscous
tendencies.

It is reasonable to assume that all materials are viscoelastic, since under deforma-
tion some energy is always stored and some dissipated. Over large timescales, a mate-

rial that appears to be solid in nature over short timescales may flow like a fluid. This
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leads to the definition of a dimensionless parameter which relates the characteristic
time of the deformation process to a characteristic time associated with the material,
known as the Deborah number [76],

D, — Jmat (1-22)
/\exp

where Amat, Aexp are the characteristic material and experimental times, respectively.
A limiting value of zero corresponds to viscous fluid behaviour while infinity corre-
sponds to that of an elastic solid. For intermediate values, viscoelastic behaviour is
observed.

Viscoelastic materials such as polymers, soils, bitumen, concrete, cartilage and
many bodily fluids are familiar in modern everyday life. A considerable proportion
of rheological study has been directed towards polymeric materials, encouraged by
the significant use of these materials in engineering and manufacturing. The viscoelas-
tic behaviour of polymers arises from the movement of thread-like, flexible long-chain
macromolecules [102] which occupy a volume considerably greater than atomic dimen-
sions. As the material undergoes deformation, internal forces develop as a result of

molecular changes in configuration, involving rearrangements on three scales:

1. Long-range contour rearrangements, e.g. convolutions (slow)
2. Local level rearrangements, e.g. kinks (more rapid)

3. Reorientation of bonds on the chain backbone on the atomic scale

Hence, the stresses are influenced on several timescales, giving rise to complex be-
haviour as the internal stresses adjust varying rates. The distinction between solid-like
and fluid-like behaviour is related to the presence of cross-linking in the structure. If
present, as illustrated in Figure 1.9 the resulting network limits the maximum possible
deformation and intermolecular forces cause the original configuration to be regained.
However, if the polymer is not cross-linked (Figure 1.10), under constant stress the
macromolecules continue to slide over each other and flow. When the stress is re-
moved, there are no intermolecular forces to return the molecules to their original con-

tiguration.

1.2.4 Maxwell Model

The first constitutive equation specifically suited to modelling a viscoelastic material

was proposed in 1867 by James Clerk Maxwell [61], although the original purpose of
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the experiment was to determine the viscosity of a gaseous material. In the case of

simple shear, the form for the Maxwell constitutive equation is
ffxy(t) + Adxy = 77’)"xyz (1-23)

where A is a constant termed the relaxation time. Linear viscoelastic models such as
this are often represented by mechanical analogues, composed of various configura-
tions of springs, which represent the Hookean elastic component, and dashpots, which
represent the Newtonian fluid component of the material behaviour. In this form, the

Maxwell model corresponds to a dashpot and spring in series as shown in Figure 1.11.

The constitutive equation can be derived by assuming that the total strain rate is
equal to the sum of the strain rates of the spring and dashpot, i.e.
7(t t
olt)  olt) (1-24)
8 U
Note that taking the limits 7 = 0 and g = oo corresponds to the Hookean and Newto-

f)’(t) = 7e(t) + 7v(t) =

nian cases, respectively.

Solving the differential equation in (1-23) leads to

by o) p _t
where ¢ = 0, since lim;,_ ny(t) must be finite. Under step-strain conditions,
')’xy(t) = yoH(

>

),
oy () = % e 7, (1-26)
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Figure 1.11: Spring-dashpot representation of
the Maxwell model. The spring represents the
elastic contribution and the dashpot represents
the viscous contribution to the behaviour of the
material.

it can be seen that the stress jumps to an initial value J°, then relaxes exponentially

to zero as shown in Figure 1.12. The relaxation time A = g is the time for the stress
to relax to e ! of its initial value. The physical explanation for this behaviour is that
while the material body is constrained in a fixed shape, the molecules readjust to more
favourable internal configurations which gradually produce lower stresses. For a New-
tonian fluid, A = 0 and for a Hookean solid A = co. It has been estimated that for water
A ~ 10712 5. Note that the Maxwell model can only model viscoelastic fluid behaviour,
since under step stress conditions the strain does not reach an equilibrium value, corre-

sponding to the indefinite extension of the dashpot element in the mechanical model.

1.2.5 Kelvin-Voigt Model

The second model proposed for viscoelastic materials is often referred to as the Kelvin-
Voigt (K-V) model, although the first occurrence of the constitutive equation is at-
tributed to Meyer [63]. Kelvin applied the concept of Meyer’s model to the damping
of metals, and Voigt later generalized to anisotropic media. The constitutive equation

for this model takes the form

Oxy(t) = &Yy (£) + 172y (1), (1-27)
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)
Figure 1.12: Response of a
Maxwell fluid to a step-strain
function.
O t

which is equivalent to a spring and dashpot in parallel in terms of a mechanical model
as shown in Figure 1.13. Occasionally, the parameter used to characterize the spring
is the compliance, ] = 1/g. The result in (1-27) is obtained by assuming that the total

stress is the sum of the stresses in each component, so that

o(t) = oe(t) + 0o (t) = gv(t) +77(¢). (1-28)

N\
g Ue UU % /r]
l ()

The K-V model does not show stress relaxation under constant strain as for the

Figure 1.13: Spring-dashpot
representation of the Kelvin-
Voigt model.

Maxwell model, since the stress remains constant. Hence, the K-V model is not capable

of describing viscoelastic fluid behaviour. However, under step-stress oy, (t) = cgH(t),
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_t
Yay(t) = 00] (1 _e ) (1-29)
the strain reaches the same equilibrium value as for the Hookean model, %, but the
strain growth is retarded as illustrated in Figure 1.14. The retardation time, T, is defined
as the time taken to reach (1 — e~ !) of its final equilibrium value, or alternatively the

time taken to fall to e~! when the shear stress is removed.

Yoy
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Figure 1.14: Response of the
Kelvin-Voigt model to step
stress.
0) t

1.2.6 General Linear Models

Both of the Maxwell and Kelvin-Voigt models are examples of linear viscoelastic con-
stitutive models, in the sense that the constitutive equations are represented by linear,
tirst-order differential equations. However, it has been noted that neither model is
completely general in the sense that the Maxwell model cannot describe strain retar-
dation and the Kelvin-Voigt model cannot describe stress relaxation, hence the two
models describe different behaviour for the same prescribed stimulus. To model lin-
ear viscoelastic solid-like behaviour, a minimum of three elements are required [94]
- namely two springs and one dashpot, while liquid-like behaviour requires at least
four elements - two springs and two dashpots. By adding a lone spring in parallel to
the Maxwell element, a model which describes solid-like behaviour can be obtained.
When these requirements are satisfied and with certain choices of parameters, the qual-
itative behaviour predicted by any of these models is of the same nature under a given
prescribed stimulus.

More complicated models be created by taking various combinations of springs

and dashpots in parallel or serial configuration (see [9],[94] for examples), but it has



1.2 LINEAR VISCOELASTICITY 26

been shown that all models, irrespective of complexity, can be reduced to one of two
canonical forms [82]. These are the generalized Maxwell and Kelvin-Voigt models,
respectively.

The generalized Maxwell model consists of a finite number, N, or an enumerably
infinite number of Maxwell elements in parallel as illustrated in Figure 1.15, each with
a different combination of spring and dashpot constants, g; and #;, fori = 1,...,N.
The stress then has the form

=

N t it
o(t) =Y g / e T q(t)dr, (1-30)
i=1 -

where {g;} are the spring constants and {A;} are constants with the dimensions of

time, known as the relaxation times and are defined by A; = #;/g;.

gl 92 g3 ................. gN

Figure 1.15: Spring-dashpot representation of the N-mode Maxwell model.

The generalized Kelvin-Voigt model is obtained in a similar fashion, but by com-
bining K-V elements in series. This leads to the definition of the creep compliance as

stress/strain ratio under step-stress conditions.

1.2.7 The Boltzmann Equation

The theory of linear viscoelasticity as it is known today is largely as a result of the work
of Ludwig Boltzmann [15]. The concept now known as the principle of fading memory

was developed by Boltzmann, and states that the stress at time ¢ depends not only on



1.2 LINEAR VISCOELASTICITY 27

the current strain at that time, but also on those for all previous times. The contribution
decreases as the interval from the current time increases.

This was followed by the principle of superposition, which implies that if either one
of the single-step response functions G(t) or J(t) is known, then the output resulting
from any input can be predicted [27, 102]. The relaxation modulus is defined to be the

stress/strain ratio under step-strain conditions, thus the stress will be

o(t) = 70G(t) (1-31)

and if a higher strain 7 + 1 is applied, then ¢(t) = (79 + 1) G(t) by linearity. How-
ever, if a strain ‘g is applied at time t = 0 and an additional strain <y; is subsequently
applied at t = t;, then according to Boltzmann's superposition principle the total stress
will now be the linear superposition of the two resultant stresses at their respective

times,

o(t) = v0G(t —to) + MGt — t). (1-32)

The generalization to an arbitrary number of step strain functions is then easily de-
duced to be

ti=t

Z YiG(t — ) (1-33)

tj=—00

Hence, the stress resulting from an arbitrary strain history can be estimated by approx-
imating the function representing the strain by a series of step functions. Taking the
limit as the number of step functions increases to infinity and the discrete {t; } approach

a continuum, the Stieltjes integral

() = 70G (¢ +/ (t— ') dy(F) (1-34)

is obtained. This is the constitutive equation for linear viscoelasticity, more commonly

expressed in the form
t
o(t) =v(0)G(t)+ | G(t—t)y(¢)dr. (1-35)
0+

By the definition of the convolution integral an equivalent form of (1-35) can be found

relating the stress and strain through the memory function, M(t) = —94¢.
t
o(t) = GO (6 — [ Mt~ #)y(t)d (1-36)
0+
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superposition principle,
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by a series of step functions. o'l t to ¢

Alternatively, by considering the application of step stresses and using the defini-
tion of the creep compliance, J(#), as the stress/strain ratio under step-stress condi-
tions, a corresponding equation can be derived relating the strain and stress through

the creep compliance.

t

() =)D + | J(t-1)do(t) (1-37)

The above results are subject to the assumption which underlies the theory of linear
viscoelasticity, namely that the deformations considered are sufficiently small, or the
rate of deformations sufficiently slow that the linear approximation is valid. Under
such conditions, the statistical distribution function characterizing the microstructure
of the fluid is only slightly perturbed from equilibrium [62]. Therefore, the theory of
linear viscoelasticity can not model viscoelastic behaviour observed in a completely
general sense, but provided the deformation constraint is adhered to the agreement
between predicted and experimentally observed is considered sufficiently accurate.

Rheological phenomena which are described as non-linear are observed in certain
fluids with complex structure such as polymer melts and solutions when the deforma-

tions are greater than the linear viscoelastic limit. Two examples are:

1. Shear-rate dependent viscosity: The viscosity for certain materials either
increases for increasing shear-rate (rheopexy), or more commonly decreases
(thixotropy). The change in viscosity is time-dependent and the original proper-

ties are gradually recovered after cessation of shear.

2. Normal stress-effects: In steady flows, the normal stresses defined in terms of
the stress tensor, Ni(¥) = 0xx — 0yy and No() = 0y, — 022, can take non-zero val-

ues. These can result in phenomena [9] such as the Weissenberg effect, observed
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when a rotating rod is placed in a shallow dish of viscoelastic fluid. A Newtonian
fluid would move towards the edge of the vessel by inertia causing a higher surface
near the boundary, but the viscoelastic fluid produces a surface higher near the rod
and the material appears to climb the rod due to a non-zero Nj(¥) which draws
the fluid inwards around the boundary of the rod. Another effect is “die swell”, ob-
served when certain viscoelastic fluids flow from the exit of a tube, whence it swells
to a much great diameter than that of the tube which increases with an increase in

flow rate.

To model such behaviour requires constitutive equations non-linear in nature and
hence of greater complexity than the linear viscoelastic constitutive equation. How-
ever, solving problems using such equations is considerably more difficult and de-
termining the material parameters from these equations even for simple geometrical
flows can be an intractable problem. Here, the simplicity of the linear model becomes
a distinct advantage, allowing the material parameters such as the relaxation modulus
to be determined in simple experiments where the deformations are sufficiently small
and thence substituted in more complex constitutive models to solve real world prob-
lems. Now we proceed to look at how the linear viscoelastic model fits in within the

framework of general constitutive models through the simple fluid model.

1.2.8 Simple fluid of Coleman and Noll

Early work on developing constitutive models for non-Newtonian fluids was based
upon the assumption that the stress is uniquely determined by the instantaneous rate
of deformation, such as the Reiner-Rivlin model [77, 79], which has constitutive equa-

tion

Ty = 217(L, I)dy + 43 (I, I)dldy, (1-38)
where I, I3 are the two non-zero invariants of the strain-rate tensor Dy, Tjx = pdix + ik
is the extra stress tensor and { is a constant. Such a model could account for shear-rate
dependent viscosity, but not normal-stress differences and hence was not completely
general. This was the motivation for the development of the “simple fluid” model
by Coleman and Noll [19]. Here a summary is given of the main features [6] of the
constitutive model and demonstrate how the linear model is a special case.

Four axioms form the basic assumptions which underlie the simple fluid theory:

1. Determinism of stress: The stress is determined by the entire history of defor-

mation and is independent of future deformations. This introduces the concept of
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‘memory’.

2. Local action: The stress at a given point is uniquely determined by the history

of deformation of an arbitrarily small neighbourhood of that material point.

3. Non-existence of a natural state: A fluid material has no preferred configuration
or ‘natural state’. Any difference in stress is due therefore only to a difference in the

deformation history experienced. Every simple fluid is isotropic.

4. Fading memory: The influence of past deformations on the stress at the present
time diminishes the further into the past is considered. The entire history to
t' = —oo can never be known, so fading memory allows experiments of finite dura-
tion, since contributions of deformations prior to the experiment give a negligible
contribution to the stress. This gives rise to the concept of a 'natural time” for a
fluid, which is a measure of the memory span and dictates the minimum accept-

able duration of an experiment.

The constitutive equation is based upon a functional to incorporate the concept of

memory, the general form for which is

T(x,t) = H [G(x,15)] (1-39)

s=0

where s = t — ' is the time lag. The relative finite strain tensor is defined
G(x,t,s) =C(x,t,t—s)—1 (1-40)

where C is the Cauchy-Green strain tensor defined in terms of the deformation gradi-
ent tensor F by C(x,t,t') = F T(x,t,t')F(x,t,t'), and I is the identity tensor.

The general form for the constitutive equation is of little practical use, but insights
can be gained by considering the limiting values of slow flow and small deformations.

Coleman and Noll first considered “retarded” strain histories described by
Gu(x,t,5) = G(x,t,as). (1-41)

Taking the limit as « — 0 causes any history G to approach the zero history. By taking

N-th order approximations, it can shown that

1. Zeroth-order: For N = 0, the stress is simply hydrostatic

T=—pl (1-42)
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2. First-order: For N = 1, the stress is given by the equation for Newtonian flow:
T=—pl+yAW (1-43)

where AV is the first Rivlin-Ericksen tensor. Hence, Newtonian fluids may be
regarded as simple fluids whose natural time is so small that any practical flow of

interest may be considered slow.

3. Second-order: For N = 2, the first contribution of ‘'memory” appears in the final

term

2
T=—pl+7A0 1o [A(l)] FapA®, (1-44)

where A(?) is the second Rivlin-Ericksen tensor. Define the norm || G|| by

166) = [ IGE) 1) ds, (1-45)

where the scalar-valued function k(s) is an influence function satisfying h(s) > 0 for s €
[0,00) and lim_;c sNh(s) = 0. It can then can be shown that provided the deformation
is small, the norm || G|| will be sufficiently small and a first order approximation to the

constitutive equation of a simple fluid with fading memory can be shown to be
T—= pl+ / G(s)AW (x,1,5) ds, (1-46)
0

which should be recognized as the constitutive equation of linear viscoelasticity. Thus,
the simple fluid model provides a theoretical justification for the conditions of validity

for the model proposed by Boltzmann nearly a century earlier.

II. LINEAR VISCOELASTIC FUNCTIONS

To describe the deformation of a material under a given stress, or vice versa, a consti-
tutive relation is required which links the excitation and response functions through
another material dependent function which is unique to the material under consider-
ation. Several such functions exist and all are mathematically equivalent and hence
contain the same information about the properties of the relevant material under con-
sideration [27]. Provided the strain or strain gradients are sufficiently small so that
the behaviour is linear, the viscoelastic functions are independent of the magnitude of

the stress or strain excitation. The material functions are subdivided into two groups:
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those associated with stress relaxation experiments and those associated with creep ex-
periments, although any of those functions listed can be determined in principle from
either type of experiment. We now proceed to describe each function in turn and see
how they are related to each other.

The mathematical equivalence [56] of all the linear viscoelastic material functions
described in this section implies that the choice of which function to measure is en-
tirely down to preference, since in principal any of the other material functions can be
obtained through exact analytical solution of the interconversion equations. This ap-
proach is based on the assumption that the function which is measured is determined
with perfect accuracy over the entire domain upon which it is defined, however this is
never the case experimentally. Practical considerations dictate that the data obtained
from experiments will only cover a subinterval [0, T] of the interval over which the
material functions are defined, [0, 0], where 0 < T < oco. Additionally, the data will
contain errors of a certain level, which cause problems with inversion of the integral
interconversion formulae which are often ill-posed. A graphical summary of the re-
lationships between the various functions is shown in Figure 1.17, while Figure 1.18

shows some of the approximate methods which are required in practice.

1.3.1 Relaxation Modulus

The relaxation modulus is defined through the application of a step strain to the mate-
rial under consideration. Assuming the strain amplitude is 7o, then the stress is deter-
mined by oy, (t) = 70G(t), hence if the strain is measured then the relaxation modulus
can easily be determined. More generally, the relaxation modulus is the kernel func-
tion relating the stress response to an arbitrary strain in the integral equation in (1-35).
In (1-30), the relaxation modulus for the N-mode Maxwell takes the form of a Dirichlet

series, also known as a Prony series:
t
A (1-47)

where the {g;}V | are the elastic moduli and the {A;}}Y, are the relaxation times. The
term G is included to include viscoelastic solid behaviour, representing the fact that
under constant strain the stress will never relax to zero. This corresponds to a separate
spring in parallel with the N Maxwell elements in the mechanical model.

The mechanical model approach suggests that the relaxation modulus must be of

exponential series form as in (1-47), but this is misleading. Several other forms have
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Figure 1.18: Approximate interrelations between the linear viscoelastic functions.

been suggested, such as a rational polynomial form [102]:
Go — Geo

G(t) =G o
W)

o+ (1-48)

The relaxation modulus must be a monotonically decreasing function in order to sat-
isfy the principle of fading memory. The Dirichlet series representation satisfies this
under certain choices of the parameters and the relaxation modulus can be approxi-
mated to arbitrary accuracy by increasing the number of modes, hence the form for the
relaxation modulus in (1-47) is the most commonly encountered form for represent-
ing the relaxation modulus in discrete form. The constant Gy = lim;_,g G(t) is known
as the glassy modulus, since amorphous polymers exhibit glass-like behaviour at very
short loading times.

The relaxation modulus can be incorporated directly into general constitutive equa-
tions for modelling non-linear behaviour, for example of polymer melts and solutions.
The KBKZ group of integral constitutive models [42, 11] is one such example, which

for the incompressible case has the general form

T = / M(t—t"H(t)dt, (1-49)
where M(t) = C}if is the memory function. The function H(#') is a strain measure
defined in terms of the strain tensor C and its first invariant Ic = tr (C) by

H= (Ic,I0-1) C+h_q (Ic,I0-1) C* (1-50)
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with constants /11 and h_1.

1.3.2 Creep Compliance

The creep compliance J(t) is defined by the application of a step stress in a simple
shear regime. If the magnitude of the stress is 0y, then the resulting displacement
will be 7y, (t) = 00J(t), implying that the creep compliance is the ratio strain/stress
under such conditions. More generally, the creep compliance is the kernel function
in the integral equation relating the strain to an arbitrary stress in (1-37). In terms of
a discrete retardation spectrum corresponding to an N-mode Kelvin-Voigt model, the

creep compliance takes the form

() = i_i]i (1 - eth) + {3} (1-51)

n

where 7 is the viscosity corresponding to an extra viscous element in series with the
K-V model, included for the sake of generality to allow for viscoelastic fluid materials
and the J; = gi_l, i=1,..., M are the compliances associated with each spring.

The relationship between the relaxation modulus and creep compliance can be ob-

tained by elimination from (1-34) and (1-37), using Laplace transforms to obtain

/Ot J(E)Gt—t)dt =t «  G(s)](s) = slz (1-52)
The difficulty in evaluating (1-52) arises due to the ill-posedness of the inversion of
the Laplace transform. Examples of approximate methods of inverting (1-52) can be
found in [43] and [38]. It has been established empirically that G(t) is more sensitive
to short-scale relaxation processes, while J(t) is more sensitive to long-scale relaxation
processes, thus for some materials it is advantageous to supplement the data for G(t)

with that converted from J(¢) over certain intervals.

1.3.3 Complex Functions

Consider the response of a viscoelastic material to small amplitude oscillatory shear,
where the strain is prescribed and is assumed to take the form y(#') = 7o el 5o that

F(t') = iwyg et . From (1-35), the stress is

t !
o(t) = / iwyoG(t — ) e =1 g
0

= iwyg ei“’t/ G(s)e s ds (1-53)
0
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where s = t —t' and i = y/—1. This is an equation of the form ¢(t) = G*(w)~y(t),

where
G*(w) = iwG(w) = iw/ G(s)e ™ ds (1-54)
0

is the so-called complex modulus. Furthermore, G'(w) = Re{G*} and G"(w) =
Im {G*} are known as the storage modulus and loss modulus, respectively. The stor-
age modulus is often thought of characterizing the elastic component of the response
and hence the amount of energy stored per cycle of deformation, and the loss modu-
lus as describing the amount energy dissipated per cycle by the viscous component.
However, it can be shown that the same information is contained mathematically in
either function and that interconversion between the two can be performed [39]. For
the N-mode Maxwell model,
N iwAig;

(1-55)

Similarly, by considering an applied stress of oscillatory form, it can be shown that
v(t) = J*(w)o(t), where J*(w) = iwf(w) is the complex compliance, J*(w) = J' —iJ".
J'(w) is known as the storage compliance and J”(w) the loss compliance. The complex
moduli G*(w) and J*(w) are inter-related by a simple reciprocal relationship, so the
real and imaginary components are related by

G'(w)
[G'(w)? + G (w)?]?
G"(w)

P = Gtar+ orwr 7

J'(w) =

(1-56)

By assuming that the resultant stress is of the form o (t) = ope'(@+9), the loss tangent

can be defined

1/ 4
tand = % = ]]—/

which measures the phase difference between the input strain and resultant stress. At

(1-58)

high frequencies, the response is essentially that of an elastic solid with § ~ 0, while at
low frequencies the response is mainly viscous and § ~ 90°.

Another variation on the theme defines the complex viscosity, n*(w) = ' —in”,
which relates the stress and shear rate through the equation o = 1*(w)y(t) and charac-
terizes the dissipative effects of an alternating stress. The complex viscosity is therefore
simply the Fourier transform of the relaxation modulus, 7*(w) = G(w), and related to

the complex modulus by G*(w) = iwn*(w).
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1.3.4 Relaxation and Retardation Spectra

The N-mode Maxwell model defines a discrete spectrum of relaxation times, each
value of A; being associated with a weight g;. Whether such a discrete spectrum re-
flects the physical processes occurring during stress relaxation for real materials is
debatable. Certain molecular theories, such as the Rouse model do predict discrete
spectral lines, but in practice these are too closely spaced to resolve. To model a real
material accurately, a very large number of modes are required. If N — oo, then the
result is a continuous spectrum [27] or distribution function of relaxation times, H(A),
which is defined such that H(A) dA represents the contribution to the total viscosity of
all the Maxwell elements with relaxation times lying in the interval [A, A + dA]. Then,

the stress is
o(t) = /ww/t e’<%>r‘y(t’)dt’d)\
- / (t— )7 (¢) d (1-59)

which leads to a general definition of the relaxation modulus, G(¢), in terms of an

arbitrary relaxation spectrum, H(A) in the form of a Stieltjes integral:
G(t) = Geo + / e tH(A)dInA. (1-60)
A=0

The relaxation modulus for the N-mode Maxwell model in (1-47) is obtained by
multiplying the relaxation function H(A) by a sampling function, resulting in a discrete

relaxation spectrum of the form

A) = % 7i6(A = A) (1-61)
=

where the {#;} are the partial viscosities defined #; = A;g; fori = 1,...,N. In this
context, H(A) can be thought of as the density (on a log basis) of the elements of the

form et/

i making up G(t).

Various theoretical distributions have been proposed for the relaxation spectrum
[94], for example the box distribution, wedge distribution, Wiechert’s log-normal dis-
tribution [101] and the bimodal log-normal distribution of Honerkamp and Weese [36].

In an entirely analogous fashion to the relaxation spectrum, the retardation spec-
trum can be defined such that L(7) d7 represents the contribution to the elasticity mod-
ulus of the processes with retardation times in the interval |7, T + dt]. This leads to a

definition of the creep compliance as

_]0+/ 1-e7F| dinT+! (1-62)
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where Jj allows for ‘instantaneous’ elastic deformation for viscoelastic solid materials
which would otherwise require infinite stress. Note that for solid materials 77 = oo and

for liquids Jo = 0. The discrete case corresponding to an N-mode retardation spectrum

N
L(t) =) Jimé(t— 1) (1-63)
i=1

has creep compliance of the form

N t
J(t) =Jo+ Y i (1— e"fi) + 5. (1-64)

i=1
The relaxation and retardation spectra occupy a pivotal role in the process of in-
terconversion between linear viscoelastic functions, since the relaxation function and
complex modulus can be calculated without difficulty from a known discrete relax-
ation spectrum, and the creep compliance and complex compliance from the retarda-
tion spectrum. Hence, much attention has been given to determination of the spectral

functions from experimentally measured data. The two spectra are related by the two

formulae
L= o )H . (1-65)
Goo— [0 i dlnu| " + n2H2
H= L (1-66)

o+ %0 pE) dinu - 5]2
for which approximate methods of evaluation can be found in [94] and [27].

The question concerning which is the best characteristic function to measure has
long been considered. In the time domain, empirical results have suggested [62] that
it is better to measure the relaxation modulus and calculate the creep function through
the interconversion formulae. The stress-explicit constitutive equations have been de-
rived from molecular or continuum models, so in general there is a bias towards use
of the relaxation modulus theoretically. By considering the relative ill-posedness of the
process of converting from relaxation modulus to creep function in comparison with
that of the reverse process, it can be shown that the former process is more stable with

respect to perturbations in the data [2, 3].



CHAPTER 2

Stress Controlled Rheometry

39



2.1 GOVERNING EQUATIONS 40

In this chapter, the foundations of stress-controlled rheometry are set out which pro-
vide the basis for analysis in subsequent chapters. Firstly, the governing equations for
an experimental setup utilizing the parallel plate geometry are derived which relate
the applied stress to the resultant displacement through the relaxation modulus. Next
a selection of possible functions for the applied torque are considered and response of
the system simulated by means of solving the governing equations analytically using
Laplace transform analysis. In each case, it is assumed that the material sample has a
known relaxation modulus corresponding to a generalized Maxwell model. The first
function considered is the delta function, which although strictly speaking a distribu-
tion or measure, can indicate the response of the system to an instantaneous impulsive
force. Secondly, the response to a constant stress (i.e. a Heaviside step function) is
considered, leading on to the box function and also a stress which increases linearly in

time. Finally, periodic functions are considered.

I. GOVERNING EQUATIONS

Consider the parallel plate geometry on a controlled stress theometer as shown in Fig-
ure 2.1. Several geometries are available for use with modern rheometers, including
the cone and plate and concentric cylinder configurations, however the parallel plate
geometry has some advantages. Firstly, the gap between the plates can be altered eas-
ily without changing the instrument components and secondly, should it be required,
inertial effects can be incorporated more easily than, for example, the cone and plate
geometry.

The viscoelastic material under test is contained between two circular plates, of
radius a and separated by a distance h. In practice, the lower fixed platen is usually
much larger, but since the sample only occupies a cylindrical space of the radius equal
to that of the upper platen the actual radius is irrelevant. A torque C(t) is applied to the
upper platen of the rheometer and the resulting displacement x(t) of the same plate
is the measured variable. At this stage in the derivation of the governing equations,
no assumptions are made about the form of the applied torque, other than that it is
amenable to experimental use. Ignoring edge effects by assuming that the edges of
the material sample are orthogonal to the platen surface and in the case of fluids the
absence of loss by evaporation at this free surface, with reference to cylindrical polar

coordinates (7,6, z), the velocity field can be assumed to take the form

v=(0,7f(z1),0) (2-1)
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subject to the boundary conditions
Uglz=0 =0, Vglo=p =X (2-2)

2.1.1 Equations of Motion

Firstly, note that
10 1dvg  du,
Vo= gt i T = @9

so that the velocity field automatically satisfies the conservation of mass condition for

incompressible fluids.

Figure 2.1: Parallel plate ge-
ometry. The two plates of ra-
dius a are separated by a dis-
tance h and a torque C(t) is
applied to the top platen.

For infinitesimal displacement gradients, the linear viscoelastic constitutive equa-

tion for the stress can be expressed in the form
c=-—-pl+T (2-4)
where the extra stress, T, is given by Boltzmann’s equation,
—2/ (t —tYD(t") dt (2-5)

where f is the current time and #’ the running time variable. Additionally, the rate of

strain tensor, D, and velocity gradient, L, are defined:

1 [L + LT} (2-6)

D
L (2-7)

|
<l
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In cylindrical polar coordinates, the velocity gradient tensor can be expressed in the

form
90y 9vg 90z
5 oar 3 or %r
— | 1(9v _ 19y 1o, -
L= |1(% —vs) 7(58+v) 1% (2-8)
9oy 9vg 90z
0z 0z 0z

and for the velocity distribution in (2-1), L can be shown to be

0 f(z,t) 0
L= |—f(zt) 0 0 (2-9)
0 r% 0

and the rate of strain tensor now becomes

0 0 0 0 0 0

— 1.9f | — 19
D=0 0 L¥%|=1]o o L% (2-10)

0 %r% 0 0 %B—UZB 0

Wherefore, the linear viscoelastic constitutive equation for this problem becomes

t 809

Ty, = — )22 ar 2-11

= [ _GU—t)SEar @11
The stress equations of motion in their most general form are given by
Do
where
Dv  odv
E—E‘FU-VU (2-13)

is the material derivative, p is the density, p is the pressure and F represents the external
body forces acting upon the system. In the foregoing analysis, it is assumed that F = 0.

Ignoring fluid inertia, or equivalently setting p = 0, results in the set of equations

Ip _
z= (2-14)
E)ng . 18}?
0z  rab (2-15)
I _
5. =0. (2-16)

From (2-14) and (2-16), it is clear that p = p(6,t). Since Ty, is a function of 7,z and ¢,

then p must satisfy

dp
=0, (2-17)
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and also the boundary conditions for continuity of the pressure distribution

p(0) = p(2m) = po, po€R™. (2-18)
Hence p = po is a constant, and (2-15) becomes

2 t
37 /m G(t — ' )op() dt' =0 (2-19)

The relaxation modulus, G(t), is independent of the geometry, so (2-19) can be writ-

ten in the form

t 8209
_ N\ Oyt ! __ _
/_OOG(t t" -2 (t)dt =0 (2-20)

and since G(t) > 0, this implies that

9%v
ﬁ =0 (2-21)

which has a linear solution in z
Vg = C1Z2 + Cp (2-22)

with constants ¢, c; € C. Utilizing the boundary conditions in (2-2) it is readily appar-
ent that

0p — % . (2-23)

2.1.2 Equation of Motion of the Platen

The equation of motion of the upper (rotating) platen can be written in the form
C(t) = Ce(t) = dx + Ix(t) (2-24)

where C(t) is the applied torque, C¢(t) is the torque exerted on the platen by the fluid,
I is the moment of inertia of the rotating assembly and d is a damping coefficient. The
latter parameter is a measure of the frictional forces in the bearing assembly, however
the air bearings which are found in most modern rheometers are of sufficient quality

to justify ignoring the coefficient in the analysis. The torque exerted on the plate by the
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material sample is calculated as follows.

C}-—L//}WQAZ hdfl

a
:/ / Tz | =7 dr d6
=0 Jr=0
2t pra t
:/ /rz [/ Gt — ) 2% )dt’} drde
0 0 —o0 0z z=h

2 ra t
:/ / r2/ G(t—t) [av"(t )} dt' drde
0o Jo —co 0z o
2t ra t /
_ / rz/ Gt — )™ gy 4 g0
0o Jo —c0 h

a t
:2_”/ r3/ Gt — )3 () dt dr
h 0 —00
4 ot

=S | . Glt- ) x(t) dt’ (2-25)

So now have a first order Volterra integro-differential equation (see Section 4.1) is ob-
tained in x(t) relating the displacement of the plate to a completely arbitrary applied

torque,

I;'g(t)+k—1/_t G(t—t)x(t)dt = C(t) (2-26)

where k = ;—54 Since we are only concerned with ¢ > 0, (2-26) can be rewritten as
() + k1 [ )+ / (t— )x(t) dr | = C(t) (2-27)

using the notation x(0+) = lim;_,0 x(¢) to allow the use of functions with step discon-
tinuities at t = 0.

A corresponding equation can be obtained from (2-27) relating the displacement to
the applied torque in terms of the creep compliance, J(t). Writing Cs(t) = C(t) — I}(t)
and using the interrelation condition between G(s) and J(s) in (1-52) using the Laplace

transform, it is straightforward to obtain the following pair of Volterra equations.
cf()—kl{ +/ (= #) dt} (2-28)

X(t):klcf(0+)](t)+/0 ](t—t’)Cf(t’)dt’} (2-29)

Now we continue to consider the use of integral transforms to obtain a solution for

X (t) as given by (2-26) in terms of an arbitrary applied torque C(f).
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2.1.3 Fourier Transform Formulation

The Fourier transform of a function, f € L'(R) is defined

flw) = O} @)= [ e (2-30

This definition can be extended to f € L2(R) (see [33]). Taking the Fourier transform
of both sides of (2-26), we obtain

I¥(w) +kLZ {G* x} (w) = C(w) (2-31)

The only assumptions which must be made initially are that the functions C(t), x(¢),
X(t) possess Fourier transforms. This suggests that any solution to (2-31) must be
piecewise continuous and integrable over the whole real line, hence it is reasonable to
assume that ¥, ¥ € L2(R). This restriction may be relaxed to x € L%[0, ), since only
functions which take the value zero for ¢t < 0 need to be considered.

The Fourier transform of the convolution of functions f, g is simply

FAf+8t =F{f} 7 {s} (2-32)

and the Fourier transform of the derivatives of a function f satisfy the following rela-

tion.

Z {00} (@) = (iw)"f(w) (2-33)
Applying (2-32) and (2-33) to (2-31), we obtain

I(iw)*f(w) + K Niwg(w)G(w) = C(w) (2:34)

and using the definition of G*(w) from (1-54), the governing equations in terms of

Fourier transforms is given by

o) - KC(w)
M) = Glw) — kia?’

which facilitates the determination of the complex modulus, G*(w), experimentally

(2-35)

from the known functions C(t) and x(f).

2.1.4 Laplace Transform Formulation

Alternatively, the governing equations may be expressed in terms of the Laplace trans-
forms of the constituent functions. The Laplace transform of a piecewise continuous

function f(t), t € [0, c0), is defined by

F(s) = 2 {F(0)} (s) = /0 T et dt, s> 0. (2-36)
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Taking the Laplace transform of both sides of (2-26),
IX(s) + k"2 {Gx X} (s) + Kk 'x(0)G(s) = C(s) (2-37)

The only assumptions which are made about the functions x(t) and C(t) are that the
Laplace transform integrals exist. The requirements may be extended to allow the use
of certain generalized functions which have experimental usefulness, such as the delta
function.

The Laplace transform of the convolution of functions f and g satisfies the follow-

ing relation,

L{fxgt=2{f}Z{s}- (2-38)

Additionally, for a function f € C"=(a,b), where (a,b) C [0,00) and 1 € N, then
provided || f(t)|lcc < Me‘! for some ¢, M € R, the following identity relates the Laplace

transform of a derivative of the function to the transform of the function itself.
n
2{f0)} (s) = "2 {f(1)} = Y & (0) (2-39)
k=0
Applying (2-38) and the first and second order versions of (2-39) to (2-37), we obtain

I[s2%(s) = sx(0) = £(0)] + k715G (s)x(s) + k~'x(0)G (s) = C(s), (2-40)
or in terms of x(s),

_ kC(s) +k[sIx(0) + Ix(0)] + x(0)G(s)

x(s) = sG(s) + kIs? ' (241

If the assumption is made that the plate starts from rest and that the position of
the plate is measured from a zero reference point, i.e. x(0) = x(0) = 0, then (2-41)
assumes a simpler form. To summarize, the foregoing experimental setup described is
represented by a system of three equations in Laplace space; the two equations relating
the displacement to the relaxation modulus and creep compliance coupled with the

interconversion condition relating the two material functions.

kC(s)

X(s) = 5C(s) + KIs2 (2-42)
_ v ksC(s)J(s)

x(s) = m (2-43)
G(s)J(s) = ! (2-44)

_52,
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For each applied torque function in turn, the discrete relaxation spectrum {g;, A;}IY
is made use of to provide an expression for the relaxation modulus of the fluid under
the assumption that the fluid is described by an N-mode Maxwell model. The relax-

ation modulus, G(t), thus takes the form of a Dirichlet or Prony series

N
G(t) =Y gie /M. (2-45)
i=1
The Laplace transform of (2-45) is consequently
~ S
G(s) = 2-46
(s) 1_21 1 (2-46)

which can be expressed as the rational function

Tl (s+4)

G(s) = 7 . (2-47)
)

Henceforth, the notation for the lower limit j = 1,7 shall be used to denote j = 1,j # i.
In the case of a single-mode Maxwell, the expression for the Laplace transform of the

relaxation modulus reduces to

G(s) = -2 (2-48)

II. DELTA FUNCTION

The first form for the applied torque considered is the delta function,
C(t)=Cso(t—to), te€]0,T], T>ty>D0. (2-49)

The delta function is not a true function, but rather a measure or distribution [41].
However, it is often used in an applied mathematical setting to model an impulsive
force resembling an infinite spike at t = ty with zero width and constant unit area. The
most important identity in this context is

a+e€
| st=mftdr = fl) (2-50)
for € > 0 and is most commonly used with lim¢_,. The delta function can be defined
as the limit of a class of delta sequences. A sequence of functions &, is called a delta

sequence if

lim [ 6,(x)f(t)dt = £(0) = / TS f(H) dt (2-51)

n—oo J_oo —00
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for any continuous function f (with compact support). In the language of measure
theory, this is weak™ convergence of , to d.
One example of a delta sequence is the Gaussian function, normalized so that

[ 6a(t)dt =1,

o0

Su(t) = ——e (2-52)

N
Alternatively, the delta function may be thought of as the limit of a sequence of box

functions as shown in Figure 2.2. Convergence to be understood in the sense of (2-51).

8 53 (7)

s

6 |

5 |

4 sa(z)

s |

b |

+ s1(z)
Figure 2.2: Delta function as
the limit of a sequence of box ; —t— H————

I I I I I
functiondeltasequences 05 -04 03 02 01 0 01 02 03 04 05 *

The Laplace transform of the resulting displacement x(t) when subjected to a

torque C(t) is given by (2-42) and the Laplace transform of the applied torque is
C(s) = Cy / eS1S(E—ty) = Cse=™,  Re{s},ty >0, (2-53)
0
so the platen displacement for an applied torque in the form of a Delta function has

Laplace transform

C5 e—StO

) = L5 (kDG

(2-54)
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Noting that

)= e

= e “f(u—t)du

t/

= [ e~ ) H@ ) du

(2-55)
where H(t — a) is the Heaviside step function defined
0 ift<a
H(t—a) = 2-56
( ) {1 ift >a ( )
the following identity is attained, known as the shift theorem for the Laplace trans-
form,
LAfE—YH(E—)} = e 5 F(s). (2-57)
This indicates that the problem can be expressed in terms of a rational function, Xxo(t),
where
Cs
x(t) = T {xo(t —to) H(t —to)} (2-58)
and
_ 1
Xo(s) = = (2-59)

s[s+ (kI)~'G(s)]

provided that the Laplace transform of the relaxation modulus G(s) is algebraic. This
is equivalent to the problem of calculating the solution for a Delta function located at
t = 0 and a translation along the t-axis in a positive direction to t = ty, which is to be
expected of a linear time-invariant system. We now proceed to consider some specific
forms for the relaxation modulus G(t) and look at the form of the response x(t) for an

applied torque in the form of a delta function.

2.2.1 Newtonian Fluid Model

The simplest form for the relaxation modulus is that of the Newtonian fluid model.
The relaxation modulus is G(t) = #4(t), in which case the Laplace transform of the
relaxation modulus is simply G(s) = 7. Thus, (2-41) in this case becomes
Cs

E 7] -

x(s) =
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and it is straightforward to invert the Laplace transform using partial fractions and

comparing with standard results to obtain

_ kG
n

i

x(t) [1 - e*kﬂ H(). (2-61)

As can be seen from Figure 2.3, the displacement approaches an asymptotic value 7

at a rate dependent on the instrument inertia and geometry as well as the viscosity.
Indeed, if I — 0, then

lim x(t) = —2H(t). (2-62)

which is essentially the step-strain experiment. Upon application of a constant strain,
the Newtonian fluid experiences an infinite stress instantaneously, i.e. in the form of a
Delta function and thereafter is equal to zero. This is of course an idealization, since the
inertia of the rotating instrument assembly can never be sufficiently small to allow an
instantaneous change in angular displacement. It should be noted that the simplified
case where I = 0 is essentially equivalent to solving the Boltzmann equation (1-35), for

which many examples for various applied stress profiles can be found in [94].

O t

Figure 2.3: Platen displacement: Delta function, Newtonian fluid.

2.2.2 Maxwell Model

The Maxwell model has relaxation modulus with Laplace transform as defined in

(2-48) and substituting this expression into (2-42) gives the Laplace transform of the
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displacement of the platen

s+ AL

Xo(s) = NENSErY (2-63)

when subjected to a delta function stimulus at t = 0. Let the roots of s> + A~!s + £ be

denoted {—¢;, —¢>}, then

_ B s+ A1
XO(S) - S(S+€1)(S—|—§2) (2'64)
where
1 kI —4nA
C1a= 5y 1\ =57 — ] (2-65)

The inverse Laplace transform [100] is obtained by calculating the contour integral

£(t) =2 {f(s)) (1) = zim §7s)etds. (2-66)

Assuming the function f(s) possesses no branch points or essential singularities and
the only singularities are a finite number of poles, then it follows that f(s) is a mero-
morphic function, i.e. it can be represented as a rational algebraic function. Under such
conditions, the inversion of (2-66) may be accomplished using Cauchy’s residue theorem.
Thus f(s) can be written in the form P(s)/Q(s), where P and Q are polynomials in s.
If deg P < deg Q, the Laplace transform may be inverted directly, otherwise algebraic
long division may be performed until the remainder satisfies the criterion. Linearity
of the Laplace integral implies any extra terms may be inverted separately. Thus, pro-
vided that the contour integral encloses all of the poles of f(s), the inverse Laplace

transform is the sum of the residues of f(s) e*" which are associated with the poles of

f(s), viz.
f(t) = ;Resk [F(s)e']. (2-67)

The residue associated with a simple pole located at s = s; is given by

Resy = lim [(s —s;)f(s)e™]. (2-68)

S—>Sk

In the case where f(s) possesses poles of multiple order, a more general formula is
required. Assuming that f(s) has I poles, each with multiplicity ¢, k = 1,. .., located

at s = —sy, then it may be decomposed into partial fractions

fsy=Y ) —r (2-69)
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where

re—v)! | ds

(rk=v)
Ckyv = ( ! | { d (re—v) [f(S) (S - Sk)rk} } ’ (2-70)

and the inverse Laplace transform of f(s) is then

l Tk = 1

_ Sk Ckv -
f(t)—kzzie fH =L t>0 (2-71)

The nature of the roots {1, 2}, and consequently the response x(t) of the system
is dependent on the discriminant term ¢ := 1 — 4%. This reflects the choice of instru-
mental parameters k and I with respect to the predefined fluid parameters ¢ and A.

This gives rise to two distinct cases:

Case 1. ¢ > 0: For this problem, the two roots {g1, &>} are distinct and real-valued.
Now fo(s) has only simple poles located at {0, —&1, —¢»}, and using (2-67) and (2-68)

the inverse Laplace transform takes the form
xo(t) =y0+y1e % + e (2-72)
where the constants v, y1, 72 € R are defined

Yo = lim {sxo(s) }
s—0

= %I (2-73a)
7= SLiI_nCl {(s+C1)Xo(s)}

o 1=AG )

MGG —E2) (2:73b)
Y2 = 521}};2 {(s+8&2)x0(s)}

_ Ae -1 _

RECER (3739

Note that the order in which §;, are chosen is necessarily arbitrary and upon inter-
changing suffices in the latter expressions the same solution results. The overall so-

lution for x(t) corresponding to a Delta function stimulus applied at a time t = ¢ is

x(t) = %H(t —to) {’)’0 + 711 e G1(t—to) + 7, e—éz(t—to)}
- %H(t — to) {70 +yy et g8t g e2fo e‘@t} (2-74)
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or alternatively in terms of hyperbolic trigonometric functions
C
x(t) = =2H(E = to) { yo+ e 7 [y €611 + 6820 cosh(Gt)
+ e m [72 et g eﬁlfO] sinh(gt)}, (2-75)

where { = % \/ %. The typical response of a Maxwell fluid with material parame-
ters such that ¢ > 0 is shown in Figure 2.4. Note that the overall response is similar to
that of the Newtonian fluid and the displacement tends to a constant limiting value of

the same value as that for the Newtonian fluid.

0 t
Figure 2.4: Platen displacement: Delta function, Maxwell model, i > 0.

Case 2. { = 0: In the case of repeated roots, {» = 1 = %, Xo(s) has a single pole at

s = 0 and a double pole ats = —¢; = % Therefore, the solution is of the form

x0(t) = b+ (Y, +ht)e = (2-76)

where the constants y(, 7], 75 € R are defined

Y0 = 70 (2-77a)
d
M= SEf_ngl { i [(S + (31)2730(5)] }
— —4) (2-77b)
= _lim {(s+8) () |

= -1 (2-77¢)
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Hence, the overall solution for the displacement is
C ot
x(8) = SH(E — t0) {70+ [(71 = 7to) +15t] et e 71 | (2-78)

The general form of the displacement curve for values of 7, A, kI satisfying the above
criterion is shown in Figure 2.5. This limiting case would be extremely unlikely to be
observed experimentally, since the probability of the instrumental and fluid parame-

ters assuming the stated exact values is essentially negligible. Note that lim; ., x(t) =

kCs _ 4AG
o= L,
x(t)
acs | __________
I
0 t

Figure 2.5: Platen displacement: Delta function, Maxwell model, { = 0.

Case 3. p < 0: As the quantity kI decreases in magnitude relative to the material
parameter 4771, the roots become complex ¢;, € C and since x(f) : R — R it follows
that the roots form a conjugate pair so that §» = 7. Let {1, = ﬁ +ig". Now xo(t) is

of the form

Xo() = 76 + €77 |7} e 4 47 i (2-79)
where the constants (), v/, 75 € C are defined

70 = 7o (2-80a)

7 = lim {5+ 2)R0(s))

B _4)“:'(// —|—l [4)\26,/2 o 1}
2871+ (2A87)?]

(2-80b)
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72 = Jim, {(s+&7)xo(s)}

—4)\(5” —i [4)\26//2 _ 1}

— — 1% 2_80
28 [1 T+ (2)‘6”)2] T ( C)
and the overall solution is of the form
C 244 * -4/
x(t) = Z2H(E—to) {7 + e 71 [9f Bl et 4o efi 1] | (2-81)

which can also be expressed in trigonometric form as

(t—tg)

X0 = P —t0) {15+ e F g sin 70— 1)+ | 2-82)

with new constants

73 =273 (2-83a)
and
R 1!
¢ = arctan L,Y}, . (2-83b)
Im {77}

The envelope of the oscillations is given by the equation

_ G

Eia(t) =7 [ £ 73e7] (2-84)
hence a curve fitted to the envelope will yield a value for a = —% and consequently

provide an estimate of the relaxation time for the fluid. The frequency of the oscilla-
tions may be used to obtain ¢” and thus the material parameters 7, A or ¢ additionally.
In Figure 2.6 the general form of the displacement curve for values of 7, A, kI satisfying

the above criterion is illustrated.

2.2.3 N-mode Maxwell Model

To reasonably describe the response of a real-world viscoelastic material, a model with
more degrees of freedom than the single-mode Maxwell model is required. The N-
mode Maxwell, with N suitably large but finite, is such a model and the expression for

the relaxation modulus assuming G 7# 0 has Laplace transform

G(s)—%+%i i=1,...,N (2-85)
S i:1s+/\l/ 7 7

i
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x(t)

Figure 2.6: Platen displacement: Delta function, Maxwell model, i < 0.

To simplify the analysis, this is rewritten in the form

Gs) = GooA1,N(S) +5A2N-1(5)
SALN(S) ’

where Aj n(s) and Apn_1(s) are polynomial functions in s of degree N and N — 1,

(2-86)

respectively, and are defined

N
Mn(s)=T] (s + Al) (2-87)
=1 1
N N
Mon-1(s) =Y g ] (S + %) . (2-88)
i=1 j=Li ]

using the shorthand notation j = 1,7 to denote j = 1, # j for the lower limit. There are

two cases to consider, corresponding to non-zero and zero values for G, respectively.

Case 1. Go # 0: Substituting C(s) and G(s) into (2-42), the Laplace transform of the

platen displacement is

X(s) = oM

— 2-89
IA3 N2 (2-89)

where the polynomial Aj n2(s) of degree N + 2 is defined

1
AsNi2 =S Ain(s) + i [Geo AN (8) +8A2N-1(5)] - (2-90)
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Note that x(s) is rational and hence of the form % where P(s) and Q(s) are real-

valued polynomials in s of degree N and N + 2, respectively. Denote the roots of
Az ni2(3) by {—&}VT2, where the & are ordered such that Re {#;} < Re {&} < -+ <

i=1 7
Re {¢n+2}. Then
TG G+ i
Xo(s) = IV2618) (2-91)

The ¢;,i =1,..., N + 2 are either real and distinct or some may be complex, but those
which are complex must occur in conjugate pairs, since the coefficients of [T ; (s + ¢&;)
are real-valued. It is assumed that the ¢; are distinct and real-valued except for one pair,
which may be complex conjugate for kI > (., where {. € R is a constant dependent
upon the material parameters.

Under these assumptions, xo(s) has only simple poles and its inverse Laplace trans-

form will be of the form

N+2
xo(t) = Y vie 8, te(0,00) (2-92)
i=1

where the residues associated with the simple poles at {—¢;
v = lim {(s+¢&)xo(s)}, i=1,...,N+2
s—=—G;

_ [ (A7 =)
H]-Z\fl,zi(fj — &)

Note that lim_,« x0(t) = 0, so that the platen returns to its original angular displace-

}5\22 are

(2-93)

ment at the termination of the experiment.

Case 2. Goo = 0: If the material is a viscoelastic fluid, then the solution differs subtly
in nature from the solid case, although the general solution above is valid. The Laplace

transform of the platen displacement is now of the form

_ AN
o) = M 2-94
Xo(s) A (2-94)
where the polynomial Ay n1(s) of degree N + 1 is defined
1
AgN+1 = 5AN(S) + 7 Ao N-1(8)- (2-95)

Denoting the N + 1 roots of Ay n-1(s) again by {—¢&/} 11, the inverse Laplace trans-
form yields the solution

N+1

xo() =po+ Y vie S, te(0,0) (2-96)
i=1
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where

po = lim {sxo(s)}
s—0

_ 1 ﬁ( ! ) (2-97)
N1 GiAi

i=1

and

vp= tim {(s+E)%o(s)}
I (A =8 .
S , =1,...,N+1. 2-98
GITTANE &) l &58)

Note that lim;_,« x(¢) = C‘SI” 0 so that in the case of a viscoelastic fluid there is a finite
overall flow of the material sample and hence the platen at the end of the experiment,

as would be expected.

At this point it is necessary for the purposes of simulation to choose a distribution
for the relaxation spectrum in order to provide the values of g; and A; in (2-85). The

simplest form is the box spectrum [94], which is defined by

H /\min A A X
Hp(A) = {0 <A Ama (2-99)
0 A< Amin/A > )\max~
Note that
S Amax d/\
/ H(A)dInA = Ho / S = Go— Gun (2-100)
—0 /\min
so the constant H therefore takes the value
Hy = . 2-101
0 11’1()\max/)\rnir1) ( )

The discrete values for the relaxation times are assumed to be spaced equally logarith-
mically in the closed interval [Amin, Amax),

(i=1)

(N-1)
Ai = Amin (m) , i=1,...,N. (2-102)

Amin
and the numerical values used are: N = 50, Ayin = 0.0018, Apnax = 100s. The fluid
parameters were taken to be Gy = 4.354 and Go = 1, and the instrumental param-
eters k = 1, I = 0.1. The value kI represents a typical experimental setup for the
TA-Instruments AR2000, although of course the components and setup may be varied

to suit the particular experiment being carried out.
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Figure 2.7: Box distribution of
discrete relaxation times.
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The platen displacement for a viscoelastic fluid with a box relaxation spectrum is

shown in Figure 2.9. The qualitative response is similar to that for the Maxwell model

case with complex conjugate roots, with a damped oscillation decaying to a fixed value

Cstio
Ji

= 0.006. The response for a viscoelastic solid is shown in Figure 2.10 and is similar

to the response for the viscoelastic fluid, except that the initial displacement of the

platen is attained again as t — oco. Since the limiting value for the viscoelastic fluid is

so small, it is difficult to distinguish between the two responses in this case. The recoil

may take some considerable time, dependent upon the length of the longest relaxation

time of the material.

Figure 2.8: Bimodal log-
normal distribution of relax-
ation times of Honerkamp
and Weese [36].
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The second distribution considered is the double Gaussian spectrum of Honerkamp

and Weese [36], which is given by

1 [~1(nAi—inA0)?] o o[~1(nA—InAp)?2] L i
5= 2n[e : + el |, =N (2-103)

with maxima at A, and Ag, and time constants spaced equally logarithmically accord-
ing to (2-102). The values of the parameters used in the simulation are as follows. The
range of the spectrum is Apin = 0.001s < A < 100s = Apax with local maxima at
Ay = 0.05s and Ap = bs and the number of Maxwell elements is N = 50. The nu-
merical data used for the relaxation spectrum can be found in Table B-1. The platen
displacement shown in Figure 2.11 is for a viscoelastic fluid Ge = 0 for this relaxation
spectrum. In the case of a viscoelastic solid, the equilibrium modulus is taken to be
G = 1 and the platen displacement is plotted in Figure 2.12. The method of simu-
lation involves finding the roots of the polynomial equation (2-90), which is of degree
52; the software package Maple was used in this case, but an alternative method using
C++ code and the Jenkins-Traub algorithm [71] produced identical results. The out-
put from both spectra are qualitatively very similar, so henceforth only the bimodal

Gaussian spectrum needs to be considered.
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Figure 2.9: Platen displacement: delta function, viscoelastic liquid, box relaxation spec-
trum.
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Figure 2.10: Platen displacement: delta function, viscoelastic solid, box distribution
relaxation spectrum.
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Figure 2.11: Platen displacement: delta function, viscoelastic liquid, double Gaussian
spectrum of Honerkamp & Weese.
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Figure 2.12: Platen displacement: delta function, viscoelastic solid, double Gaussian
spectrum of Honerkamp & Weese.
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II. STEP & BOX FUNCTIONS

Now consider an applied torque in the form of the Heaviside step function, defined by

t>t
C(t) = {CO’ >t (2-104)
0, t <ty

for some constant ty € [0,c0) and Cy € RT. The function is often defined [41] by taking

the limit as ¢ — 0 in the expression

1 1, 4 [t
Since no instrument is capable of producing a perfectly defined jump in stress, the
actual stress profile applied will in reality be somewhat similar to the above function

with a sufficiently small value of €.

e=0.1

Figure 2.13: Heaviside step
function as a limit of se-
quences.

The applied stress in an experiment is by necessity of finite duration, T, so the actual

applied stress will be in the form of a box function,

C(ty= S0 fo<t<h (2-106)
0 otherwise

where 0 < tg < t; < T, or in terms of the Heaviside step function
C(t) = Co[H(t —to) — H(t —t)], (2-107)

which results in the displacement with Laplace transform

B kCO [e—sto _ e—stl]

Xof(s) = 260 Kk (2-108)
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Proceeding in a similar manner to the delta function by applying the real-valued shift
theorem in (2-57), the overall solution can constructed in terms of a linear combination
of the solution for a unit Heaviside step function, which will be denoted x(t). Hence,

for the box function

Xof(t) = xsp(t —to)H(t —to) — xsp(t — t1)H(t — t1) (2-109)

where
0or(s) = g
Xsf\) = 216 (s) + ki

Now we proceed to consider some specific forms for the relaxation modulus as in the

(2-110)

previous section.

Figure 2.14: Box function ap-
plied stress. to t1 t

2.3.1 Newtonian Fluid Model

The simplest fluid model, upon substituting G(s) = 7 into (2-110) yields
Co

Ver(s) = ———— 2-111
Xsf() 152 [S-l-%] ( )
which corresponds in the time domain to
kCo kI kI _nt
X (t):—[t——+—e kl]. (2-112)
LRI

The angular velocity x(t) of the platen tends to a constant value % after an initial
period of acceleration where the exponential "transient’ term dominates. Taking the
limitas I — 0,

kCot

() = 0 2-113
Xsf(t) . (2-113)
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corresponding to a standard creep test where the inertia of the instrument is ignored,
results in a constant angular velocity of the platen. Applying (2-109) to (2-112) pro-

duces the expression for the box function

0, 0<t<t
(t—tp)
xag(t) = o= A+ e, fo<t<h 119
]%[tl_to_{_]%(e%—e%) e_%}, t> 1.

The response is illustrated in Figure 2.15, where it can be seen that the initial response

for t € [to, t1] is that of the step function, followed by a deceleration to approach a
kCo(t1—to)
n

constant value after the stress is removed at t = t;.

x(t)

Xoo 1

Figure 2.15: Platen displacement: box function, Newtonian fluid. Limiting value
_ kCo(t1—t)
Xpf(0) = =55

2.3.2 Maxwell Model

Assuming the relaxation modulus corresponds to a single-mode relaxation spectrum
{g,A}, (2-110) becomes

_ B Co(S-F)\_l) _ GCo_
A P Iy R KU 2110

where the roots of the quadratic polynomial in the denominator, {—¢1, —¢»}, are as

defined in (2-65) and also give rise to three distinct cases dependent upon the value of

the parameter ¢y =1 — 4M which are now considered in turn.
P 31
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Case1. ¢ > 0: The roots 1, € R and the solution has a double pole at the origin,

single poles at s = —; » and takes the form
C _ _
Xsr () = = {70+ mt+ 2078 4 507!} (2-116)
where the constants g1, € R are defined

Yo = 213% { % [SZXO(S)} }
_ kI(yA — kD)

7 (2-117a)
T = 21_{% {Sszf(S)}
_ %1 (2-117b)
Y2 = Sli)rjlél {(s+S&1)Xo(s)}
1-AG
= el 2-117
A2 (6 - &) (1179
Y3 = SEIP@ {(s+22)x0(s)}
Gy — 1 (2-117d)

A (& - &)
Case 2. ¢ = 0: Repeated real roots {1 = ¢ = ﬁ Xo(s) now has double poles ats = 0

and s = —¢1 and has inverse Laplace transform
C _ b
Xsf(t) = 70 {76 + 71t + (v +735t) e M} (2-118)
with constants
70 = —12A° (2-119a)
7 =44 (2-119b)
d
/ _ 1 hall o 2 =
7= tim {5 [6- 20|
= 1272 (2-119¢)
T . 2 _
7= lim {(s =& %0) |
=2A (2-119d)

Case 3. 1p < 0: The roots are complex {1, € C and furthermore {, = ¢7. Let ¢; =
g+i¢" and & = ¢’ —ig”, where ¢’ = 37 and ¢"” = #\/]y], then the inverse Laplace

transform is of the form

C ! 37/ 244
Xsf(H) =7 {76’ +oft+ et 9 e £y e t} } (2-120)
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in addition to constants () , ; € C defined

= (2-121a)

N =m (2-121b)
Af—1

AZ2(&1—E1)

[F2A%8"(544A28")] 4-id [3 — 48720

1
T2 =

= 5 (2-121¢)
&1+ (A"
no__ 1-— Aéplk
T3 = %2 *
/\61 (‘:1 - 61)
“OA2EM(5 L 4N2E2Y] — A [3 — 4&2)\2
¢ [1+ (2A8")?]
The limiting case where I = 0 results in a displacement
kC
Xsf(t) = A—go A+t H(t) (2-122)

which corresponds to a standard creep test with initial displacement jump and linear

temporal increase in platen displacement thereafter.

x(t)
Xoo -
ol 4 t t
Figure 2.16: Platen displacement: box function, Maxwell model, iy > 0. Limiting value

Xiy(0) = Kl
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x(t)

Xoo 1

O tO tl t

Figure 2.17: Platen displacement: box function, Maxwell model, ¢ = 0. Limiting value

4ACo(ty—t
be(oo) _ 0(11 0)
x(t)
Xoof-———m————
0 to t t

Figure 2.18: Platen displacement: box function, Maxwell model, ¢ < 0. Limiting value

Kop(e0) = £

2.3.3 N-mode Maxwell Model

As for the delta function applied torque, we now consider the case where the material
is modelled by an N-mode relaxation spectrum, individually for viscoelastic fluids and

solids.
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Case 1. G« # 0: Using the definitions of G(s), A n(s) and Ap n—1(s) in (2-86)-(2-88),

the platen displacement has Laplace transform

CoA1,N(s)
ISAS,N+2(5) '

where Aj N.42(s) is a polynomial of degree N + 2 as defined in (2-90). Again, denoting

Xsf(s) = (2-123)

the roots of Az n+2(s) by {& N2, xs £(t) has Laplace transform

COH (S—l-/\i_ )

Xsf(s) = , (2-124)
S NI+ 6
so x,f(t) itself is of the general form
C N+2
Xsf(t) = mo+ Y vie Sty tel0,T] (2-125)
i=1
with constants yp € R and v; € C defined
Mo = 21_1}5 {sxsr(s)}
1 N1
- (2-126)
EN+16N+2 j7 AiGi
Vi: hm { - Xsf( )}
H (A7 =2
== Y i=12,...,N+2 (2-127)

& H]Nﬁ(c] —Gi)

Note that lim¢ e xsf(t) = %yo > 0, so the platen displacement reaches an equi-
librium value, as would be expected for a viscoelastic solid under constant stress in
the linear regime. Since lim; 0 xs(t) = 0, additional information about the con-
stants is obtained by the relation oy = — Zfi JEZ v;. The solution for the box function
is obtained by applying (2-109) and the platen displacement is plotted in Figure 2.19
for the double Gaussian spectrum in (2-103) using the same values for the parame-
ters as for the delta function in Section 2.2.3. For t > t;, the displacement is given
by x(t) = Xxsf(t —to) — xs¢(t — t1) and although not readily apparent in the figure,
lim;se0 x(t) = 0, the rate of recoil to the initial equilibrium displacement being gov-

erned by the magnitude of the longest relaxation time.

Case 2. G = 0: For the viscoelastic fluid case, the platen displacement has Laplace

transform

CoA1,N(s)

—_— 2-128
Is?Ag N+1(s) ( )

Xsf()
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1.0
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Figure 2.19: Platen displacement: box function, viscoelastic liquid, double Gaussian
spectrum of Honerkamp & Weese.
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Figure 2.20: Platen displacement: box function, viscoelastic solid, double Gaussian
spectrum of Honerkamp & Weese.

where the polynomial functions Aq n(s) and Agn-+1(s) are defined as in (2-87) and

(2-95), respectively. Denoting the roots of Ay n1(s) by {—¢& 11, (2-128) now becomes

_ CoTI (s +A: Y

=13 Hf\fll(s e (2-129)

Xsf(s)
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which, upon inversion of the Laplace transform, yields

i=1

C0 / / NAL 1 —&t
Xof(H) = 7 Qo+t + ) vie™™ (2-130)
with constants v/ € C defined
v = 1im, {(s+¢Dxsf(s) }

H 1(7\ ! — )
C’ZHN“(C’ &’

The double pole at s = 0 gives rise to the remaining constants y, 4} € R,

o = g;o{j (00

i=1,2...,N+1. (2-131)

- R N—1 N1
‘:N+1 [E 1221 (Cz) ] g AICI (2_132)
ph = lim {%2.1()
1
O T A (2-133)

where 1, has been evaluated using the identity

d N ds fl
—[1fi(s) = [Z ( )] [1fi(s) (2-134)
ds 7 fi(s)

— YNy, and the step func-

Since x,r(0) = 0, the coefficients must satisfy py =
tion applied torque results in a linear increase in displacement as t — co. The box
function solution is obtained as previously described in (2-109) and the displacement
for a viscoelastic fluid with double Gaussian relaxation spectrum and parameters as
described in Section 2.2.3 is plotted in Figure 2.20. For t > t;, the platen displace-
ment is given by xp(f) = xs¢(t — to) — Xsf(t — t1) and it can readily be inferred that
lim; 0 Xpf(t) = %(tl — tg). This result is expected, since a viscoelastic fluid will

exhibit a degree of flow overall after the removal of the strictly positive applied stress.

IV. SLOPE & RAMP FUNCTIONS

Consider an applied torque now in the form of a linear function of time. The base

function, often called the “slope” function will be defined

Cq(t) = CotH(t), (2-135)
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where H(t) is the Heaviside step function and Cy € R, or in Laplace space

- C

Cy(s) = 5—20 (2-136)
which, upon inserting in (2-42) yields the Laplace transform of the platen displacement
as

kCo

Rails) = s3[G(s) +kIs]’ (2-137)

Figure 2.21: Ramp function
applied stress.

An experiment of finite duration will necessarily result in the application of a

“ramp” function given by
Crp(t) = Cot [H(t) — H(t — t1)] (2-138)

for constant #; € R™ as depicted in Figure 2.21. The Laplace transform is

Copls) = % 1 (14sh)e ], (2-139)

and the Laplace transform of the platen displacement can be expressed in terms of that

of the slope and step function as

Xrf(s) = Xsi(s) — € [Xa(s) — t1%sf ()] (2-140)
which upon inversion yields

Xef(8) = xst (1) H(t) = [xar(t — t1) + tixsp(t — t1) ] H(t — t1) (2-141)

As for the previous two sections, we now look at a variety of specific models. Since

much of the working is similar, some detail has been omitted to avoid repetition.
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2.4.1 Newtonian Fluid Model
The Newtonian model, with relaxation modulus G(t) = 1d(t) produces a platen dis-

placement with Laplace transform

Co

— 2-142
I3 [s + ] (142

Xsl(s) =

and in t-space

kG (k—1> M t—(E)Z i 2-143
Xsl() 7 { ” I + ” e . ( )

The platen displacement behaves like O(#?) as t — co and tends to a constant acceler-
ation kCO .As—0,

kC

Xsi(t) = =t (2-144)
2.4.2 Maxwell Model
For the Maxwell model, with relaxation spectrum {g, A}, (2-137) becomes

_ CQ(S + A" ) C() _

=0 2-145

Xsl( ) 153(S+Cl)(5+§2) IXO( ) ( )

where (7> are defined as in (2-65). As for the previous sections, there are three cases

depending upon the valueof p = 1 — %, but only the case where the roots are distinct

is included here.
Assuming ¢ # ¢, inversion of the Laplace transform in (2-145) results in a solution

of the form

C _ _
Xsi(t) = TO {')’0 +’)’1t+’)’2t2+’)’3e Q’lt_|_,)/4e é‘zt} (2-146)

with constants g1, € R and 73 € C defined

Yo = hm{ 322 [;XO(S)} }
_(KDA(kI—270)

773
d s
7 = lim { P [S Xo(S)}}
kI(yA —kI)
— T

(2-147)

(2-148)
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1 kI
1= lm{S0E)f =4, (2-149)

V3 = Sglj}ﬁ {(s+¢1)xo(s)}
A6 — 1 (2-150)

EEE)
Y4 = SEIP@ {(s+22)x0(s)}
_1-M5
AB(E— &)

In the case where the roots are complex conjugate, it follows that 4 = <3, hence (2-146)

(2-151)

can be written in the form

Co
I
where the constants A, ¢ € R are defined

{%+7¢+wﬂ+Aeﬁum@%+@}, (2-152)

A =2]y3] (2-153)
_ Re{7s}
tan¢ = m{7a}’ (2-154)

The latter case is plotted in Figure 2.22.

x()

kCot?
2n

0] t t

Figure 2.22: Platen displacement: ramp function, Maxwell model, { < 0, t; = 4.

2.4.3 N-mode Maxwell Model

Finally, consider a fluid modelled by an N-mode relaxation spectrum for both vis-

coelastic fluid and solid cases.
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Case 1. G« # 0: Using the definitions of G(s), A n(s) and Ap n—1(s) in (2-86)-(2-88),
the platen displacement for a viscoelastic solid has Laplace transform

CoA 5
Xsl(s) = i L LN( )

_— 2-155
s2A3,N+2(s) ( )

where A3 n2(s) is a polynomial of degree N + 2 given by (2-90). Denoting the roots

of Az n+2(s) by {&; fi J{Z, the inverse Laplace transform of (2-155) becomes

CO N+2 y
Xa(t) =7 QHo+mt+ ) vie™® (2-156)
i=1

where, using the identity (2-134) as necessary, the constants yo, 11 € Rand v; € CVi =
1,2,...,N + 2 are defined

o (d 1,
Vo—ll_%{g [s XO(S)]}
N A - Nzet

- 2-157
EN1N+2 TN & ( )
i =lim {s%o(s) }
1
- 2-158
Ent1EN+2 [T GiMi ( )
vi = Sl_ifflc {(s+¢&i)xo(s)}
T (A -8 150

CITT(E — 6i)
Since x,£(0) = 0, the coefficients must satisfy the property pg = — Zfi J{Z V.

Case 2. Goo = 0: In the case of a viscoelastic fluid, the Laplace transform of the platen

displacement is

_ CoA1n(s)
§) = —4——+~ 2-160
Xsl( ) IS3A4,N_|_1 (S) ( )

where Ay n41(s) is defined by (2-95) and is assumed to have N + 1 distinct roots de-
noted by {—& }N 11, so the solution of (2-160) will be of the general form

i=1 "

CO ) N+1 _—
Xsi(t) = = | Ho + it + pot” + Y vie S (2-161)
i=1
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with constants o, pi1, 1o € Rand v/ € CVi =1,2,..., N + 1 defined

Ho = lim {Xo(s)}
B 1
28N T A
p1 = lim {Xo(s)}

[N A= o]

[B1— B2 +2a; (ay — a1)] (2-162)

_ (2-163)
(%\Hl szil )‘igz/'
1. (sl
H2 = 5; lim {S XO(S)}
1
_ (2-164)
28 1 T A
vi = lim {(s+¢&)xo(s)}
s——G;
LA =8
ke e R i=12...,N+1. (2-165)

(EDPTL(E — ¢

where the additional constants are defined a3 = YN ; A;, a0 = YN 11 (ED L, B = a3 —
YN A2 and B, = a3 — LN11(g1) 2. Note that the identity (2-134) has been applied
once to obtain y1 and twice to obtain p. The initial condition imposed upon xg(f)
additionally implies that the constants satisfy the relation g = — Zfi J{l v!. Figure 2.23
shows a plot of the response for a ramp function applied torque for a viscoelastic fluid

with double Gaussian relaxations spectrum and parameters as given in Section 2.2.3.
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Figure 2.23: Platen displacement: ramp function, viscoelastic liquid, HW relaxation
spectrum, t; = 1.

V. PERIODIC FUNCTIONS

Periodic functions can be handled using the periodicity theorem (A-15) for the Laplace
transform. The general result for an arbitrary periodic function of period ¥ with n

repetitions is
n
Ct)y=) G(t—t)H(t—t), t=(G-1¥ (2-166)
j=1
and therefore

C(s) = Ci(s) i e I
=1

B C(S) e—n‘I’s

=1 ¥ (2-167)
From (2-167), it can then be deduced that
n
x(s) =xr(s) Y e (2-168)
j=1

and in the time domain

X = Y. xo(t— t)H(E— 1) 2-169
j=1
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2.5.1 Sinusoidal

The standard method for obtaining viscoelastic data in the linear regime for estimation
of the relaxation spectrum is to apply a sinusoidally varying stress profile of angular

frequency w, represented in complex notation by
C(t) = Coe™  t€[0,00),Co€R (2-170)

The standard approach is to make use of the information that such a stimulus produces
aresponse with a transient component which decays to leave an essentially steady state
oscillatory response, also of frequency w, as t tends to infinity. Thus, it is generally
assumed that

lim x(t) = g(w)e“t  fecC (2-171)

t—o0

where ¥ is a complex constant depending on w. An example of the steady state re-
sponse is depicted in Figure 1.3.

Now consider the response of a stress-controlled theometer to an applied stress of
the form (2-170). Thus, we have

, t . .
_ICUZX((,U) elwt +k_1 }g{}o A G(t . t’)iw it 4 — Co elwt (2-172)

or, equivalently

. t . , .
_ICUZX((U) elwt + k—l tlim G(t’)iw ezw(t—t ) dt’ = Co plwt (2_173)
— 00 O
—ICUZX((U) eiwt +k_1in(w) / G(tl) e—iwt’ dt = Co eiwt (2-174)
0

The complex modulus G*(w) is defined in (1-54) and substituting this expression into
(2-174), for this problem G*(w) takes the form

(2-175)

]

Assuming a phase difference c between the input and response, (2-175) becomes

G*(w) =k [% e 4 Iwz] : (2-176)
0

However, despite the simplicity of the mathematics produced by ignoring the tran-
sient component of the response, this approach to obtaining the linear viscoelastic pa-

rameters is not without its disadvantages as noted in Section 1.1. Primarily, the time
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required to obtain data at a single frequency is significantly increased if the response
of the fluid is neglected until the transient has decayed sufficiently to be assumed neg-
ligible and a quasi-steady state has been reached, particularly for low frequencies.
The platen displacement is now simulated in an analogous manner to the previous
sections concerning the delta, box and ramp functions, including the transient portion

of the response in the analysis.
Maxwell model

For the Maxwell model, which has relaxation modulus with Laplace transform given
by (2-46), and using the repetition theorem (2-168), the Laplace transform of the platen

displacement is given by

Cowo [1 — efﬂ‘ys]

xls) = Is (2 + wd) [s + (kI)"1G(s)] @177)
where ¥ = i—z Defining xs(t) such that

x(s) = xs(s) [1 - e‘"%] , (2-178)
the platen displacement for n cycles of the sinusoidal torque of period ¥ can be ex-
pressed as

x(t) = xs(H)H(t) — xs(t —n¥Y)H(t — n'¥). (2-179)

Assuming (1, are real and distinct and as defined in (2-65), the platen displacement

will have the form

C . ,
xs(t) = TO {’)/o +ype @t 9%l et 4, e 01t 4 73 e_gzt} (2-180)
where, defining xso(t) such that xs(t) = %Xso(t)/
— lim {750} = —— (2-181)
To = LR 1sAs0s = gAwy
L N L (1 —iwA)
m = dm s 00} = =5 03E ) G — ) (182)
. _ wp(Ag1 — 1)
T2 S%*Cl{( gl)XSO( )} /\Cl(w(%_'_é%)(érz_gl) ( )
. _ wo(1 —Ag)
= lim {(s+ s)y = : 2-184
This can be expressed in the form
_ G

xs(t) i {’Yo +2 |71| sin(wot + ¢1) + 2 e 4 + 3 e_ézt} (2-185)
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where

_ Re{m}
tan 4)1 = m, (2-186)

so it can be seen that the response consists of a sinusoidal portion out of phase with
the applied waveform by ¢; and a transient component expressed as a sum of expo-
nentials, monotone decreasing in the case of real roots. If &1 » are complex and distinct,

the platen displacement can be rewritten in the form

C . ot 1"
xs(t) = 2 {0+ 2 sin(wot + g1) +2|a] e FIE 1) (2-187)

where ¢ = Im {7,} and

_ Re{n}
tan¢g, = m {72}’ (2-188)

The typical platen displacement response for a Maxwell fluid with complex roots is

shown in Figure 2.24.

2.0

15

—2 T T T T T T T T T T T
0 2 4 6 8 10 12

Figure 2.24: Platen displacement: sinusoidal waveform, Maxwell model, ¢ < 0.

N-mode Maxwell model

The simulation for the N-mode Maxwell case is divided into two parts, depending

upon the value of Go which corresponds to viscoelastic solids and fluids, respectively.



2.5 PERIODIC FUNCTIONS 81

Case 1. Goo # 0: For a viscoelastic solid, the Laplace transform of the platen displace-
ment takes the form

C()CU()AL N (S)
g2 + w%)A3,N+2(S) ’

Rs() = ¢ (2-189)

where Aj n(s) and Az n42(s) are defined as for (2-87) and (2-90), respectively. In the

t-space, this corresponds to

CO N+2 ;
xs(t) — T 2 || sin(wot + ¢1) + Z Vi e —Ck (2-190)
k=1
with constants are defined
p1 = lim {(s —iwo)Xso(s)}
s—muo
i (iwo + A7)
J N1+2 J (2-191)
211,55 (iwo + &)
Ve = lim {(S +Cr)Xso(s)}
S—>—l§k
wo [T 7\‘*1 — Ck
- I= 1(N+2 ) k=1,... N+2 (2-192)
(‘Uo + ‘:k) H] 1 k(gj — Ck)
fan gy — {p} (2-193)

Im {1}

The response of a viscoelastic solid with relaxation spectrum prescribed according to
the double Gaussian spectrum in (2-103) is plotted in Figure 2.25 with parameters as

specified in Section 2.2.3.

Case 2. Goo # 0: The viscoelastic fluid is similarly obtained, the Laplace transform of

the platen displacement being given by

C()ALN(S)
Is(s? + w3)Ag N1 (s)

where A n(s) and Agn+1(s) are defined as for (2-87) and (2-95), respectively. The

platen displacement observed would therefore be

(2-194)

Xs(s) =

C N+1
xs(t) = o + 2 |1 | sin(wot + ¢1) + Z v e %kt (2-195)
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Figure 2.25: Platen displacement: sinusoidal waveform, viscoelastic solid, HW relax-
ation spectrum.

in terms of the constants defined

1

=i v = 2-196
po = lim {sXso(s)} o T A1) ( )

e . ] T (A +iwo)
H1 = ngl.go {(s —iw —0)xs0(s)} = _Zwo H]I:{l(g] ¥ i) (2-197)

wo H]i1

= i + &)X = J 2-198
Vi S—1>r—n§k {(S ék)XSO(S)} @k((:,% + (,(J(%) H]]\L_a_,lk(gj - 6k) ( )
fan gy = {im} (2-199)

CIm{m}

The response of a viscoelastic solid with relaxation spectrum prescribed according to
the double Gaussian spectrum in (2-103) is plotted in Figure 2.26 with parameters as

specified in Section 2.2.3.

The results from Section 2.2-Section 2.4 can be used to construct the response for
certain periodic functions in terms of the response of those functions. Note that ex-
perimental interpretation is more appropriate in terms of a frequency-based analysis -
FTMS (see Section 1.1), whereby the complex modulus is obtained. However, a steady-
state is assumed, which requires several cycles to be applied before measurement can

take place. Here, the output is simulated taking into account the transient compo-
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Figure 2.26: Platen displacement: sinusoidal waveform, viscoelastic liquid, HW relax-
ation spectrum.

nent of the response which any experimental scheme concerned with obtaining data

as rapidly as possible should take into account.

1. Multi-frequency waveform: The rationale for combining several sinusoidal wave-
forms of different frequencies is readily apparent in the frequency domain, whereby
the complex modulus can be determined accurately by steady-state theory at several
frequencies simultaneously, as considered in [35]. The displacement response when
subjected to an applied torque of this form is simply the sum of the responses which
would be observed for each of the component frequencies, due to the underlying linear
assumption. A typical displacement curve for a multiple frequency sinusoidal applied
torque is shown in Figure 2.27 for an N-mode Maxwell fluid with parameters as for

Section 2.2.3 and equally weighted component frequencies of 1,2 and 3 rad s~ .

2. Delta function sequence: The absolute values of the displacement decreases
rapidly for an applied torque in the form of a delta function, so an obvious exten-
sion would be to apply a sequence of delta functions, spaced at a period of ¥ with an

initial impulse at t = ty. The torque would take the form

n—1 )
C(t)=Cs ) (—1)é(t—t;), ti=to+j¥<T (2-200)
j=0
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Figure 2.27: Platen displacement: multi-frequency sine wave, viscoelastic liquid, dou-
ble Gaussian spectrum of Honerkamp & Weese.

and the corresponding displacement, by the linearity assumption, would be the sum

of the displacements associated with each of the individual delta functions, viz.

n—1 )
x(t) =Y (=1 xs(t—t))H(t — t;). (2-201)
j=0
A typical displacement curve for an N-mode Maxwell fluid with parameters as for

Section 2.2.3 is shown in Figure 2.28.

3. Square wave: A periodic function based on the box functions is the square wave,
with period ¥, and involves n repetitions of the base function, which is a single cycle

of the waveform. The applied torque function is depicted in Figure 2.29.

The applied torque has the form

H(t)+ H(t — n¥) + 22§1(—1)1H(t — 1Y)
j=1

C(t) = G (2-202)

and using the repetition theorem for the Laplace transform (A-15), the Laplace trans-
form of the platen displacement is
2n—1

. 1
1+e ™ 42 Y (—1) e—zf‘“] , (2-203)
j=1

X(S) = Xsf(s)
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Figure 2.28: Platen displacement: sequence of delta functions, viscoelastic liquid, HW
relaxation spectrum.
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Figure 2.29: Square wave- L —

form.

which corresponds in the time domain to the displacement

2n—1

x() = xsp () H(t) + xsp (t —n¥)H(t —n¥) 42 21 (= 1) xsp(t = 3/X)H(t = 37¥)
i

(2-204)

in terms of the displacement for the step function described in Section 2.3. A typical
example of the response is shown in Figure 2.30 for an N-mode Maxwell fluid with

parameters as in Section 2.2.3.

4. Box function sequence: Another variation on the theme of the box function is an

applied torque composed of a sequence of box functions, for which the torque would
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Figure 2.30: Platen displacement: square waveform, viscoelastic liquid, HW relaxation
spectrum.

be given by

n

C(t) = Co ) [H(t — %) — H(t - 1(2j +1))¥| (2-205)
j=0

and hence the Laplace transform of the displacement would be
1 L
x(s) = xs¢(s) {1 — %ei%} Y e /s, (2-206)
j=0

The platen displacement is therefore of the form

n

X() = X [rep(t = POH(E— 1) = xop(t = 32+ DOH(E— 12+ 1)¥)] . 2207
j=0

5. Ramp function sequence: A variety of periodic functions for the applied torque
can be constructed using the ramp function in Section 2.4. The simplest example is
a sequence of ramp functions and the equation for the applied torque in this case is

given by
—Co Y { (= (= D) [H(t - (i~ 1)¥) — H(t - /%)) }. (2-208)
j=1

The displacement, using the repetition theorem, has Laplace transform

xs {st )Y, e — et —‘szf(s)ze‘f%} (2-209)
j= j=1

1
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and therefore the platen displacement is
n
x(#) =) Axa(t= (= DOHE= (= DY) = [xalt =j¥) + ¥xer(t = JY)] H(E = E)
j=1
(2-210)

Other examples of applied torque functions which can be derived from the slope and

step functions are the sawtooth and triangular waves.
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General Properties of the Response

88
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This chapter is concerned with the properties of the governing equation in terms of the
Laplace transform formulation. The effect of step discontinuities in the platen angu-
lar displacement and its derivatives is investigated first. It is demonstrated that it is
not possible to apply a physically reproducible torque such that the platen displace-
ment exhibits a step change, however it is possible to induce the angular velocity of
the platen to display a step discontinuity, provided the use of the delta function as an
applied torque is allowed. Subsequent derivatives of the platen angular displacement
can be easily attained using well-behaved functions alone. The motivation for these
results is to determine whether it is possible to obtain the relaxation modulus directly
from experiment, requiring the minimum of data processing. It then follows that it is
only possible to obtain the relaxation modulus as the first and higher-order derivatives
of the platen angular displacement, requiring at least one degree of differentiation. Al-
though this may not be the optimal form for the applied torque in terms of the criteria
in Chapter 3, it nonetheless represents a desirable form for the output displacement
in terms of the amount of data processing which is necessary. This is an example of
an adaptive torque profile, whereby the data already obtained is used to improve the
accuracy of the data to be acquired during the remainder of the experiment. A more
general analysis is made of the case where the relaxation modulus and the displace-
ment or velocity of the platen are represented by finite Dirichlet series and it is observed
that the torque which must be applied to produce this response consists of a Dirichlet
series also, but with an extra term involving a generalized function. Finally, the distri-
bution and relationship between the poles of the torque, displacement and relaxation
modulus is investigated, based on the assumption that the Laplace transforms of these

three functions are represented by rational functions.

I. OBTAINING G DIRECTLY

An approach to determining an optimal form for the applied torque C(#) is to decide
what the most desirable function the displacement should be to provide the most infor-
mation about the viscoelastic fluid under investigation or in the simplest form which
requires a minimum amount of manipulation to obtain the necessary linear viscoelastic
functions which characterize the material. Working in the time domain, it is clear that
a truly optimal form for the output signal under this criterion would be the relaxation
modulus itself, G(t), whence the data could be used in its raw format and absolutely

no numerical differentiation or other forms of manipulation are required. The question
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which must be posed is whether it is possible to apply a torque such that the platen
displacement is of this form, however first it is necessary to analyze the response of
the system with respect to discontinuities in C(t), x(¢) and higher order derivatives of
X(t). The most desirable output from the system would be for x () to be a scalar multi-
ple of the relaxation modulus, followed by the corresponding situation for x (), since it
will be required to perform numerical differentiation on the data, which is an ill-posed

process. The concept of ill-posedness will be elaborated upon in the following chapter.

3.1.1 Effect of step discontinuities

It has already been demonstrated in Chapter 1 that it is possible to apply a torque
C(t) which possesses a step discontinuity through the analysis of the response of the
system to a stimulus in the form of a box function. It was seen that the response of the
system is a continuously differentiable function, i.e. x(t) € C'[0, T]. The case where a
discontinuity exists in x (t) needs to be handled more delicately. The Laplace transform

formulation of the problem

C(s) = 1 [7(5) — 5x(0) — £(0)] + K~ {G(5) [sx(s) — x(0)]} (3-1)

is insufficient to model the response where the displacement, x(f), or any of the higher
order derivatives thereof, exhibits a step discontinuity at ¢ = 0. The reason for this is
the presence of the terms x(0) and x(0) which arise from the Laplace transforms of the
derivatives of x(t) and are undefined for the case where the discontinuity coincides
with the origin. This problem can be circumvented by translating the function along
the time axis in a positive direction by a quantity & > 0, wherefore the values of x(0)
and x(0) are both zero. The case where the discontinuity occurs at + = 0 may then be

inferred by taking the limit as « — 0. The Laplace transform of the applied stress thus

becomes
C(s) = x(s) [152 +k_1sC(s)] : (3-2)
Discontinuity in x(f)

First, consider the torque required to produce a displacement with discontinuity lo-
cated at t = a. To represent such a function, define x(t) = H(t — a)y(t — a) for
a > 0, where H(t — a) is the Heaviside step function and ¢(f) € C*(0,00) is a con-
tinuously differentiable function. The function x(t) has a step discontinuity at t = &,

provided that (a) # 0. For simplicity in the analysis, consider the case first where
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P(t) = 1Vt > 0. Therefore, we have

X(s) = e 63

and the Laplace transform of the torque becomes

C(s) = e [15 + k—lc(s)} (3-4)
and inversion yields

H(t+a)C(t+a) = 18 (t) +k1G(t) (3-5)
or, equivalently

C(t) = [Iél(t—oé) +k’1G(t—(x)] H(t—a), telo,T]. (3-6)

where &'(t) denotes the first-order derivative of the delta function, in the sense of
distribution. This however has no physical significance and cannot be reproduced
experimentally. In the case where (t) is completely arbitrary, provided that the
constraint [(0)| > 0 is satisfied, the real-valued shift theorem in (A-10) states that
X(s) = e™y(s) and hence

C(s) = e [152¢(s) + k—ls¢(s)é(s)] . (3-7)
Since (0) # 0, we can write ¢ = (0) + ¢ (f), where ¥1(0) = 0. Thus,

s = (0)s + s> 1 (s)
= ¥(0)s +Z {91} (s) +91(0)s (3-8)

and noting that the inverse Laplace transform of the latter term on the RHS of equation
(3-7) is the convolution of G(t) and ¢ (t), the applied torque necessary to produce a

jump in the platen displacement has the form

C(t) = {I[(¥(0) +¢1(0)) &"(t —a) + 1 (t —a)] — G+ P} H(t —a). (3-9)

This demonstrates that C(f) always contains a term containing the unphysical first
derivative of the delta function, therefore it is concluded that it is not possible to con-
struct a practical experiment where the output displacement has a step discontinuity.
It can be seen however, that taking the limit I — 0 in (3-9) removes the unphysical

term ¢’ (t), although such an assumption cannot be realized experimentally.
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Discontinuity in y(t)

Now consider the effect of a step discontinuity in the first derivative of the displace-
ment x(t) att = a, « > 0 represented again by the function x(f) = H(t — a)9p(t — a).
For ¢(t) = 1Vt > 0, the Laplace transform is

sx(s) = %e"‘s (3-10)
then
C(s)=e ™ [I+k*1571G_(s)} (3-11)

which upon inversion yields

H(t+a)C(t+a) = I5(t) + k! /OtG(t’)dt’ (3-12)

or equivalently
C(t) = [I(S(t —a)+ k1 /OH G(t) dt’] H(t—a), te0,T]. (3-13)

For a general function 1(t), subject to the initial condition ¢(0) # 0, x(f) has

Laplace transform

L{x()} = sx(s) = e "“(s) (3-14)
and the torque required has Laplace transform

C(s) = e [mp n k—lc‘;ﬂ . (3-15)

Again, writing ¢(t) = ¥(0) + 1 (t), or equivalently s = ¢(0) + sip1(s), the torque is
thus given by

C(t) = {1 [pO)8(t — &) + i (t — )] +KT'G(1) + (1) } H(t — a) (3-16)

This result demonstrates that is perfectly feasible to obtain a discontinuity in the
derivative of x(f) experimentally, provided the use of the delta-function as an applied
torque is allowed. Again, taking the limit I — 0 removes the generalized function

term, and since G(t) and ¥ (t) have physical forms, then so will the convolution term.
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General result

Now it is possible to generalize the former results to a discontinuity in the nth-order
derivative of x(t) by considering x" (t) = H(t — a)¢(t — «), « > 0, n € IN. This has

Laplace transform satisfying

s"x(s) = e "P(s) (3-17)
and the general form for the Laplace transform of C(f) becomes

C(s) = e {1 [%s—(”-l) +s—<n—2>431(s)] + k_llﬁ(s)s_("_l)é(s)}, (3-18)
whichis valid for n =0,1,2,.... For n > 2 this corresponds in the time domain to

C(t) = { [% —HPz(t—zx)] + kg Gyt —0()} H(t—uw), n>2,(3-19)

where (1) = 21 {s—<n—2>1/31(s)} and G,(t) = .21 {s—<n—1>c‘;(s)}. Gi(t) is ob-
tained by integrating G(t) (n — 1) times for n > 2, while ,(t) is obtained by inte-
grating ¢ (f) (n — 2)-times, hence there are no terms containing the delta function
or derivatives thereof, and therefore (3-19) represents a physical form for the applied

torque.

3.1.2 Relationship between x(t) and G(¢)

Having established the foregoing results concerning discontinuities in x(t) and its
derivatives, we now proceed to consider the case where 1(t) has a specific and use-

ful form and present the following two theorems.

Theorem 3.1.1: There is no physical form for the applied torque, C(t), such that the

displacement, x(t), is equal to the relaxation modulus, G(t).

Proof. To verify this proposition, it is necessary to make use of the results in Sec-
tion 3.1.1, with the additional assumption that ¢(t) := G(t), t € [0, T], where G(t)
is the relaxation modulus. The displacement is therefore x(t) = H(t —a)G(t — «) for

t € [0, T] and has Laplace transform
X(s) = e *G(s) (3-20)

Since x(0) = x(0) = 0, (2-42) gives the expression which we require to determine
the applied torque, C(t), which corresponds to the platen displacement with Laplace

transform as given by (3-20). In Laplace space, the required function takes the form

C(s) =e™™ [ISZG(S) +k71s {G}z} : (3-21)
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The invertibility of (3-21) is dependent upon the form of the relaxation modulus. Mak-

ing use of the identity for the derivative of the Laplace transform, it is seen that

$?G(s) = 2 {G(t)} (s) +sG(0) + G(0) (3-22)
and hence
27H2G(5) } (1) = G(1) + G(0) () + G(0)8(H). (3-23)

Also, note that

{ (G} } ) = G(t) * (G(t) + G(0)5(t))

(0)
(0)G(¢t), (3-24)
hence inversion of (3-21) gives
= {I[G(t—a) +G(0)8'(t —a) + G(t —a)5(t — )]
+k 1 (G G+ G(0)G(t — ) }H(t — &). (3-25)

The expression for C(t) contains the first derivative of the delta-function, ¢'(t) and
hence cannot be reproduced experimentally and is thus unphysical, which is consistent

with the general result in (3-9). ]

Theorem 3.1.2: It is possible to apply a torque, C(t), such that the first derivative of the

displacement, x(t) is equal to the relaxation modulus, G(t).

Proof. Proceeding in an analogous manner, with x(f) = H(t —a)G(t —«a), t € [0, T]

and corresponding Laplace transform
sx(s) = e G(s), (3-26)

the Laplace transform of the applied torque C(¢) in this case has the form

C(s) = e [IsG( +k1 {G(s)}ﬂ . (3-27)
Again, noting that
27 HsG(s)} (1) = G(t) + G(0)s(t) (3-28)

and

o1 {(G)Z} — GG (3-29)
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it follows that the inverse Laplace transform of (3-27) yields

C(t) = H(t — a) {1 [G(t) + G(0)5(1)] + Kk 'T(t— a)} . teloT] (3-30)
where
re =27 {[c]*}
= G(t) * G(b). (3-31)

Since G(0) # 0, by the final value theorem for the Laplace transform lim;_,. sG(s) =
G(0), or equivalently sG(s) = O(1) as s — co. This implies that G(s) = O(s7!) as
s — oo and consequently that T'(s) = [G(s)]2 = O(s72) as s — 0. This corresponds
to the result that I'(f) = O(t) as t — oo in the time domain and also verifies that the
inverse Laplace transform of I'is a physically realistic function. Provided the use of the
delta function is allowed in an experimental context, it is concluded that it is possible

to apply a torque of the form (3-30) such that x = G(t) is satisfied. O

Now an example is provided assuming the material is modelled by a discrete relax-

ation spectrum {g;, A;}. For general N-mode case, we have
2
) [Zz 18T (5 + Aj_l)}
2
I, (s + Ai—l)

which has poles of order 2 located at s = {— )L N, and therefore by the residue

T(s) = [G(s)]" =

(3-32)

theorem the inverse Laplace transform can be expressed as

N t

I(t) =Y (a;+Bit)e ™. (3-33)

i=1

Armed with the further information that
N
Vst -
; e (3-34)
i=1
it can be stated that the applied torque necessary to produce x(t) = G(t —a) is
Igi| -4
C(t) = H(t —a) { IG(0)5(t — «) +Z U+ Bit )>_T e % » (3-35)
1

where the constants «;, 8; € R are defined

W = Siiin% { % [<s + Ai_1>zf(s)] } (3-36a)
Bi= lim {(s+A;1)2r(s)}. (3-36b)



3.1 OBTAINING G DIRECTLY 96

In the case where N = 1, with parameters {g, A}, the solution can be obtained explicitly

without difficulty.

C(t)=H(t—a) {Ig(S(t —) + {k‘lg(t —a) — ng} e_(t;a)} , t€[0,T]. (3-37)

The motivation for obtaining G(t) directly is that since the equation can be solved
up to the current time f, perhaps in near real-time, an estimation of the relaxation
modulus could then be used in an iterative manner to obtain the solution to greater
accuracy than would otherwise be possible. There is scope for more investigation into

this concept.

Theorem 3.1.3: It is possible to apply a torque, C(t), such that the displacement, x(t), is
equal to the creep compliance, J(t), in the case where the material under investigation

is a viscoelastic fluid, but not for a viscoelastic solid.

Proof. Let x(t) = H(t —a)J(t — ), so that x(s) = e *'J(s) and from (2-43) the applied
necessary torque has Laplace transform
X [1+KIS?](s)]
ks]
— e [ks—1 n lszf(s)} . (3-38)

C(s) =

Using the second order derivative identity for the Laplace transform, note that

$J(s) = 2 {J(t)} +s](0) + J(0) (3-39)
and inversion of (3-38) yields

C(t) = H(t — o) {k—1 FIJ(t—a) + Jod (E—a) + J(0)5(t — )] } (3-40)
where

Al

j_ztzf: j—; {/::OOL(T) (1— e > dlnr}

_t
_/ )ﬁ — € T) dint
_ / LT -t ¢ (3-41)
=0

The creep compliance corresponding to a model with a set of N discrete retardation
times {7;} IV, is given by (1-64). The coefficient of the term containing the unphysical

first derivative delta function, Jy, is only non-zero in the case of a viscoelastic solid.
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If the material is a fluid, then the necessary applied torque would only involve the
delta function itself, which it has been established previously, is allowed to represent a

physical function. As an example, in this case the torque would take the form
N ] N ]
Y Zo(t—a)— ) Ze” (3-42)

j=1 %
and it can be seen that C(s) and J(s) share simple poles located at the origin and the

Al

C(t) = H(t —a) {k—l +1

negative reciprocals of the retardation times. O]

Theorem 3.1.4: It is possible to apply a torque, C(t), such that the first derivative of the
displacement, x(f) is equal to the creep compliance, J(t), for both viscoelastic liquid

and solid materials.

Proof. Let x(t) = H(t —a)J(t — «), where « > 0, with Laplace transform si(s) =
e ] (s). From (2-43), the applied torque to produce the latter angular velocity would

have the form

C(s) = e ™ [k‘ls_z + Is]‘(s)} (3-43)
and since
L7 s]} = J(t) + J(0)ét (3-44)

the applied necessary to produce the aforementioned response is

C(t) = H(t — a) {%(t —a) + T [J(t—a) + J(0)3(t — )] } . (3-45)

There are no terms involving derivatives of the delta function, hence a physical form
for the applied torque exists. Furthermore, since Jy = 0 for viscoelastic fluids, the delta
function term vanishes and the solution is a function of the derivative of the creep

compliance with the addition of a linear term in t. In the discrete case, where
. N t 1
) = L lie 4, (3-46)
1=

it can be seen that C(s) and J(s) share simple poles located at the negative reciprocals

of the retardation times. O

II. DIRICHLET SERIES REPRESENTATION

It has been established that it is possible to apply a torque to the system such that the

response is x(t) = G(t) for a completely arbitrary relaxation modulus G(t), provided
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that the functions G(t) and G * G are amenable and provided an example in the case
where the relaxation modulus is defined by the Maxwell model or equivalently corre-
sponds to a discrete relaxation spectrum. In this special case, the relaxation modulus

takes the form a of a finite Dirichlet or Prony series.

Definition 3.2.1: Let {A,}, n € ZT, form an increasing sequence of positive real num-

bers. A Dirichlet series [93] with exponents {A, } is a series of the form
f(s) =Y ape ™ (3-47)
n

where a, € C. The more well-known form is a specialization obtaining by setting

Ay = logn.

Now the results of the previous section are generalized by considering the relax-
ation modulus, G(t), and the displacement x(f) or its first derivative x(t) to be of the
form (3-47) and investigate the form for the applied torque C(t) which is necessary to
produce such a response. The following two propositions consider these two cases,

respectively.

Theorem 3.2.1: Let the relaxation modulus G(t) be represented by a finite Dirichlet
series G(t) = Geo + YN, gie % with exponents {A;} ordered such that A; < Ay <
- <Ayand g; € R fori =1,...,N. Define G;(t) to be the exponential sum part of
G(t), so that G(t) = Geo + G1(t). If the displacement x(t) is assumed to be of the same
form, with x () = xeo + LM, )(ie_"ii,t €10,T], xi € R"and y; < pup < --- < un. Then
the torque C(t) required to generate such a response for a general viscoelastic material

with an N-mode relaxation spectrum is of the form
M+N ot
C(t) = A8'(t) + B5(t) + Coo + Y, vie U (3-48)
i=1

where the Dirichlet series term has coefficients y; € R™, and exponents {91._1}, i =
1,.... M+ Nand A,B € R.

Proof. Define the Dirichlet series x((t) to be
N
Xo(t) = xeo + ) xie™/H (3-49)
i=1

where x; € R,i =1,...,N and the y; € R" satisfy y3 < pp < -+ < py. To avoid the

problems associated with discontinuities at t = 0 arising from the Laplace transform
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formulation of the problem, consider the function x(t) = H(t — a)xo(t — a), for a €

R*. Then the Laplace transform of the translated function is

N .
X(s) = e™™ [& +) X

1
5 I3Astu

(3-50)

It is also assumed that the relaxation time G(f) is represented by a Dirichlet series
with coefficients {g;} and exponents {A; '}, fori = 1,..., N, which has corresponding

Laplace transform

Lo ANoi(8) + G I (s + 477

G(s) = 1 (3-51)
sTIN (s + A1)
where A1 n_1 is defined
N N
An-1=Y &[]+ A]._l) (3-52)
i=1 =1,

The torque C(f) necessary to generate a response such as that given by (3-49) has

Laplace transform

C(s) = e [Isz;zo(s) +k—1s;z0(s)c(s)} = e %Cy(s). (3-53)
Now,
27 x0(s) | = Rolt) + x0(0)8' () + X0 (0)a(1)
M
—ZXle Hi4 (1) Xoo+27c1]—5 ZXZ (3-54)
i=1 ‘Z/IZ i=1 Hi

and consistently with Theorem 3.1.1, the solution involves the first derivative of the

delta function, ¢’ (¢), which cannot be reproduced experimentally. The remaining term

Zil {SXO(S)G(S)} = 371 {SX()(S)} * G(t)
= [Xo(t) + x0(0)] * G(¢)
t
= 0(0) [ Gt d¥ +xo(t) * G(1
t t
= x0(0) | G(t)dt' + G | olt)) At + fo(t) x Ga(t) (3-55)
must be a finite Dirichlet series, since both x((t) and G () are sums of exponentials.

Thus,

£ {sx0(s)G(s)} = x0(0)

N _t
Gogt—i—zgi)\i <1— e /\i)]

i=1

+ Goo [x0() = x0(0)] + Xo(t) * Gi(£).  (3-56)
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The latter convolution term is determined as follows.
Z{Xo*G1} = xo(s)Gi(s)
= [X1(5)G1(s) + x0(0)] G1(s), (3-57)

defining a new function

Ay
Hz 1(5 —{—"l/ll )
where
AZ,Mfl = — 2 Xi H s+ ]/lj_l) (3—59)
bij=1,i
and additionally using the definition for A; x_1 in (3-52), it can be seen that
- A N-—1(5)A
X1(s)Gi(s) = =N 1_( $)Aapm-1(5) (3-60)
[T (s + A DT (s + )
which, upon inversion of the Laplace transform yields a solution of the form
. N
L7 Hx(s)Gils)} = Y aje N Z Bie 7, (3-61)
i=1
where the constants {«;}¥ , and {B;}M, are defined
a;, = lim ) {(S + /\fl)Xl(S)G_l(S)}
s——A7
A A A o (—AT
LA 11( _1) S 1(_11 )_1 , i=12,...,N (3-62)
H 11()‘ A OIS (A =)
and
Bi= lim {(s+p )x1(s)Gi(s)
s—>—1;
A1 N- THA .
W Mamalp ) gy (3-63)

B Hil\i1(/\;1 )H] 11(?4] P‘;l)’

Defining {0;}MN = {3;}M, U {A;}Y, and corresponding coefficients 7; = a; +
x0(0)(1 — giA )forz =1,2,...,Mand vy; = %-i—k Y Geoxi + Bi) fori = M+1,M +
2,...,M+ N, then Cy(t) has the form

Co(t) = I [x0(0)8' () + x0(0)8()] + k"

M N
Geo Y Xi + X0(0) (Z gihi+ Goot)

i=1 i=1
M+N ,

+ Y vie %L (3-64)
i=1
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In the case of a viscoelastic fluid (G = 0) and setting x« = 0, this simplifies to

_12{;@5’ yé( ]+k x0(0 Zgl

-1 al -t M IXI _t
+k Z(Oéi +X0(0)gi(1 — Az)) e ti+ Z (]/t_ + ﬁl) e ", (3-65)
i=1 i=1 \ Hi
which is of the required form. O

Theorem 3.2.2: Let the relaxation modulus G(t) be represented by a finite Dirichlet
series G(t) = Geo + YN, gi e % with exponents {A;} ordered such that A1 < Ay <

< Ayand g; € Rt fori = 1,...,N. If the derivative of the displacement x(t) is
assumed to be of the same form, with X(t) = xeo + Y4 Xi e_Viz‘, fort € [0,T], xi € Rt
and p; 1 —p; > 0fori=1,...,N —1. Then the torque C(t) required to generate such a

response for a viscoelastic material with an N-mode relaxation spectrum is of the form

C(t) = A6(H) + Coo+ Y i€ (3-66)

where the Dirichlet series component has coefficients y; € R, and exponents {91._1},

i=1,..., M. For a viscoelastic fluid, the term C, takes the value zero.

Proof. Again, we begin by defining xo(t) as in (3-49), where x; € R the {y; '}, form
a non-decreasing sequence so that x(t) = H(t — a)xo(f — «). The Laplace transform of
X(t) gives the relation sj(s) = e *xo(s), so the applied torque necessary to produce

the desired response must have the form

C(s) = sx(s) [15 +k—1c‘;(s)}

= = [ Isgo(s) + k' Ro(5)G(s) |
= e *Cy(s). (3-67)

Now

£ {sxo(s)} = Xo(t)

Geo + Z Xi] 5(t) (3-68)
and
Z %G} = (Xeo + x1(t)) * (Goo + G1 (1))

N t
= XooGoo + Xoo ), 8k [1—6 A}+G szuz {1—e ”]‘FXl*Gl
i=1 i=1
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(3-69)

where x1(t) and G (t) are the exponential terms of the functions x((t) and G(t), re-
spectively. The only term which remains to be determined in explicit form is the last
convolution term, which will be an exponential series since both the arguments are of

this form,
A N—1(5)A3pm—1(5)

ZL{x1(t) xGi(t)} = — (3-70)
T s+ DTI (s + A7)
with functions A1 y—1(s) from (3-52) and
M
Asm-1(s) =Y xi H (s+u; ). (3-71)
i=1 j=1,
Then,
x1(t) * Gy (t Z n;e i + Z Bie (3-72)
in terms of the constants
a; = lim 1 {(s + y;l)xl(s)él(s)}
S—=—H;
A “HA 1
oo Ao (TR ) g,y (3-73)
H] 11(]4] _;uz )H 1(/\ —“l/ll )
and
Bi= lim {(s+A )x(s)Gi(s)
s—>—)\;
A )rl A Al
1N—1(— VA3 p—1(— ) —12... N (3-74)

H] 1(”] )H 11(/\ ! Az_l),
Defining {Qi}fﬁJ{N = {w;}M, U{A;}Y,, then the applied torque assumes the required

form
M+N ot
Co(t) = Ad(t)+B+ ) 7vie %, (3-75)
=1
where
M
A=T|Xeo+ ) Xi (3-76)
=1
1 M N
B =k | XeoGoo + Goo ) Xilhi + Xoo ) §i\i (3-77)
i=1 i=1
k=1 a; — Geo —i i=1,2,...,M,
[ﬁi+xoogi il i=M+1,M+2,...,M+N.
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In the case where the material is a viscoelastic fluid (Go = 0) and setting xo = 0,

the torque now becomes

M M 1 IX ot N . ot
Co(t) =T1)_ xio(t)+ ) {k‘ o — —l} e Fi4 ) kT'Bie i (3-79)
i=1 i=1 Hi -
and it can be seen that the limiting value Co, = 0 as required. O

As a simple example, consider the case where the applied torque has the form
C(t) = Co [6(t) + e~ ™]for the Maxwell model. The platen displacement would then

have the form

C _ _ _
x(t) = To{yo—kvo—l-(m-kvl)e S (up 4 72) e 2+ uge ‘”} (3-80)

where (1, are the constants pertaining to the delta function applied torque from
(2-73a)-(2-73c¢) in the case of real ¢1 or (2-80a)-(2-80c) if they are complex. The new

constants ji( 1 2 3 are defined

kI
Ho = Tfﬂ (3-81a)
B AE -1 _
M= a6 &) (3-81b)
- 1- A& _
M2 = e — &) (e — &) (3-810)
M (3-81d)

SEPTEENIEED
Theorem 3.2.3: Let the relaxation modulus G(t) and the second derivative of the dis-
placement {(t) be represented by finite Dirichlet series as for Theorem 3.2.2. Then
the torque C(f) required to generate such a response for a viscoelastic fluid with an

N-mode relaxation spectrum is of the form

M+N ot
C(t) =Coo+ Y vie @ (3-82)
i=1
where the Dirichlet series component has coefficients v; € R, and exponents {6;" 1,
i=1,..., M.

Proof. In an analogous manner to the previous two theorems, define ¥(t) = H(f —
axo(t — ), for & > 0, such that s2%(s) = e **xo(s). The torque required to generate a

response of the desired form is given by

C(s) = e *xo(s) {I + k_l@} (3-83)
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Now
Xo(s)G(s) _ A1 n-1(8)Asn-1(s) (3-84)
s STIE, (s + 7 D ITE (s + A7)
and
NA M , N ,
1 {XO(S)SG(S) } — o+ Y e F4Y et (3-85)
i=1 i=1

which can be considered to be a Dirichlet series with one infinite exponent. The con-

stants are defined

70 = lim {Xo(s)G(s)}

N M
= | Y_gidi| - | Y ximil (3-86)
i=1 i=1
0w = lim {(S + y;l)—XO(S)G(S) }
s——p; 5
— I]’\j{l 1,N_11( ‘M_Zl ) ?\,]M 1(_1 Aul 11 , 1 — 1’2,. . .,M, (3'87)
Hj:l,i(]’l]‘ —H; )Hj:l ()‘j — H; )
and
Bi= lim {(s +A;1)—X0(S)G(S)}
s—>—/\;1 S
AiALN-1 (=AY A5 (AT
= —— l’l_vll( — )A?’M 151 1 21 , i=12,...,N. (3-88)
Hj:l(ﬂj - Ai )Hj:l,i(Aj - /\i )
Then
M o+ N s
Co(t) =k Loyo+ 2 [k’loci + I)(i] e M+ Zkilﬁie Ai (3-89)
i=1 i=1
can be rewritten in the form
M+N ot
Co(t) = Y, mie &, (3-90)
=0
where {Gi}f\iTN = {,ui}f\il U {Ai}f\il and 0y = co. |

The results of this section show that if the applied torque and relaxation modulus
are prescribed as Dirichlet series, then so is the second-order derivative of the platen
displacement. To obtain such a function for the first or zeroth-order derivatives re-
quires the use of a delta function or even the first derivative of the delta function in the

latter case.
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We now proceed to take a detailed look at the nature of the Volterra integro-differential
equation in the time domain, particularly with regards to the stability of the equation
with respect to experimental, or from a theoretical point of view perturbed data. As has
been shown earlier, the system under consideration for this problem is governed by a
Volterra integro-differential equation (VIDE). In this chapter, we take a closer look at
the properties of this equation and methods and stability of solution for the relaxation
function G(t). It is shown that in order to obtain a solution for the relaxation modulus
the equation must be recast in the form of a Volterra integral equation of the first kind,
the solution is well known to be an ill-posed problem. Defining the concept of well-
posedness, it is then demonstrated by considering regular perturbations in the source
data x(t) that stable solutions for the problem can exist and bounds are calculated
on the data error under which these conditions are satisfied for a selection of applied

torque profiles C(f).

[. VOLTERRA INTEGRAL EQUATIONS

The standard derivation of the governing equation for this system leads to the VIDE
encountered in the preceding chapters, which is reproduced here for completeness.
Define the experimental time T € (0,00) and let S := {(¢,¢') : 0 < ¢/ <t < T}
Consider the VIDE given by

t

I)'('(t)+k_1/0 G(t—tx(t)dt' =C(t) te]|0,T] (4-1)

where C € C[0,T], x € C2[0,T] and G € C(S). Comparison with the general form [16]

V() = pOy +q0)+ [ K6 Oy)dr te0T] (@)

where p, g and K are assumed to be real-valued and continuous on [0, T] and S, indi-

cates that (4-1) is a linear first order VIDE of convolution type with
i y(t)=x(), te][0,T]
ii. p(t) =0, Vtel0,T]
iii. g(t)=171C(t), te[0,T]
iv. K(t,t') = —(kI)"'G(t—t'), (t,t)€S

Definition 4.1.1: A Volterra equation of the second kind [16] is of the form

/OtK(t, u(t)dt +¢(t) = u(t), te0,T] (4-3)
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where K and g are assumed to be real-valued and continuous on S and I, respectively.

When K(t,t') = Q(t — t'), the kernel is referred to as being of convolution type.

Integration of (4-2) leads to a Volterra integral equation of the 2nd kind,
t)+/0tQ(t—t’)y(t’)dt’, t€[0,T] (4-4)
with
ig(t):=yo+ [yqt')dt, te[o,T)
i Q(t—t):=p(t") + [iK(t—t)dt, (') €S.

Here we have made use of Dirichlet’s formula which states that

t T t ot
// (T, t') dt’dT:/ / ¢(t, t')drdt, (t,t)eSs (4-5)
0 Jo 0o Jv
Returning to (4-1), the Volterra-2 equivalent form is
)((t)—ll/ dt+// (t—t)drx(t)dt. (4-6)
t/

The inversion of (4-6) yields a unique solution

X(t) =11 /OtR(t—t’)C(t’)dt’, te0,T] (4-7)

where the resolvent kernel, R(t,t'), is defined

t
Rt—t)=1+ [ r(t—u)du (4-8)

i’/
and the iterated kernels which arise from the Picard method [64] for constructing suc-

cessive approximations to the exact solution of (4-6) by

r(t—t)=—(kI)™? {/t/t G(t—t)dt' + /t/tG(t —1)r(t — t’)dr}. (4-9)

However, the data for x(#) is assumed to be known and the kernel G(t — ') the func-
tion which is required to be determined. An alternative approach is required to yield

an expression for the kernel in terms of x(f) and C(#).

Definition 4.1.2: A Volterra integral equation of the first kind [17] is of the form

/OtK(t, u(t)dt = f(¢t), te0,T] (4-10)

where the kernel K(t,t') is continuouson S := {(t,#') : 0 < #' <t < T}. It is assumed
throughout that there exists a unique solution # € L?[0, T] for a particular choice of
f(t) and K(t, ).



4.1 VOLTERRA INTEGRAL EQUATIONS 108

It is often more convenient [50] to write (4-10) in the form
Au = f, (4-11)
where the operator A € L(u), the space of linear operators, is defined for u € L2[0, T]
by
Au(t) := /Ot K(t, t)u(t')dt, te[0,T]. (4-12)

Integral equations involving kernels of the form K(t,#') = K(t —t') are known as
Volterra integral equations of convolution type and the method of solution known
as deconvolution. The corresponding integral equations defined on fixed domains are
known as Fredholm integral equations, but do not concern us here.

We now show that the integro-differential equation (4-1) can be rewritten in the
form of a Volterra integral equation of the first kind of convolution type. The general

form for this class of integral equations is given by

/OtK(t—t’)y(t’)dt’ = f(t), t € [0,T]. (4-13)

First, note that the convolution integral possesses the commutative property

f*g::/otf(t—t’ yar’ _/f (t—t") (4-14)

which enables (4-1) to be rewritten as a Volterra integral equation of the first kind in
G(t), viz.

/Ot G()i(t—t)dt =k[C(H) — [x()], te[o,T] (4-15)
with £(t) € C[0, T
i f(t) =k[C(t) — IX()]
ii. K(t,t') = x(t—t')
iii. u(t) = G(#)

in (4-13).
Integration by parts yields an expression in terms of the memory function, M(t) =
d 7, and x(t), whereby reducing the amount of numerical differentiation required on

the data.

[ M)t = ) de = KIC(H) - 12(6)] + G0)x (1) @16
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Although (4-15) and (4-16) describe precisely the same system as (4-1), the inversion
procedure to obtain a solution for x(t) or x(t) is considerably more ill-posed and re-
quires a different approach to solution. Before discussing stability of the integral equa-

tion however, it is necessary to define the concept of well-posedness.

II. STABILITY AND WELL-POSEDNESS

Consider the Volterra integral equation given by (4-10). The forward or direct prob-
lem of determining the data function f(¢) from the known functions K(¢,t') and u(t')
for t € [0, T] generally causes few problems since small errors in the known functions
do not result in large errors in the solution; the process of integration smooths out
the effects of the errors present in the data. The reverse process of determining u(f)
from known functions K(t,¢') and f(t) is termed an inverse problem and in general
is less straightforward than the forward process. Inverse problems are commonly en-
countered in the modelling of physical phenomena where the model parameters or
material are unknown and need to be determined from the known input and observed
response (see [24], for examples).

The term well-posedness was first defined by Hadamard [34], a well-posed mathe-

matical problem being one that satisfies the following three criteria:

i) A solution exists (existence)
ii) The solution is unique (uniqueness)

iii) The solution depends continuously on the data (stability).

Inverse problems are typically continuous and hence satisfy all the criteria for well
posedness, however when discretized the finite precision implicitly necessary means
the latter criterion fails to be satisfied and the problem becomes ill posed. For such
problems, the solution is highly sensitive to small changes in the data and regulariza-
tion methods are often required to obtain an acceptable solution.

In practice only an approximation of the data f* € U is available, which satisfies
| f — f¢l]2 < e for some € > 0, so the ill posedness means that the computed solution u*
of Au = f* may be arbitrarily far from the solution of the unperturbed problem.

The degree of ill-posedness of Volterra integral equations of the first kind is depen-
dent upon the behaviour of the kernel at t = ' and we shall use the classification given

in [50] in terms of v-smoothing kernels as follows.
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Definition 4.2.1: The Volterra equation (4-10) is a v-smoothing problem for v > 1 if the
operator A defined in (4-12) is a v-smoothing operator and f € CY[0, T]. A Volterra
operator A is said to be v-smoothing if the kernel K is such that alK r(tt) =0for0 <
t<Tand! =0,...,v — 2 and such that aatv T =1for0<t<T, Wlth oK Sv K continuous
on [0, T] x [0, T]. Extendmg the definition to infinite values of v, the Volterra integral

equation (4-10) is an infinitely-smoothing problem if aal—tl,((t, t) =0for0 <t < Tand all
1=1,2,....

Therefore, if (4-10) is a v-smoothing problem it can be differentiated v times to give

K- +/ ﬁK (t,u(t)dt' = f'(t), tel0,T] (4-17)

which is equivalent to (4-10) provided that f(0) = f/(0) = --- = f*=1(0) = 0.
(4-17) is a Volterra integral equation of the second kind, the solution of which is a
well-posed problem. It appears that an ill-posed problem has been converted into one
which is well-posed. The ill-posedness, however, is inherent to the problem and in
this case the ill-posedness is manifest in the determination of the derivatives in the
Volterra-2 form, since perturbations of the data f*(t) = f(t) + €(t) are not necessarily
differentiable. The one-smoothing problem exhibits the least degree of ill-posedness,
since only one differentiation of the data is required. It readily apparent that the degree
of ill-posedness of v-smoothing problems increases with increasing v and it is therefore
desirable to deal with as small a value for v as possible, should any degree of control
be possible in the matter. The applied torque functions considered in Chapter 2 all
produce kernel functions with finite values for v and are therefore only exhibit slight to
moderate ill-posedness. An example of an infinitely-smoothing problem is the inverse
heat conduction problem (IHCP), where an undefined heat source is determined from
internal temperature measurements in a solid, and is consequently a highly ill-posed
problem.

In the case of this problem, the degree of smoothing v is determined by the choice
of applied torque C(t). Using definition 4.2.1, it can be seen that if C(t) is chosen such
that the kernel function x(t) is a 1-smoothing kernel, then this choice of C(t) produces
the least ill-posed problem possible. Such a function could arguably be defined as the
optimal applied torque for this experimental setup. In practical terms however, this
narrows down the possible choices for an optimal applied torque, since there are a

whole class of functions which satisfy this criterion.



4.3 STABILITY ANALYSIS 111

x(t)
s
Figure 4.1: Summary of solu-
tion methods for the Volterra- G(t)

1 equation.

Various methods of solution exist, but the ill-posedness still remains in the pres-
ence of perturbed data. Figure 4.1 illustrates some possibilities. The Volterra integral
equation may be solved directly to obtain G(f) in a single step, the ill-posedness be-
ing inherent in this process. Alternatively, integral transforms may used, such as the
Fourier, Laplace or wavelet transform, resulting in an intermediate solution function.
In the case of the Fourier transform, the functions G'(w) and G”(w) would be deter-
mined. The forward integral transform is well-posed, since the process of integration
has a smoothing effect on the data perturbations and although it appears that the ill-
posedness has been circumvented, it has merely been transferred to the inverse trans-
form which may need to be performed to obtain G(f) or equivalently the relaxation
spectrum. Here, the direct method is considered, since it is always desirable to reduce

the number of computational steps to the basic minimum.

[I. STABILITY ANALYSIS

Before looking at the numerical discretization of the Volterra integral equation, it is
first necessary to investigate whether conditions exist for which a stable solution to
the problem can be found. This is achieved by calculating theoretical estimates for the
bounds on the error in the solution in terms of the error in the measured data. The
method used here is based upon the analysis in [3], in which the stability estimates
of the interconversion condition (1-52) between G(t) and J(t) are obtained. This is a

Volterra integral equation of the first kind, with data function f(¢) which is known



4.3 STABILITY ANALYSIS 112

precisely and noisy kernel function G(t — ') or J(t — #'), depending upon which of the
two functions is required to be calculated. The main difference for this problem is the
additional presence of noise in the data function f(¢), which will always be greater in
magnitude than that of the kernel, since an extra degree of differentiation is involved.

To give a general overview of the method, regular perturbations are considered to
represent the error in the measured data. For sake of convenience, denote the kernel
function by Q(t) = x(t), so that f(t) = k[C(t) — IQ)(t)]. The noise in the measured data
Q)(t) is modelled by a perturbation ¢(t), for t € [0, T}, so that |2 — Q| < ||§]|e, Where
the Leo-norm is defined || f|le = ess sup,c(o 7y [f(#)|. Similarly, the noisy data function
f€ possesses a perturbation ¢(t), which is related to ¢(t) through differentiation of first
order. The relaxation modulus, which is the function to be calculated, is assumed to
have a resulting perturbation 7(t), for which bounds in terms of €(t) and ¢(t) are
required to answer questions concerning stability. This produces a pair of equations,

one exact and one perturbed,

G+xQ=f (4-18)
(G+7)*(Q+¢)=f+e (4-19)

and using the distributive property of the linear convolution operator this can be ex-

panded to
GxQ+GCGxp+Qxy+dpxy=f+e (4-20)

Subtracting the unperturbed from the perturbed equation, performing an extra convo-

lution with G(t) and replacing G * Q) by f, the equation
frxy=Gxe—GxGx¢p—Gxpxvy (4-21)

is obtained. The remainder of the analysis is dependent upon the exact nature of the
data function and may involve differentiation, the degree of which reflects the degree
necessary in the solution of the Volterra-1 equation. Applying the triangular inequality

and additionally Young’s inequality for convolution,

fx&l < lIfllallglleo (4-22)

where the L1-norm on [0, T] is defined

T
7l = [ 11t (4-23)
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a bound for y(t) is obtained in terms of the perturbations in the measured functions
and constraints on the parameters such that the equation is consistent can be deduced.
Now, we proceed to look at some specific forms for the data function, f, using the

results of Chapter 2 and determine the relative ill-posedness for each example.

4.3.1 Step Function

First, consider the step function applied torque, C(t) = CoH(t — t(), which produces
a platen angular displacement dependent upon the model assumed for the relaxation
modulus as calculated in Section 2.3.1-Section 2.3.3. Using the standard form of the
analysis, problems are encountered with the exponentials in the transient function, so

tirstly assume that these terms can be absorbed into the perturbation term.
General form

The response for all discrete models is of the general form

x(t) = Co[vo+ mt + p(t)] (4-24)

where 70,71 € R and p(t) represents the transient function, which is a sum of expo-
nentials, with real or complex coefficients and exponents such that overall y(t) is a real

function of t. Differentiating twice w.r.t. t, results in the data function

f(t) =kCo [1 = Ti(t)], (4-25)

and under the assumption that the term p(t) is incorporated into the perturbation in
Q(t),i.e. ¢(t) = —kColji(t) + ¢o(t) for t € [0, T], where ¢(t) now represents the noise,

the pair of equations

¥ %G = kC, (4-26a)
GxQ+G*xp+Qxy+¢xy=kCy+e(t) (4-26b)

are obtained. Subtracting (4-26a) from (4-26b) and performing an extra convolution
with G(t),

GxQxy=G*xe—G*xG*xp—Gx¢px*x. (4-27)
Replacing G = Q by f(t), (4-27) becomes

kCo-1xy=G+xe—G*xGx¢p—Gx*x¢px*. (4-28)
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Differentiation of (4-28), noting that

d d [t
S = [ vrar =0 (4-29)
produces
d d d
kCo’)/(t):a[G*e]—a[G*G*Qb]—a[G*cp*'y]. (4-30)

Applying the triangular inequality, we obtain

kCurr(0)] < | §; (G4

d d
+‘a[c*c*¢]‘+'a[c*¢*vw. (4-31)

The following identities are now used: the derivative identities

U vsl = fog(t) + f +g (4-32)
%[f*g*h]zfog*hﬁ*g*h (4-33)

and also Young’s inequality [105] for the convolution integral, which states that

f gl < lIfllallglleo (4-34)

for f,¢ € L0, T) and h € Lwo[0, T] and in the case of a triple convolution

fx g bl < [ flllIgllalBles (4-35)

for functions f,g € L1[0, T] and § € L[0, T]. Thus, (4-31) becomes

kCo|v(t)] < [Go+ [IGI1] {llelleo + 1GlI1lI@lleo + N1l ¥leo} - (4-36)

Thus, we have an inequality relating the supremum of the perturbation -y in the relax-

ation modulus in terms of those in the measured variables,

Go + /|Gl
kCo — (Go + [|G|l1) ¢4

17]leo < [llelleo +1Gl[1ll¢lleo] - (4-37)

For (4-37) to be consistent, the RHS must be positive and this imposes the constraint

kCo

__ o (4-38)
Go+ |Gl

Il <

where

Gl = [ |G| dt = Go—G(T) (4-39)
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for the problem to be well-posed. Provided (4-38) is satisfied, as [|¢|lc — 0 and
€|l — O, then ||7]|l — 0 also and a stable solution can be obtained. Conversely,
if the constraint is not fulfilled, then it is indeterminate whether a stable solution ex-
ists. Note that the problem can be well-posed for both viscoelastic fluids (G = 0)
and viscoelastic solids. Taking T — oo, it can be seen that the bound in (4-39) is less
tight when Ge, # 0, implying that the problem is more stable for a viscoelastic solid,

assuming the materials being compared possess the same value for Gy.
Maxwell Model

The platen displacement for a Maxwell fluid subjected to a step function applied torque
C(t) = CoH(t — tp) is given by (2-116) for the case where both roots are real and dis-
tinct, but this can be taken to apply to any case where the roots are distinct without

loss of generality. Thus, the data function for this problem will be
f(t) = kCO 1— o e—Cl(t—to) — e—gz(t—to)} , te [tOr T] (4_40)

where a7 = ')/2(:% and ap = 73@% in terms of the coefficients defined in (2-117¢) and

(2-117d). This gives rise to the pair of perturbed and unperturbed equations

GxQ =kCy [1 — K e 61(t—to) _ X&o e_CZ(t_tO)} (4-41a)

(G+17) % (Q+¢) =kCy [1 — e Slt=th) g, e‘Cz(t‘to)} +e(t), telt,T]
(4-41Db)

Subtracting (4-41a) from (4-41a) and performing an extra convolution with G(t) results

in

kCo [1 —n e Gilt—to) _ ) e_52(t—fo)] xy=Gxe—GxGxp—GxPpxy. (4-42)
Noting that

d 1 _& —t

a [e * 'y(t)} =q(t) —Ce " x7, (4-43)

upon differentiating once, the LHS of (4-42) becomes

d _ _
a [f xv] = kCo [(1 —ap — )Y (t) +a&re Sk y +apfe 2wy, (4-44)

but since 1 — a7y —ap = 0, the first term vanished to leave the terms involving the

convolution of exponential terms with y(f).
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Applying the triangular inequality, and using the derivative identities (4-32)-(4-33),
kCo ’ [leél e G=) 4 gy, e‘éZ(t-tO)] * fy‘ < Gole(t)| + |G x| + Go |G ¢
+[GxGx| +Golpxy|+[Crpxq|. (4-45)
Using the convolution inequalities from (4-34) and (4-35),
Co | [aadre 10 4 apgae 0] wy| < [Go+ [1GI1] lllo + G 1 [
+ lgllillvlleo] - (4-46)

Furthermore, using the sharp form of Young’s inequality with suitably defined 0 <
B <1, (see (A-27)), this can be rewritten in the form

[Go + |G 1]
oS % ) 4-47
7l < S E B el + G gl (47
where the constants C; , € R are defined
C1 = kCoBllargr e + apgre |y (4-48)
C2 = [Go+IGIlh] llgllx (4-49)
and
. T—to . Tty
||G||1:/O |G(t)‘ dtzg[l— e 7 } (4-50)

For (4-47) to be consistent, it is required that C; — C, > 0. In the case where the roots
¢1, are real and distinct, a more specific form can be obtained. The integrand in C; is a
monotone decreasing function, since the Laplace transform has poles which lie on the

negative real axis, so
Cy = kCopp [0(1 (1 - e—¢1<T—fO>) + (1 - e—@(T—fo)ﬂ (4-51)

hence for well-posedness, it is sufficient that

[l < kCO’BTft [1 — e S1T-t) _ 4, e—Cz(T—fo)] ) (4-52)
(o)

For the complex case, this represents a minimum value for Cj, since the absolute in-

tegral of the decaying oscillatory function will be larger in magnitude than integral of

the standard function. In the case where I = 0, the problem reduces to the canonical

example with f(t) = 1 and the restriction on the error is
kCo

(e )

which indicates that the range for which ||¢||; allows a stable solution is less tight than

I¢ll1 < (4-53)

for a finite value for the inertia.
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N-mode Maxwell

Generalizing to a Maxwell model with N relaxation times, the platen displacement
from (2-130) and (2-125) gives a data function of the form

N+1
f(t) =kCo [1 — Y afeCilts to)] (4-54)

i=1
for a viscoelastic fluid (G = 0) with &} = v/¢?,i =1,2,...,N+1and

N+42
F(t) = kCy [1 — Y e Gilt-to) (4-55)

i=1

for a viscoelastic solid (G« # 0) with a; = viCIZ,i =1,2,...,N +1, respectively. Since
these are similar in nature, we need only consider the analysis for the first case.

The pair of perturbed and unperturbed equations for this problem are

N+1 ,
GxQO) = kCO 1— Z [X; efg,'(t*fo) (4-56&)
i=1
N+1 ,
(G+9)*(Q+¢) =kCo [1— Y afefilt-t) ) ¢ (4-56b)
i=1

and proceeding in the usual manner by taking the difference of the pair and performing

an extra convolution with G(f) results in

N+1
(1—20¢e ttO)*fy:G*e—G*G*cp—G*(p*'y. (4-57)

Differentiation is required to remove the 1 * 7y term, whence the LHS becomes

d N+1 , N+1
ar [(1 P e@‘(”“) *v] = (1 - L ) )

- N+1
+ Y aldie Sl sy (4-58)

i=1
Now, ¥(0) = % Zili ng «!. Applying the initial value theorem to the Laplace transform
in (2-128), lim;_ o X¥(t) = lims 00 S (s) = lims 400 82%(s) = CO , so the coefficient of (t)
is zero, leaving only the convolution of the exponential terms with <. The derivative of
the RHS is evaluated using (4-32)-(4-33) and after applying Young’s inequality (4-34)

for the convolution integral, we obtain

N+1

Y ajet Gilt=to) 4 o

i=1

kCo < [Go+[IGII1] [llelleo + [IGlI1lI@lleo + @ ll1ll¥lleo] - (4-59)
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Using the sharp form for Young’s inequality with suitably defined 0 < B < 1 as in

(4-145), this can be rearranged into the form

Go + G 1

7l < |2 el + 1GI gl (4-60)
Ci—C

where the constants C; , € R are defined

N-+1 ,
Cr = kBCo|| Y ajg e &ilt=t)]|;
i=1

T |IN+1 )
fo | i=1
Co = [Go + [[Gll1] lI9ll1 (4-62)

For the problem to be well-posed, (4-60) must be consistent, hence C; — C; > 0. At
least N — 1 of the parameters ¢! must be real-valued and the remaining pair can be
either real and distinct, real and repeated or complex conjugate. If all N 4 1 roots are

real and distinct, the integrand in (4-61) is monotone decreasing to 0 as t — oo, thus

N+1

Y o (1 . e*Cﬁ(T*f@) ‘ : (4-63)

i=1

kBCo
Y. (2 - e_¥>

Similarly, for a viscoelastic solid (Ges > 0), the criterion for well-posedness is

lpll <

N+2

Y a (1 _ e—Ci(T—to))

i=1

kBCo
Gt TN g (2—e 1)

lplly < : (4-64)

which can be satisfied for suitably chosen parameters, hence the problem can be well-

posed for both viscoelastic fluid and solid materials.
Newtonian Fluid

Although the problem for a Newtonian fluid is not a Volterra integral equation of the
tirst kind sensu stricto, since the relaxation modulus may be obtained directly by eval-
uating the first and second order derivatives of x(t), error bounds can still be obtained
by the same method as that applied to the viscoelastic models.

The expression for x(t) in (2-112) indicates that the data function for this problem

takes the form

1(t—tp)

£(#) = kCy [1 —eH 1 , tel0,T] (4-65)
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and the pair of equations are now

n(t—

)
G*Q = kCp {1 _ e_klto} (4-66a)

i(t—tg)

(G+79)*(Q+¢) =kCy {1 —e W ] + ¢(t). (4-66b)

Subtracting the former from the latter, performing an extra convolution with G(t) and

replacing the exact f(t) by the expression in (4-65),

1(t—tp)

kCo{l—e_ 3 ]*V:G*E—G*G*(p—(}*(p*’y. (4-67)

The relaxation modulus for the Newtonian fluid is G(t) = 74(t), and since the delta

function represents the identity w.r.t. convolution, i.e.

t

5 f = /0 S(F — )f () dt = (1), (4-68)
then (4-67) reduces to

_n(t=tp) 5

kCo |1 — e "' | wy =ne(t) —n7¢(t) —ne . (4-69)

Upon differentiation of first order,
Co _nlt—tg) de d ,
TR oy =g — P 5E —ngor(t) —nfxy (4-70)

and applying the triangular inequality and the convolution identities (4-34)-(4-35),

o
I

(t—t

_nlt=tg) . , .
e Fwy| S [E[+n (@] + [dol [¢x 7l
< [|élleo +77lPllco + 0] 17 llc0 + I l]1 ] ]co- (4-71)

Using the sharp form of the convolution inequality with suitably chosen 0 < g <1
(see (4-145)), the following bound is obtained for the perturbation in the solution G(t).

1
o <
I7ls < 5=

where the constants C; , € R are defined

[llélleo + [l co] (4-72)

1
_ k(;;oﬁ {1 B e’i(Tk—Ifo)] @73
C2 = [¢o| + llPll1 (4-74)
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and hence for well-posedness, it is required that
. kC _n(T—tg)
(@0l + [|ll1 < —,7"5 {1— e W } (4-75)

Note that the maximum value for the RHS is achieved as T — oo, indicating that
the longer the experimental time the larger the maximum data error can be while still
remaining well-posed. Note that the Newtonian problem is more ill-posed than that
for the Maxwell model, since it is required that ¢ € L,[0, T] rather than ¢ € L]0, T].

4.3.2 Box Function

Now consider an applied torque in the form of the box function C(t) = Co[H(t — ty) —
H(t — t1)], which is also a 2-smoothing problem with x(ty) = x(to) = 0. In this case,

only the analysis for the Maxwell model is included.
Maxwell Model

The platen displacement was determined in (2.3.2) in terms of the displacement for the

step function. The data function for this problem is therefore

for(£) = kCo [B(t) — (Ot — to) H(t — to) — Q(t — t1)H(t — t1))] (4-76)

where B(t) = H(t —tg) — H(t — t1) denotes the unit box function. The pair of exact

and perturbed equations are therefore

GxQ=kCy [B(t) — (Ut —to)H(t —tg) —Q(t —t)H(t —t1))] (4-77a)
(G+7)* (Q+¢) =kCo [B(t) — (Ut —to)H(t —tg) — Q(t —t)H(t — t1))] + ()
(4-77b)

Subtracting the exact from the perturbed equation, performing an extra convolution
with G(t) and replacing G x Q) by f;¢(), we obtain

for() xy=Gxe—G*xGxp—GxPpxy (4-78)
and after differentiation,

%[fbf*'y] =Goe(t) +G*e—GyG*¢p—G+xGxp—Gop*xy—Gxp*y (4-79)
where

[for * 7] = kCo { [06151 e f1lt7h) 4 gy e 2T H (1 — 1) ’Y]

— [“1‘:1 e G1lt=t) 4 g5, e‘éZ(t_tl):| ” r)/} (4-80)

d
dt
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since 1 — a; — ap = 0. Denoting the RHS of (4-80) by kCyD1 (t) and applying the trian-

gular inequality,

kCo | Dy * 7| §Gols(t)|—i—‘G*s!—i—Go]G*cp]—i—‘G*G*¢‘+GO|¢*7\+|G*¢*7‘
(4-81)

and additionally the convolution inequalities (4-34)-(4-35),
kCo [D1# 9| < [Go + IG]l1] [llelleo + [IGll1lIplleo + llpll1]1Y[]oo] - (4-82)

For an appropriate value for 0 < p < 1 (see (4-146)), this can be expressed in the form

g (2— e’ﬁ) T4
< Ag(1—e 1 4-83
17 [leo < c G lelloo + A8 e [l (4-83)

where the constants C; , € R are defined
C1 = kCoﬁHDl ||1 (4—84a)
T—t
Cr=g (2= ) Il (4-84b)

For well-posedness, the RHS must be strictly positive, so C; — C; > 0 or equivalently

kCoB||D1 |1
g (2 — e_¥>

The norm || D4 ||1 is evaluated from

f
1Dl = [
fo

T
_|_/t a1 (e—(fl(f—to) — e—Cl(t—f1)> + s <e—C1(t—f0) _ e—é’l(t—h))‘ dt (4-86)
1

and noting that

Pl < (4-85)

a8 e G1(t—to) + aés e G2(t=t0)| q¢

T
D111 S/O ‘w1§1e_élt+“2§2e_€2t

dt (4-87)

it can be seen that the value ||D;||; is maximized by letting tp — 0 and t; — T, or
equivalently maximizing the quantity ¢; — ¢o. Essentially, this implies that the solution
for the step function is more stable in general than that for the box function. If the
box function is used as an applied torque, the quantity ¢; — ¢y should be increased as
to as long a time as the experimental setup will allow. Provided ¢ € L0, T] and the

constraint in (4-85) is satisfied, a stable solution should exist.
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4.3.3 Slope/Ramp Function

Now consider the slope function C(t) = CotH(t) as an applied torque, using the results
of Section 2.4 to provide the relevant functions in the foregoing analysis. In a similar
fashion to the step function analysis, first consider the simpler case where the transient
component of the response is assumed to be incorporated into the perturbation in the

data function, f(t), for a general viscoelastic material.

General form

In general the response for a discrete viscoelastic model corresponds to a data function

of the form

f(t) = kCo [t = Tji(t)], (4-88)
where p(t) represents the transient function compose of a sum of exponentials. As-
suming the noisy data is represented by a perturbation ¢(¢) in the data function f(f)
and ¢(t) in the measured data for x(f), and that the transient function is incorporated
into the former perturbation, the following pair of equations are obtained:

X * G = kCpt (4-89a)

GxQ+Gxp+Qxy+¢xy=kCot +¢(t). (4-89b)
Subtracting (4-89a) from (4-89b), performing an extra convolution with G(t) and re-
placing G * Q) by f(t), we obtain

txy=Gxe—Gx*xGx*¢. (4-90)

Differentiation of second order is required to reduce the LHS to a more amenable form,
reflecting the additional degree of differentiation required over the step function to

solve the Volterra-1 problem. First, note that

Ll = Siten) =010 o)
T T A
Applying the triangular inequality,
d? d? d?
kCo |y (t)] < @[G*s] + @[G*G*cp]’%— @[G*q)*'y] (4-92)

and the remaining terms can be evaluated using derivative identities for convolution

integrals are given by

d? d de .

Tl gl =05 + oS8 1 feg (4-99)
2

%[f*g*h]:fogoh(t)+f0g*h+g0f*h+f*g'*h. (4-94)
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Additionally, using Young’s inequality (4-34)

KCo |7()] < Gollélloo + |Go| [T+ 1G] llelleo + [Go+ |G 1] [|¢les
+ [Igol + @] [Go + lIgll] [|7[leo (4-95)

which is of the equivalent form

1 _ . . .
7l < g {Golléle + Gl [1+ 1CIh] el + [Go+ G gl } . (496)

where the constant C; € R is defined

C1 = [|o| + [I¢ll1] [Go + IGll1] - (4-97)

and since the domain is finite on [0, T|, the Li-norms are defined
. T .
Gl = [ [6] dt = G(0) —G(T) (4-98)
) T . . .
Gl = [ [6] dt = &(T) =6 (0) (4-99)

by monotonicity of the relaxation modulus and its derivatives. For the problem to be

well-posed, it is required that kCy — C; > 0, i.e.

. 1
|pol + [Pl < 2Go— G(T)" (4-100)

Thus, when considering an applied torque in the form of C(t) = tH(t), it is not only
required that the perturbation ¢(t) in Q(t) is differentiable, but also that the L;-norm
on [0, T] is sufficiently small. This is a notably stricter requirement than for the case
where the applied torque takes the form of a step function, since the perturbations in
the measured data are not necessarily differentiable. Taking T — oo, it can be seen
that the problem can be well-posed for both viscoelastic solids and liquids, although
the latter is more ill-posed since the RHS of (4-100) will be smaller, provided materials
with the same value for G(0) are compared.

Although the analysis is not included here, it can be inferred that higher order poly-
nomials for the applied torque will impose stricter constraints on the admissible noise
levels. For C(t) = t?, the perturbation would be required to satisfy ¢ € L1[0, T] and be
twice differentiable, and so on. Thus, it is unproductive to consider higher orders for
this problem.

Now we proceed to consider each of the viscoelastic models considered in Sec-

tion 2.4 to obtain stability estimates which take into account the transient function.
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Maxwell Model

When subjected to a slope function C(t) = CytH(t), the form of the platen response
was calculated for the Maxwell model in Section 2.4.2. Thus, in this case the data

function takes the form
£(t) = kG [t 2y — et — e—ézf} ) (4-101)
where a1 = ’ygﬁ% and ap = 746%, and the pair of working equations are

GxQ =kCy [t — 29y — qu% e %1t — g, e‘gzt] (4-102a)

(G+7)* (Q+ ) = kCo [t 2y~ Ee bt — gy e—é’zf] Fe(h). (4-102b)
Subtracting (4-102a) from (4-102b) and performing an extra convolution with G(f),
kCo [t—Z’yz — oclé%e_glt — ocze_é-’-t] xy=G*xe—G+xG*xp—Gx¢pxy. (4-103)

Comparison with the canonical case (4-90) indicates that second order differentiation

is required to remove the t * oy, whence the LHS becomes

2
% [f % 9] = — (a1 + a2 +292)7(t) + (1 + 2181 + ad2)y(t)

- [alg% e Gt +a2§§e*¢2f] £y (4-104)
which simplifies considerably, since a1 4+ ap +2792 = 0 and 1 + a1¢; + a2 = 0. The
second derivative of the RHS is evaluated using (4-93)-(4-94) and after applying the
triangular inequality and convolution inequalities (4-34)-(4-35), (4-103) becomes the
inequality

KCo| |1t e~ + w3 e %] 54| < Gollélloo + [Go+ 1G] flelle
+ [Go + IGIl1]” [[9llee + [Go + 1G] [Igo] + [I@l11] [|[leo-  (4-105)

This can be rearranged, using a suitably chosen value for 0 < g < 1 (see (4-145)), to

give

7l < o= {&llelle + [+ 5 (1= &7F]) el

e (2= e D] Iole} @09
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with constants C; , € R defined by

C = kcoﬁHalg% e Ot wygfe || (4-107)
C2 = [Go +[|Gll] [|¢o] + [[@]l1] - (4-108)
For the problem to be well-posed, C; — C, > 0 must be satisfied, i.e.
. kC
|po| + [l < —OﬁHzx Fe bt 4 gyl et (4-109)
g (2 + e‘X> 1

Thus, for a stable solution to the problem to exist, the perturbations in the measured
data must not only be differentiable, but also it is a requirement that ¢ € L1[0, T]. In the
case where 1, € R and are distinct, the L;-norm in C; can be evaluated easily since

the function is a monotonically decreasing function, wherefore the stability criterion

becomes
, kC _ B
|pol + [Pl < —OﬁT ‘“151 (1 —e 5“) + 228> (1 —e 52f) ‘ (4-110)
g (2 + e‘X>
As T — oo, and assuming that since (2(0) = 0 then ¢(0) = 0, this reduces to
kC
Il < goﬁ 4-111)

N-Mode Maxwell Model

Extending the analysis to a general discrete N-mode relaxation spectrum, the platen

displacement from (2-156) gives a data function of the form
N+2
f(t) =kCo |t— Y aje b (4-112)
i=1
for a viscoelastic solid (G > 0) and
N+1 ,
f(t) =kCo |t —2pup — Y aje ! (4-113)
i=1

for a viscoelastic liquid (Ge = 0), where a; = v;¢? and &} = v/¢.

Case 1. G > 0: For a viscoelastic solid, the pair of unperturbed and perturbed equa-

tions are
N+2
GxQ=kCo |t— Z a;e ot (4-114a)
N+2
(G+7)*(Q+¢) =kCo |t — Z w;e bt +e(t). (4-114b)
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Proceeding in the usual manner, by subtracting the first from the last equation and

performing an extra convolution with G(t), we obtain

N+2
t—Zaie_éit]*fy:G*e—G*G*(p—G*qb*’y. (4-115)
i=1

kCo

Differentiating twice to remove the t * 7y term, the LHS becomes

d2 N+2 N+2 N+2 ) ,
a7 U =kCo | 1=} awi | (1) = ) wiy(t) = ) anfe ™ xy| (4-116)

Note that fo{z a; = Ciox(O) = 0 and also that ziNj ajv; = —CLOX(S)(O) = —1, so
the LHS simplifies to the convolution of y(f) with the exponential terms. The second
derivative of the RHS is obtained using (4-93)-(4-94), and after applying the triangu-
lar inequality and additionally the convolution inequalities (4-34)-(4-35), the following

inequality is attained.

N+1

Y aigie Sy

i=1

kCo < Gollélloo + [|Go| + 1 GlI1] llellos + [Go + I Gl11]* 1 plle

+ [Go+ [|Gll1] [Igo] + I ]l1] (4-117)

Using the sharp form of Young’s inequality for the convolution integral on the LHS

with an appropriate choice of 0 < B < 1 (see (4-145)), the bound on () obtained is of

the form
7l < = { Gollelleo + [[Co| + G I1] lelleo + [Go + 1G] 9]} (4-118)
T G-G
with constants C; ; € R defined by
N+2
C, = kco/sH Y vigte || (4-119a)
i=1
C2 = [Go + 1G] [|¢o] + [[[]1] (4-119b)
and
. N _T
6 =Yg (1-e ) (4-120)
i=1
. N _T
Gl =) & <1 —e Ai) : (4-121)
i=1
For well-posedness, C; — C, > 0 must be satisfied, i.e.
. kCoBL
ol + |1l < 0P (4-122)

IR (2 - eAT")
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where L denotes the Li-norm in (4-119a). In the case where all the roots ¢; are real and

distinct, the transient is monotone decreasing, so this can be expressed as

/
0

Again, it can be seen that for a stable solution to exist for an applied torque of the
form C(t) = Cot, the perturbations in the data f(¢) must be differentiable and satisfy
¢ € L1[0, T).

Nt2
Y, aigie

i=1

N+2

Y aidi (1 - eéiT)

i=1

dt = . (4-123)

Case 2. Goo = 0: The analysis is similar in the case of a viscoelastic liquid, but from
(2-161) it can be seen that the data function is now of the form

N+1 ,
f(t) =kCo |t —2up— Y aje &', te€0,T] (4-124)
i=1

where a! = v/¢’ and hence the pair of working equations is

N+1 ]
GxQ=kCo [t —2pp— ) & e it (4-125a)
i i=1 ]
[ N+1 .
(G+7)*(Q+¢) =kCo [t —2up— Y aje S| +e (4-125b)
L i=1 i

Taking the same approach as for the viscoelastic solid, the second order derivative of
the f * v is found to be

d2 N+1 N+1 N+1 ,

gz = (1 s océ;‘) () = <2uz L aé) it - ) W& et xy. (4-126)
Noting that ¥(0) = % (2;12 + Zf\f{l (Xﬁ) = 0 and also that Zf\gl wiglh = _CLOX(3)(O) =
lim;s_, s*¥(s) = —1, this simplifies to the convolution of the exponential terms with
7v(t). Thus, the analysis is basically the same as for the viscoelastic solid case and thus a
bound can be obtained on (t) of the same form as (4-117), but with Gy = Geo + YN ; gi

and

N+1
Y ajg?| dt. (4-127)
i=1

T

Ci = kCop /

0

Thus, for well-posedness, the inequality to be satisfied is
T

kCoB Jy |EiT' aig??

_T
Go+ YN, g (2— e Ai)

dt

po| + |¢[l1 < (4-128)

and the requirement ¢ € L]0, T] must be satisfied.
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Newtonian Fluid

In the case where the material is assumed to be Newtonian in character with viscosity
1, the applied torque C(t) = Cyt gives rise to a platen displacement in the form of
(2-143) and a data function for this problem

o kCo _nt
fin == {nt kI [1 —e kr} } t e [0,T]. (4-129)
The standard problem with exact data, coupled with the same equation with perturbed
data produces the pair
_ kG ot
G*Q_7{;7t—k1 [1— e MH (4-130a)
(G+7)*(Q+¢) = % {nt =k [1- e*Zﬂ}H(t). (4-130b)

Subtracting the former from the latter, performing a convolution with G(f) and using
the identity property of the delta function w.r.t convolution in the relaxation modulus

G(t) = nd(t) for the Newtonian model, we obtain

cho it =kt (1= e H) |y = () — no(t) — 9. (#-131)

Differentiating twice, this becomes

C nt " . .
T etscy = [e(t) —n(t) = (9o + o) v+ 7 (+132)

and after applying the triangular inequality

Co| _mnt . . . .
IO et <y [e(6)] + 1 1B(6)] + (190 + Idol) [2] + [ ) (4133)
and the convolution inequalities (4-32)-(4-33),

Co| ; . . .
T e hsq] < [llleo + 1l lleo + (90] + 9]} 171l + 9l 171le] . (4-139)

This can be rearranged to give a bound on the perturbation in G(t), viz.

7l < & lelleo -+ 711 (4-135)

where

C, = KICOH el = KCop [1 _ e—%] (4-136a)

C2 = 7 [Igol + [0l + lI$ll1] (4-136b)
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and 0 < B < 1 is a constant defined by the sharp form of Young’s inequality (see
(4-145)). Thus, for the problem to be well-posed, the inequality

, . kC nT
0l + Igol + 181 < = [1 - & H] 4137)

when satisfied, guarantees consistency in (4-135). As T — oo, and additionally assum-
ing that since C(0) = 0, then the data at t = 0 is exactly equal to zero, i.e. g = o =0,
then

kCop
T.

The RHS of the inequality in (4-137) is obviously maximized as T increases towards

1[I < (4-138)

infinity, however since the rate of change is exponential with a negative exponent, be-
yond a certain value of T there is little to be gained in terms of stability by increasing
the experimental time further. Note that for well-posedness, it is required that pertur-
bations in the data be twice differentiable and furthermore that ¢ € L1[0, T|. Therefore,
the problem is notably more ill-posed for the Newtonian fluid than the Maxwell and

N-mode Maxwell models when subjected to a torque in the form C(t) = Cot.

4.3.4 Delta Function

When subjected to an applied torque in the form of a delta function C(t) = Cs6(t — tp),
the data function f(t) is merely the transient function, denoted by p(t). Assuming that
the transient is incorporated into the perturbation in the noisy data function, £(t), then
the exact part of the data function is equal to zero. However, it should be noted that
|tlloe < |€] < |l€]|co, SO the actual value can only be zero if e(t) < 0 on [0, T]. The pair

of unperturbed and perturbed equations for this problem, respectively, are
GxQ=0 (4-139a)
GxQ+G*xp+Q*xy+pxy=c¢(t). (4-139Db)

Proceeding in the usual manner, by subtracting the unperturbed from the perturbed
equation, performing an extra convolution with G(t) and using the fact that G * (2 = 0,

we obtain
Gxe—G*xG*x¢p—Gxpxy=0. (4-140)

Here, a slightly different approach must be taken, since the term f * v = 0. Rearranging
and applying the triangular inequality,

IGxpxy| <|Gxe|+ |GG x| (4-141)
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and using Young’s convolution inequality (4-34)
Gl < IGl1[llelleo + Gll1lI¢lleo] - (4-142)

To proceed, it is necessary to make use of the sharp form of Young’s inequality, which

is given by

If gl < Bllfllllglleo (4-143)

for f € L1[0,T], § € L [0, T] or in the case of a triple convolution

[fxgxh < Bllfllxllgllialleo (4-144)

for f,g € L1]0,T] and h € L0, T], and constant 0 < B < 1. The inequality is sharp
in the sense that the RHS is the minimum value possible such that the inequality still

holds. More precisely, the value of § is defined by
1f * &lleo
= S (4-145)
P 1/l T
Applying (4-144) and (4-145) to (4-142), can thus be written in the form

7]l < llelleo + 1G]l pllo] (4-146)

B ﬁ\lfl)ll

where

T—t,
1G]y = /0 G(#)] dt. (4-147)

For well-posedness and to guarantee consistency in (4-146), it is required that B||¢||1 >
0, orsince 0 < B <1, ||¢||1 > 0. Essentially, if the perturbation in the data ¢ € L]0, T],
then a stable solution to the problem should exist. Note also that in the case where
exact data is used, i.e. ||¢||co, ||€]|c0 — O, then the perturbation in the solution also tends

to zero.
Maxwell Model

An applied torque in the form of a delta function C(t) = Cpd(t — ty) was found to
produce a platen displacement (2-72) for a material conforming to the Maxwell model
and assuming the roots ¢ > in the Laplace transform are distinct. This gives rise to the

data function for this problem of the form

f(t) = —kC5 {“1 e_Cl(t—fo) + ap e‘éZ(t—to)} , te€ [to’ T] (4—148)
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where a1 = 71¢7 and ap = 72¢5 in terms of the appropriate constants from Sec-
tion 2.2.2. Hence, for this problem the pair of unperturbed and perturbed equations

are

G*x Q) = —kCs {oq e G1lt=t) 4 4, e—é‘z(t—to)} (4-149a)

(G+7)* (Q+¢) = —kCs {le e G1(t=10) 4 gy e‘@“‘%)} +e(t) (4-149b)

Taking the difference of (4-149a) and (4-149b) and performing an extra convolution

with the relaxation modulus G(#),

kC; [al e~C1t=t0) 4 o e_CZ(t_tO)} sy =GxGxp+Grpry—Gre (4-150)
Applying the triangular inequality,

kCs ‘ [041 e G1lt—h) 4y, efﬁZ(t*tO)} * ’y‘ < |Gxe|+|GxG x|+ |G xpxy| (4-151)
and additionally the convolution inequalities (4-34)-(4-35),

KCs | 178107 o e @00 s 9| < [Glullello + IGIRII e
+1GH ¢l - (4-152)

The sharp form of Young’s inequality for the convolution integral (4-143) with a suit-

able value of 0 < B <1 (see (4-145)) then allows the inequality to be recast as

kC‘SﬁHM e~G1(t=h) 4 5 o=Galt—t0)

N7lleo < Gl lelleo + Gl loo
+ Gl lellrlle (4-153)

and rearranging, a bound on the supremum of the perturbation in the solution is ob-

tained of the form

(T—tg)

Ag (1 —e 7 ) )
_ )
o < —g—g— lelle+ g (1= 5 ) ol (4-154)

with constants C;, € R defined by

C, = kCJﬁH‘Xl e Gilt=t) 4 o o=Calt—t0) (4-155a)

1
(T—tp)
Cr =g (1= ) gl (4-155b)
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For the problem to be well-posed, (4-154) must be consistent, so C; — C, > 0 must be

satisfied. This leads to a constraint on the perturbation in the data ¢ of the form

o < —==
Ag (1—e_ x >

where L denotes the Li-norm in C;. Assuming that ; » are real and distinct, the inte-

(4-156)

grand in L will be monotone decreasing to 0 as t — oo and therefore can be evaluated

as follows
L = /T aq e—G1(t=to) 4 ap e 21| gy
to
=16 (1 — e*Cl(T*fo)> + 7282 <1 _ e*?zﬂ"*%)) . (4-157)

When the roots are complex, such that §, = ¢j and a; = a7, L is determined as the

value of

T
L=2|zx1|/
to

where " =Im {& } and tana = % In both cases, it can be seen thatas T — ty — oo

e 21 sin(¢"t + a)’ dt, (4-158)

the stability criterion attains its maximal value. To summarize, for the problem to be
well-posed, it is required that ¢ € L1[0, T] and that the norm is sufficiently small in
compliance with (4-156).

N-Mode Maxwell Model

The rheometer response for the N-mode Maxwell model when subjected to an applied
torque in the form of a delta function C(t) = Cod(t — tg) is described in Section 2.2.3.

Consequently, the data functions for this problem are

N+1 /
f(t)=—kC; ¥ aje ilt=h) t € [0, T] (4-159)
i=1
where o] = v/ 1’-2,1' =1,...,N +1, for a viscoelastic liquid (G« = 0), and
N+2
f(t) = —kCs Y wje 8i710) € [0, T] (4-160)

i=1

for a viscoelastic solid, with a; = v; 1.2,1' =1,...,N +2. The similarity between the two

solutions for this problem allows the same form of the analysis to be applied to both
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cases. Firstly, consider the viscoelastic fluid, for which the set of exact and perturbed

equations are

N+1 ,
GxQ=—kC; ) afe &ilt—10) (4-161a)
i=1
N+1 ,
(G+7)* (Q+¢) = —kCs ) afe &0 (1), (4-161b)

i=1
Subtracting the exact from the perturbed equations, performing an extra convolution

with G(t) and replacing G * Q) by f(t), the working equation becomes

N+1
—kC5Zocfe*'gi(t’t())*'y:G*S—G*G*(]J—G*(p*'y (4-162)
i=1

and by the triangular inequality
N+1

Z 0(; e_é’l/‘(t_tO) * f)/
i=1

kC; <|Gxe|+|GxG*p|+|G*pxyl. (4-163)

The convolution inequalities (4-34)-(4-35) provide a loose bound for the RHS, so (4-163)

now becomes

N+1

Z ocf e Cilt=to) 4 0%
i=1

kCs < [[Gll1 [llelle + G2l lleo + N ll2ll¥lleo] - (4-164)

Using the sharp form of the convolution inequality with corresponding value of 0 <
B <1 (see (4-143),(4-145)) on the LHS, (4-164) can be rewritten as

N+1
kCop|| X he®xa| < UIGIH Hlelleo + G 1l llo + 19117l (4-165)
i=1

or, equivalently

N _T
i—1 8ili (1 —e A) N P
-G, l”eHooJrl;gi)»i (1— e A> ”4)”00] (4-166)

[7lleo <

where the constants C;», € R are defined

N+1

C, = kC(g,BH Y e | (4-167a)
i=1

T

Co = i ik (1 - e—x) . (4-167b)
i=1
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For the problem to be well-posed, the criterion C; — C; > 0 must be satisfied, which
implies that

o, < P T e
P Y giMi (1 — ef%) .

If the CZ’- € Rfori=1,2,...,N + 1, then the integrand of the norm is monotone, so the

(4-168)

norm may be explicitly determined as

N+1 ” T |[N+1 ,
H Z afe bt :/ Y aje St dt
o |i=1
N+1
- Z VI [ (T— fo)} . (4-169)

The more common case is that where N — 1 of the roots are real and the remaining pair
are complex conjugate. Assuming ¢; € R fori =1,2,...,N —1and ¢y, &y, € Csuch
that &)y, = ¢i* and )y, = Y, then the equivalent form for (4-169) in this case is

N+1

+2 || /t T’e_C’ftsin(Cimt—l—a)‘ dt, (4-170)
0

since the function of the first N — 1 of the ¢} forms a monotone decreasing and strictly
positive function. Here, the real part of ¢ is denoted by ;. and the imaginary part by
Cim, the constant a being defined by tana = g—’;

The analysis for the viscoelastic solid is very similar, hence only the end result needs

to be stated here. The inequality obtained by the method above in this case is

(T—tg)

_ Geo(T —to) + %, gidie

7l < — lelleo + Geo (T — to)

(T—t

N _ 0)
+Y gidie N [9lle| (4-171)
i=1

where the constant C; € R is defined

N+2

C, = kC(;,BH Z w; e Cit (4-172a)

1

C, =

_ (T—tg)
GOO(T — to) + Zgi/\ie A ] ||(P||1 (4-172b)
i=1
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and the criterion for well-posedness is

kcg/aH yNt2 g, efr;‘ftHl
[l < =L (4-173)
Geo(T —to) + L4 gikie ™

Note that the denominator in (4-173) increases without bound as (T — ty) — oo and

also that % — —1, so in the case of a viscoelastic solid it is an open problem as to

whether a stable solution can exist for this problem.
Newtonian Fluid

Continuing the analysis to cover all classes of fluids, a Newtonian fluid with relaxation
modulus G(t) = 5(t) produces a platen response of the form (2-61) when subjected
to a torque of the form C(t) = Csd(t — t(). Thus the data function for this problem is

fy =120, bt T (@-172)

and the pair of exact and perturbed convolution equations are

;7(:'5 (t to)

GxQ = (4-175a)

)

(GC+7)x(Q+¢) =

(t). (4-175Db)
Subtracting the former from the latter, performing an extra convolution with G(t) and
substituting f(t) for G * (), the working equation for the problem is

(t=tg)
17—?5e_’7tklt0 *xy=G*xe—G*xGxp—Gx¢pxr. (4-176)

Using the identity property of the delta function with respect to convolution, substitu-
tion of G(t) = 54 (t) into (4-176) transforms this into

C
T e sy =y [e(t) = ng(t) = 9 11 (4-177)

By the triangular inequality,

_n(t=tp)

C
1Gs | o2 *v‘SU[|€(t)|+17I¢(t)|+|4>*7|] (4178)

I

and applying the convolution inequality (4-34),

n(t—tg)

C _
1Gs | o5 *7‘S17[||8||oo+17||¢||oo+||<P||1||7||oo]- (179)

I
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The sharp form of Young’s convolution inequality with appropriate constant0 < g <1

(see (4-145)), allows this to be recast in the form

Jelle < &z el + 1119l (-150)

where the constants C;, € R are defined

(t—tg)
C, = KIC&H | (4-181a)
Co = 11ll¢lla (4-181b)

For the problem to be well-posed, consistency in (4-180) is required, so C; — C; > 0
must be satisfied, or equivalently
C (t=tg)
lolh < B2 1= e "] w152)
Iy
Taking T — oo, the RHS attains its maximal value and hence the restrictions on the
perturbation in the error are relaxed as much as possible. Therefore, for a stable solu-

tion for this problem to exist, it is required that ¢ € L1[0, T] and the norm is bounded
according to (4-182).

4.3.5 Delta Function Sequence

As an example of a periodic function derived from one of the basic applied torque func-
tions considered in Chapter 2, now consider a sequence of delta functions of alternating
sign and period ¥ given by C(t) = Cy Z?;&(—l)jé(t —tj), wheret; = to +j¥ < T.

Maxwell Model

The platen displacement was determined in (2-201) for an applied torque in the form
of a sequence of delta functions, given in terms of the base solution for a single delta

function, xs(t). The data function can then be determined as

n—1 n—1 )
f(8) = KCs Y filt) = kCs Y- (=1)*! [ay e 8107 4y 82l (4-183)
j=0 j=0

where 01 = 71 {f% and ar, = 726%. Proceeding in the same manner, it is found that the

perturbation in the solution, (), has the bound

gA <1 — e’ﬁ)

e, el liglles] (4-184)

[Y]leo <
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where the constants C;», € R are defined
Cy = kCyL (4-185a)
T—
Cr=gh (1= ) ol (4-185b)

and therefore to be well-posed, C; — C; > 0, i.e.

kCsBL
gA (1 - e_$> '

Thus, we require ¢ € L1]0, T] and to be suitably small. The quantity L is defined

¢l < (4-186)

T |n
[ — / _ )it —&i(t=ty) —&(t=t)
. Z( ) [ocle D +age }

dt

= [ |n 1)/t e=1lt=h) 4 gy 1)t e (=4 gt (4-187)
fl g £
Compare this to the Li-norm for a single delta function:
T
1 fslli = kC(s/ aye S1l7l) gy @m0l gy, (4-188)
to

Forany t € (ty, tmy1),0 < m < n—1,the values of (t — t;) form a decreasing sequence
forj=0,1,...,m, so the corresponding values of e 6174 therefore form an increas-
ing sequence. Hence the absolute value of the alternating sequence increases and L
increases with increasing n. Therefore there exists some n. > 1 such that L > ||fs]|1
when n > n.. Regarding this problem, this implies that if a sufficient number of delta
functions are incorporated in the applied torque, then the problem gains increased sta-
bility over the standard problem where only a single delta function is utilized as an

applied torque.

4.3.6 Other 1-Smoothing Problems

In Chapter 3 a number of functions for the applied torque related to the discrete form
of the relaxation modulus were investigated. The stability analysis for the cases where
the torque is chosen such that x(t) = G(t) and a simple exponential series combined
with a delta function is included here using the Maxwell model. These are both 1-
smoothing problems and belong to the optimal class of functions along with the delta

function for the Volterra-1 problem.
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Relaxation Modulus

The form for the applied torque such that Q(t) = G(t) determined in (3-37) for the
Maxwell model. The data function is then easily determined and gives rise to the pair

of equations

GxQ=gte 7 (4-189a)
(G+7) % (Q+¢) = gte ™ +e(t) (4-189b)
and using the same technique as for the delta function applied torque, the inequality
glte tx9| <IIGIIGH: lells + Gl I9llo + 11117l (4-190)
is obtained, where

1G], = /OT IG(t)| dt = gA (1 - e—%) . (4-191)

Therefore, the bound on the perturbation in the solution has the form

gA <1 — e’%>

Il < g [llello+ 87 (1= e75) o] (4192)

with constants C;, € R defined by
Ci=BAg|A+ (A= T)e H] (4-193a)
C =g |1— e [lglh (4-193b)

for 0 < B < 1 defined in (4-145). For well-posedness C; — C; > 0 must be satisfied,
which implies that

B [A+ (A— T)e—%]

_T
A

ol < (4-194)

1—e
Thus, well-posedness requires that the perturbations in the data ¢ € L1[0, T| and are

sufficiently small in compliance with (4-194). Note that as T — oo, the criterion be-

comes

I¢[l1 < BA. (4-195)
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Exponential Series

An applied torque in the form of a Dirichlet series with the addition of a delta function
was found to produce a platen displacement in the form of a Dirichlet series - see
Theorem 3.2.2. Taking a simple example, with C(t) = Cy [6(t) + e~ *] and assuming
the material is a Maxwell fluid, then it can be determined without difficulty that the

data function is of the form
£(t) = —kCy {(xo e fme Sl fay e—é’zf} (4-196)

where ag = 1 — poa®, &3 = (41 +71)&%, a2 = (p2 + 72)&3, 71,2 are the coefficients of
the exponential terms in the solution for the delta function torque from (2-72)/(2-79)
and g1, are the coefficients for platen displacement pertaining to the torque C(t) =
Coe " in (3-80). The standard form of the analysis gives the bound on the perturbation

in the solution as

gA (1 - e_%>

C1—C

7]l < [lelloo+gA (1= €% ) Igllo] (+197)

where 0 < B < 1is defined as in (4-145) and the constants C; , € R are defined by

T
C = kCOﬁ/ ‘zxo e ™ fage 1 fpye 2t dt (4-198a)
0

T
C=gA (1- e %) llglh. (4-198b)
For well-posedness, it is required that ¢ € L1[0, T] and additionally that the constraint

kCop fOT |0(() e " 4+ g e o1t 4 %) €_§2t| dt
gA (1 — e_§>

is satisfied. Note that the integrand in (4-198a) will always be greater than that for a

ol < (4-199)

delta function applied torque with the same parameters, therefore additional stability
is gained by adding the exponential term, or indeed a sequence of exponential terms if
an N-mode Maxwell model is considered.

It can be seen that in general for a 1-smoothing problem, under the assumption that
the relaxation modulus is a Dirichlet series, the bound on the perturbation y(t) in the

solution G(t) will always be of the form

1G]l

o < , 0,T 4-200
Il < g —temren: €T (4-200)
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and the stability criterion is therefore

Bl fll1 4901

Provided ¢ € L]0, T], then maximizing the value of || f||; provides an optimal bound
in terms of stability for the problem. In terms of choice of an applied torque, this
favours functions which assume a non-zero value for as much of the duration of the

experimental time as possible.

IV. SUMMARY

In this chapter it has been established that although the governing equation is a
Volterra integro-differential equation in the variable x(t), when the function G(t) is to
be determined the problem is actually a Volterra integral equation of the first kind, the
solution of which is ill-posed w.r.t. perturbations in the data. The third of Hadamard'’s
criteria for well-posedness, that the solution depends continuously on the data (i.e.
stability), is the one that often fails to be satisfied for this type of problem, manifest in
highly oscillatory solutions in the presence of even small amounts of noise. The de-
gree of ill-posedness is quantified by the concept of a v-smoothing problem, which is
a measure of the degree of differentiation required to convert the problem to a well-
posed Volterra integral equation of the second kind. Under this definition, the delta
function belongs to the class of 1-smoothing problems, the step function, box function
and square waves are 2-smoothing problems and the most ill-posed problems consid-
ered here are the 3-smoothing kernels which comprise the slope and ramp functions.
Using this as a definition of optimality, the 1-smoothing problem is the best possible
choice with respect to stability in the solution for the relaxation modulus G(t).

The stability analysis which was adapted to this problem attempts to determine the
maximum permissible amount of error in the measured data which will allow a stable
solution to be obtained. In each case, both a bound on the maximum error ||y in
the solution G(f) in terms of the magnitude of the errors in x(¢) and f(t), which are
denoted by ||¢|| and |¢]|, respectively, and also conditions on ¢ are determined for
which a stable solution can exist. Generally, larger values for the torque amplitude
Cp or C; increase stability, subject to the linear viscoelastic restraints in practice. The

specific cases are summarized as follows:

Case 1. 1-smoothing problems: This group includes the delta function and sequence

of delta functions. It was shown in Section 3.1.1 that the 1-smoothing problem requires
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the presence of a delta function in the applied torque to produce the step jump in the
angular velocity of the platen at t = 0. Also, the torque such that x(t) = G(t) is a
1-smoothing problem and is therefore optimal in that sense. In general, the bound on
the supremum of the perturbation in G(t) for the 1-smoothing problem is given by

G2

HﬂbéajawﬂwWQMWM,fGMﬂ

wherefore it can be seen that an exact solution can be obtained as ||¢||l.c — 0 and
|¢llc — O provided the constants satisfy C; — C, > 0. This gives rise to a further
bound on the perturbation in the platen angular velocity ¢(t), whereby ||¢||; must be
less than a constant value which is proportional to the value kCs and the Li-norm of

the data function.

Case 2. 2-smoothing problems: The step function and box function applied torques
belong to the 2-smoothing class of problems along with the sum of exponentials men-
tioned in Theorem 3.2.3. The 2-smoothing case is slightly less stable than the 1-
smoothing case, but not as much as would be expected considering the extra degree
of differentiation required. The bound on the perturbation in the solution G(t) has the
general form

1l < SR (e + G Ilgl], e 0T

which is similar to the 1-smoothing case, except that the criterion C; — C; > 0 places
a tighter restriction on the allowable values for ||¢||;. It is well-established that the
2-smoothing case is more ill-posed than the 1-smoothing case by a degree equivalent
to that of first-order differentiation. This discrepancy might be explained by the fact
that the stability analysis does not adapt particularly well to the case where the applied

torque is a generalized function.

Case 3. 3-smoothing problems: The 3-smoothing group of problems comprising the
slope and ramp functions is the most ill-posed considered here and the bounds on the
perturbation in the solution G(t) are correspondingly worse. The inequality in this

case is of the form

I7lle < {Gollélleo+ Gol [1+11GI1] llelleo + [Go + IGII]* iglleo }, £ € [0,T]

1
G-
where the RHS now contains a term concerning the error in the derivative of the data
function, ||¢]|c, which will be greater in general than |||/ and in the presence of very

noisy data may even be unbounded. Also, the criterion C; — C, > 0 requires that
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|¢||1 is bounded - a condition unlikely to be satisfied in the presence of noisy data,
since the perturbations in the data are not necessarily differentiable. Note that the
sinusoidal waveform would also fall into this category, indicating that when obtaining
G(t) directly by this method it is not the best choice.

To conclude, it has been demonstrated that the best choice of applied torque, where
stability of the solution is concerned and within a purely theoretical framework, is that
which is associated with a 1-smoothing kernel x(f). Applied torque functions which
give rise to 2- or 3-smoothing problems require progressively more restrictive condi-
tions on the level of data error for which a stable solution exists, therefore it is desirable
to choose a v-smoothing problem with as small a value for v as possible. The question
then arises whether the 1-smoothing case can ever be achieved experimentally, since
the delta function is really a mathematical abstraction representing a force of infinite
magnitude for an infinitesimal duration. Any experimentally produced torque would
resemble a box function in reality, which does not share the optimal properties of the
delta function, wherefore from a purely practical point of view, the optimal case must

be the 2-smoothing case corresponding to the step and box functions, etc.
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Numerical Solution
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In this chapter the issues concerning the discretization of the governing equation in
Volterra-1 form are investigated. Initially, the equation is solved using a basic piece-
wise constant collocation method for various applied torque functions, however the
solution for the relaxation modulus is unstable in the presence of noisy data and some
sort of regularization scheme is shown to be necessary. A brief overview of poten-
tial regularization schemes is given, then two examples are implemented; it is then
demonstrated that the future-constant and future-polynomial regularization methods

are effective in stabilizing the solution.

I[. DISCRETIZATION METHODS

There are a number of options for discretization of Volterra integral equations of the
tirst kind. Here, several potential methods are outlined, more detail being available in
[16] and [7]. The basic underlying method is to replace the integral with a numerical
quadrature scheme with the requirement that the resulting equation be satisfied exactly
at a finite number of grid points, R, in [0, T]. Any reasonable discretization method for

Volterra integral equations of the first kind results in a matrix equation of the form
ARyR — R (5-1)

where AR is a lower-triangular matrix containing entries dependent upon the kernel
function, uR and fR are vectors containing the solution and data values at the grid-

points defined by u® = (ug,uq,...,ug_1)" and fR = (fo, f1,---, fr_1)7, respectively.
5.1.1 Midpoint Rule

The midpoint rule entails approximating the integral at time ¢;, on a uniform grid with

number of grid-points R and time-step /' = % by
b ‘
/O ¢(t)dt%h2¢(tj+l), i=1,...,R, (5-2)

where ¢ 1= ti+ % Applying this to (4-10), the approximate solution

i—1
h];)K(t,-,tH%)uH% =f(), i=1,...,R (5-3)

is obtained. This leads to a matrix system of equations of the form (5-1), where AR
is a lower-triangular matrix containing entries dependent upon the kernel function
according to (5-3), while uR and fR are vectors defined by uk = (u 1 ,u 3 S UR, 1 )T
and fR = (f1, fo,..., fr)7, respectively.
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5.1.2 Trapezoidal Rule

The trapezoidal rule uses an affine function to interpolate the integrand, leading to the

approximation
t; i—1
| oWt~ 90 +2 7 ¢(t) + (1) 59
j=1
for a general integral, and
t; i—1
/ K(t, ) u(t')dt' ~ 4 | K(t;,0)u(0) +2 Y K(t;, tj)u(t)) + K(t;, tl-)u(ti)] , i=1,...,R
0 4
j=1

(5-5)

for a Volterra integral. The Volterra integral equation of the first kind is thus approxi-

mated by

h
2

K(ti,O)u(O)+2EK(ti,tj)u(tj)—i—K(ti,ti)u(ti)] =f(t;), i=12,...,R. (56)
j=1

It should be noted that the trapezoidal rule and higher order quadrature rules are in
general numerically unstable for Volterra integral equations of the first kind as noted

in [28] and are therefore of limited use for this problem.

5.1.3 Euler Method (Rectangular Rule)

The Euler method, sometimes known as the Rectangular rule, approximates the inte-
gral for R > 1 by

[ ot =Y () 5

and the Volterra integral becomes

i—1

/0 Kt )u(t)de = hY. Kt £)u(t)). (5-8)

j=1
The discretized version of (4-10) is then

i—1
hY K(t, tju(t)) = f(t), i=12,...,R (5-9)
j=0

which can be expressed as a matrix equation of the form (5-1), where the vectors
R ul € RR are defined fR = [f(t1), f(t2),..., f(tr)]T and [u(ty), u(t), ..., u(tr_1)]T.
The matrix AR is lower triangular with non-zero entries given by [AR]i/]- =
hK(ti, tj-1),i <j.
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5.1.4 Collocation

Collocation methods represent a class of approximations which can be generalized to
arbitrarily high order. The method of choice for solving this problem is the simplest
form using piecewise constant polynomials, but a short overview of the general back-
ground theory is included here - good references for an in-depth examination of the
subject can be found in [16] and [7].

The basis for the method is to obtain an approximate solution u® in the space of

(-1

piecewise polynomials S, "/

(R), given intervals 0; = (t;_1,t;],i =1,2,...,R, where
S N(R) = {u:uly, € Myy,i=1,...,R} (5-10)

and ITy is the space of real polynomials of degree < k. Now dim S ,(11__11) (R) = Rm, so the
same number of conditions need to be imposed on the approximate solution to obtain

a unique solution by defining Rm collocation points
Xm(R) = {ti,j =11 —|—C]h : ] =1,....mi=1,.. ,R} (5-11)

where {cj}}”:l are the collocation parameters which satisfy 0 < ¢; < --- < ¢ < 1.

Additionally, the solution uR € 51(1:_11) (R) must satisfy Au = f exactly at each colloca-
tion point in X,,(R). This results in a system of linear equations of the standard form
ARyR = R with R x m block-triangular matrix AR (i.e. it has R diagonal m x m blocks
each nonsingular for h > 0 sufficiently small if the problem is 1-smoothing), leading to
a block-sequential solution method. Analysis for the optimal choice of the collocation
parameters where convergence is concerned may be found in [16].

The simplest form of collocation corresponds to a choice of ¢;;, = 1, so that colloca-
tion occurs at each of the grid-points ti,j=1,...,R. This is the method chosen for this
problem, whereby collocation is considered in the space of piecewise constant polyno-

mials, denoted S(()_l) (R). Defining the characteristic function ¥;(¢) ono; fori =1,...,R

by

1 teo,
Y.(t) = 5-12

i(t) {O otherwise, ( )
then the collocation solution u® is given by

ul(t) = ici‘lfi(t), t € [0,T]. (5-13)
i=1
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Noting that for the convolution kernel [44]
i']' R
mm»:/‘mg—wzpﬁuwdy
0 i=1

ti
q/ K(tj—t')dt

tiq

- I

I
—_

t
ci [ Kltj-is1—s)ds = £(t) (5-14)

1
where the substitution s = ' — #; 1 has been used. Therefore, the matrix equation
ARcR = fR is obtained, where AR is an R x R lower triangular matrix and additionally

of Toeplitz type with constant diagonal values. More explicitly,

Ay 0 0 -+ 0] [ar f1
Ay N 0 - 0 |e f2
Az A A -+ 0 3|l =|/f3 (5-15)
AR Ar—1 -+ Dy Dq [cr] L fR]
where
51
AﬁZ/ K(t; — ) dt'. (5-16)
0

The c; are then calculated using forward substitution and are given by
i—1
fi— X cjhi—jn
j=1
A ’

The moment integrals A; can be determined analytically for simple kernel functions

C; =

i=1,...,R. (5-17)

or by a discrete quadrature rule, the optimal choice of rule in terms of stability being
discussed in [16]. However, for this problem, note that

t t
/,MQ—WdH:/ x(t—t)dt
0

0
=[xt =]y
=x(t)—x(ti_1), i=1,...,R (5-18)

This discretization method therefore has the advantage that the data x(¢) can be used
directly instead of the kernel x(t); since differentiation is an ill-posedness process, this
should reduce the potential amount of error involved in the method of solution. The
solution u® (t) obtained by this process is then a piecewise constant solution that con-

verges uniformly to the exact solution i at a rate of O(h).
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5.1.5 Condition Number

Standard discretization schemes for ill-posed Volterra problems generally result in sys-
tems of linear equations which are ill-conditioned, i.e. the matrix in (5-1) is close to
singularity, hence simple inversion of the matrix may result in unacceptably large er-
rors in the solution. The stability of the linear system (5-1) can be quantified using a
condition number. This is essentially a measure of a problem’s amenity to digital com-
putation; a high condition number indicates the problem is ill-conditioned and thus
the matrix AR is close to being singular. There are several types of condition number

depending upon the matrix norm which is used; here the co-norm version is used.
K(A) = [[Alleo - A" e (5-19)

where ||A||« is the matrix co-norm defined as the maximum absolute row sum

n

|A]lo = max ) |Aj] (5-20)
1§i§n]- 1

for a square matrix A. An approximate method for estimating the condition number
without evaluating the inverse matrix A~ can be found in [30], but here Maple is used

to calculate the exact values.

II. REGULARIZATION OF VOLTERRA-1 EQUATIONS

In Chapter 4 it was established that the solution of the problem in the form of a Volterra
integral equation of the first kind is ill-posed. It is insufficient merely to replace the
measured data f(t) and Q(t) with their perturbed forms and use standard solution
methods, since this usually results in highly oscillatory solutions. Therefore to obtain
a stable solution some form of regularization procedure is required. A short summary
of the available options pertinent to this problem is included in this section, but for a
comprehensive overview of regularization methods for Volterra integral equations of
the first kind the papers [50] and [52] should be consulted.

The standard approach for stabilizing the solution of ill-posed first kind integral
equations has been to use Tikhonov regularization [31]. In common with most regu-
larization methods, the underlying technique is to transform the Volterra integral of
the first kind, which is ill-posed in nature, into a well-posed equation of the second
kind by imposing assumptions about the nature of the solution. The Tikhonov method

approaches the problem in a least squares sense, given a perturbation f¢ of the data,
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by minimizing the quantity
min| Au — | + | Cul (5-21)

where the Volterra operator A is defined as in (4-12) and £ is an operator used to
stabilize the solution such as the identity or differential operator, for example. The
parameter & > 0 is known as the Tikhonov reqularization parameter and balances the bias
towards accuracy of model-fitting or stability achieved by the extra operator term and
there are well-established conditions for choosing an optimal value. This is equivalent,

using the identity operator in place of £, to solving the normal equations
(A*A n er) u=fe (5-22)
where AT is the adjoint operator, defined as
T
Aty = / K(t,t)u(t)dt'. (5-23)
t

Therefore, the Tikhonov method requires that the data is known on the whole domain
of solution [0, T}, indicating that only once the data for the whole experiment has been
collected can the solution process commence. However, this does not take advantage of
the important causal or non-anticipatory property of Volterra integral equations, which
means that at any point in time ¢ € [0, T] the solution depends only upon the past data
[0, t] and is independent of future data in [t, T]. The consequences of this attribute are
that solution methods which preserve the causal property can be solved in near real-
time as the data is accumulated. Discretization methods of “Volterra-type” generally
result in a lower-triangular matrix AR as noted in (5-1) which can be solved efficiently
by sequential methods, whereas (AR)TAR will typically be a full matrix which is more
computationally expensive to solve and in general more poorly conditioned than AX.
A veritable plethora of regularization methods exist for integral equations (see [50]
for an overview and references), some of which preserve the causal nature of Volterra
equations. One disadvantage of regularization methods of Volterra type is that con-
vergence is more difficult to prove, since the spectral properties of ATA cannot be
used, and is generally limited to low v values (see Definition 4.2.1). In discrete form,
the ill-posedness is manifest in the value of the diagonal entries, which are close to
zero, wherefore the general idea in Volterra methods is to augment those values. In an

infinite-dimensional setting this corresponds to

au(t) +/OtK(t, u(t')dt = fe(t), te€l0,T], (5-24)
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which is a second-kind equation with a unique solution u, which depends continu-
ously on the data.

Differentiation v-times of the Volterra-1 equation results in an equation of the sec-
ond kind of the form (4-17), but since differentiation is an ill-posed process additional
steps must be taken to ensure the derivative of the perturbed data is obtained in a stable
manner. Some examples of methods of this type are mentioned in [50] with references
to the literature.

The process of discretization itself, has the effect of a basic form of regularization;
the regularization parameter in this case is the step-size which can be coordinated to
the level of noise present in the data. An ill-posed infinite dimensional equation is
thereby transformed into a well-posed finite dimensional problem, although the re-
sulting matrix may be ill-conditioned, the degree of ill-conditioning increasing with
increasing dimension. As the error level ¢ — 0, then the step size can be reduced to
an arbitrarily small size h — 0. However, for ¢ > 0, there is a lower limit to the prac-
ticable value of h. This “self-regularization” property consequently often leads to an
unacceptably coarse grid in the presence of noisy data or for highly ill-posed problems
and in practice further regularization is usually required. The midpoint and Euler
methods are the only reasonable quadrature methods; the trapezoidal, higher-order
Gregory and Newton-Cotes integration rules being numerically unstable for Volterra-
1 problems [28]. This is an example of how the ill-posedness of Volterra-1 equations
influences the solution method, in comparison with the Volterra-2 equation for which
any standard numerical approximation produces a stable solution. A discretization
method is robust for a 1-smoothing problem if the amplification of the data error is
of O(e/h) as h — 0. The midpoint method is robust for 1-smoothing problems [5]
and thus can handle the error level for 1-smoothing problems by varying the step-
size. Most standard discrete methods when taken in isolation are only effective for
1-smoothing problems at best, since they result in a diagonal term K(f, t) which is zero
for v > 1. Exceptions to this are collocation [23] and linear multistep methods [4] (for
v = 2). For ill-posed problems the best approach is to combine a discretization method
with a continuous regularization method, both of which preserve the Volterra nature

of the problem.

5.2.1 Local Regularization

A significant class of regularization methods of Volterra type can be termed local reg-

ularization methods, the basic underlying principle being to decompose the operator A
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into “local” and “nonlocal” components, then the local part alone is inverted by a reg-
ularized procedure. Recent papers dealing with this group of methods are [44], [45],
[46], [47], [55], [18], [53] and [54]. This is the type of method which has been cho-
sen here as most pertinent and simplest to apply to this particular problem. First, an
overview of the theory of the continuous regularization version is given, then the de-
tails of the discretization are described and adapted to apply to the stress-controlled
rheometry integral equation.

The underlying idea in an infinite-dimensional (continuous) setting first introduced
in [44] and [46] is to construct a well-posed Volterra integral equation of the second
kind by assuming that the solution on [t, f + A;] for some A, > 0 is “regular” in some
fashion, in this case it is assumed to be constant in that interval. The constant A, fulfills
the role of the regularization parameter here. Extending the domain from [0, T] to
[0, T + Ay, (4-13) becomes

t+p
/0 K(t+p—tu(t)dt = f(t+p), te[0,T],pel[0,A] (5-25)
or equivalently, by splitting the domain and a change of variable ' — t' + 1,

/Ot (t+p—)u(t) dt' + [ Klo = F)u(t+)dF = f(t+p). (5-26)

The equation is extended slightly into the future by an amount p. Integrating w.r.t. p

and changing the order of integration in the first integral,
Ar
// (t+p—t)dpu(t dt+// p—t") t+t)dtdp—/ f(t+p)dp.
(5-27)

Replacing the data function with a perturbed function f¢, and since the solution is
assumed to be constant on the interval [t, t + A,], u(t + t') becomes u(t), it can be seen

that (5-27) is actually a Volterra equation of the second kind, viz.
(D) +/ () dt = FE(EA,), teo,T]. (5-28)
The new functions can be generalized to the Stieltjes integrals
/ / Ydt'dya, (o), 0<F <t<T (5-29a)
R(t—150,) = /0 K(t+p —t') dna, (p) (5-29b)

= [ £+ o) da, (o) (5299
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where 775 (p) is a positive Borel-Stieltjes measure, the choice of which can rise rise to
a family of regularization methods. Conditions guaranteeing convergence for general
v-smoothing problems with convolution kernels can be found in [47]. One potential
disadvantage of this method is that the solution can only be obtained on a contracted
interval [0, T — A,], but since the experimental duration could easily be extended to

[0, T + A;] this is only a minor consideration.

[II. PREDICTOR-CORRECTOR REGULARIZATION

We now proceed to look at the discrete form of the regularization algorithm formulated
in [47] and apply it to this particular problem. Consider a uniform grid with R + 1
grid-points and time-step # = 1/R. Thus tj = jh for j = 0,1,...R. It is useful to
extend the solution range beyond the normal value for T to allow for the utilization
of a small amount of future information of length A, = (r — 1)h,r > 2 in the solution
process towards the end of the duration of the experiment, so takej = 0,1,...,R, R +
1,...,R+r — 1. Alternatively, a restricted solution range could be taken if the data has
already been obtained.

Incorporating the collocation algorithm described in Section 5.1.4, (5-28) becomes

to j A,
w(B);+ [ R(y—1380) [;ciw')] d'= [T F+e dis ) 630

which is a lower triangular system with non-zero diagonal entries and therefore pos-
sesses a unique solution. The solution is held constant on [t, f + A,], leading to the
specific choice }_/_;5;0(t — 7;A,) for the measure #,, (p). The theoretical matters per-
taining to convergence for this particular choice of the measure for Volterra-1 equations

in general are discussed in some detail [47]. The relevant constants are defined

[yt d

Si = = , i=1,...,r (5-31)
Jo! K(ty = T")dt’
and
i—1
Ti:r—l' r>2. (5-32)

The unregularized case corresponds to » = 1 and the definition 7 = 0 is required. For

this problem, K = ¥, so the specific value

t.
(G

T xny >3
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will be used. The piecewise constant solution obtained by this process is denoted uX =
Z}il ¢; ¥ (TiAr), in which the collocation parameters c;, are found sequentially, being
held constant over the interval [t;,t; + A;]. Once the solution has been determined
for each time-step ¢}, the constant portion of the solution (the “predictor” step) on the
future interval [t;, t;; 5] is discarded (the “corrector” step) and the procedure moves
on to the the next time-step.

The end result is a system of linear equations which can be represented in matrix

form by
ARyR — £R (5-34)
where Af is a lower triangular, Toeplitz matrix, uf = [cl,cz,...,cR]T and ff =

[f1, f2, ., fr]". The modified data function vector components are given by

fi=Y sif(tisj1), i=1,...,R (5-35)

j=1

in terms of the s; in (5-33). The elements of the matrix AR can be expressed in the form

5181 4 - + 5,7, 0 0 0
810 + -+ - + 5, Ar 51A1 +-+ SrAr 0 0
A,R = S1A3 + -+ -+ 5.0 42 107 + -+ -+ 50,11 0
S1AR+ -+ 5 Ap 1 SIAR 1+ -+ S AR 2 o 1AL+ 5B
(5-36)
where A; := ;:1 Aj,i=1,...,r. Note that for r = 1, the matrix is consistent with the
standard collocation formulation in (5-15). Since AR is Toeplitz in nature, it takes the
form
(x; 0 0 O]
X2 X1 0 0

AR = |x3 x . (5-37)

_xR XR—-1 ... X1

so it can be represented by a single vector x with entries given by

(5-38)
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and

i t:
ZS] i+j-1 = Zj(((( ])) (x(tigj—1) = x(tisj—2)], i=2,...,R (5-39)
j=1

since, from (5-18) and under the assumption that x(0) = 0 we have

=x(t), i=1,...,r (5-40)

whereby the memory storage requirements are reduced to O(R) rather than O(R?).
Finally, the solution is obtained by forward substitution using
fi— Z;;i Xi—j+1Cj

¢ = . , i=12,...,R (5-41)

The future-constant algorithm is now applied to the stress-controlled rheometry
problem. First, the conditioning of the system is analysed for exact data, exact in the
sense that the only error present is that due to the limitations of machine precision; here
Maple was used with a precision of 40 digits. To simulate the effect of experimental
error, random noise is added to the synthesized data which is uniformly distributed
n [—1,1]. Denoting the maximum error level by «, then the actual error added to the
exact value will lie in the interval [—a|| f||eo, || f||co]. An error level of approximately
1% is considered to represent normal experimental conditions; a value of 5% represents
an extreme case. Since x(0) = 0 for any physical form for the applied torque, the error
in the error in the platen displacement data is assumed to be zero for t = 0. Note that
the data function requires differentiation of the data and therefore will always contain
a higher level of noise than the directly measured platen displacement which is used
to evaluate the matrix. In these examples, the second derivative in the data function is
obtained analytically before the noise is added to the data, but in practice this will need
to be calculated numerically. Since differentiation is an ill-posed process, additional
regularization may be required to acquire a reasonable solution - much literature can

be found on this subject, a good synopsis being found in [73] and [74].

5.3.1 Delta function

Consider first the delta function applied torque as described in Section 2.2. Assuming

the material is a Maxwell fluid, the platen displacement is given by (2-79) in the case
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of complex roots, and the data function by (4-148). Applying the simple piecewise-
constant collocation discretization described in Section 5.1.4, it can be seen in Figure 5.1
that a stable solution for G(t) exists with exact data. The solution is actually piecewise
constant on each interval [t;_1,t],i = 1,...,R, but for the sake of clarity the graphs
are constructed by joining the values of the solution at the midpoints of each interval.
A range of grid sizes are depicted, reflecting the dimension of the matrix AR and it
appears that the numerical solution converges to the exact solution as & — 0, or equiv-
alently R — oco. This however represents the best possible choice of applied torque

combined with precisely known data - a scenario impossible to achieve in reality.
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Figure 5.1: Numerical solution: delta function, Maxwell model (¥ < 0), exact data.



5.3 PREDICTOR-CORRECTOR REGULARIZATION 156

The condition number of AR as defined in (5-19) is generally small (O(10')), so the
linear system (5-15) is well-conditioned in the case of exact data and the matrix can
be inverted in a stable manner. The matrix AR, the elements of which are defined in
(5-15), depends only upon the kernel function x(¢) and can be determined directly
from the measured platen displacement x (), wherefore the condition number will be
independent of the error in the data function. This is fortuitous, since the error level
in the kernel will generally be lower than that in the data function, which involves
evaluation of the second derivative of the platen displacement. In Table 5.1 condition
numbers are given for various values from 0-5% of the maximum error level in the
measured data x(t), which is denoted by ||p(#)||e. It can be seen that increasing the
error level in the kernel generally produces a moderate increase in the condition num-
ber, except for very large values for the number of grid-points and the extreme value of
5% for the error level. The solution for R = 100 is shown for each of the error levels in
Figure 5.2. The solution is reasonable except in the 5% error case, which corresponds
to a matrix system with condition number of O(10*). For comparison, the number of
grid-points is increased to R = 150 in Figure 5.3, where as expected the errors in the
solution are visibly greater and the solution is more oscillatory in nature for compa-
rable values of the maximum error ||p(#)||e in the measured x(t) data. The condition
numbers for the N-mode Maxwell model are calculated in Table 5.2 and since the same
qualitative behaviour is shown, only the analysis for the single mode Maxwell model

is considered henceforth.

lolleo (%) | R=10 R=25 R=50 R=100 R=150 R=200
0.00 4.487310° 1.2010 10" 2.199510' 2.5598 10' 3.8776 10  5.1924 10!
0.01 4487410° 1.2008 10! 2.2008 10' 2.555110' 3.917510' 5.0533 10!
0.05 44876 10° 1.202110' 2.223010' 2.625710' 3.8787 10 5.0254 10!
0.10 4.494010° 1.2092 10" 2.227110' 2.5556 10 4.3958 10  4.8096 10*
0.50 45304100 1.218510' 2.435810' 5.926210' 2.8277 10> 9.8362 102
1.00 4.610910° 1.227210' 2.587110' 9.3634 10" 6.4967 10>  4.5399 103
5.00 47966 10° 1.401210' 4.7230 10" 1.223910* 1.2034 109 5.3879 10%°

Table 5.1: Condition numbers for AR, delta function applied torque, Maxwell model

(p <0).

The effect of the error in the data function is depicted in Figure 5.4, which shows the

solution for the same relative error values for the error ¢(t) in the data function f(f)

as previously used for the x(t) data, the kernel data being assumed to be exact. As
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Figure 5.2: Numerical solution: delta function, Maxwell model (¢ < 0), R = 100, noisy
data.

expected, the instability worsens as the error level is increased, but the apparent effect
on the accuracy of solution is less than that of the kernel error. The combined effect of
noise in both the platen displacement data and data function is illustrated in Figure 5.5
for various combinations of error level, subject to the specification that ||p|lcc < ||€]|co
as mentioned previously. Henceforth, the values 1% and 5% for the relative errors in
x(t) and f(t) shall be assumed to be representative of typical experimental data.

A basic form of regularization can be implemented by varying the step-size, since

for problems exhibiting a low degree of ill-posedness reducing the step-size often re-
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Figure 5.3: Numerical solution: delta function, Maxwell model (i < 0), R = 150, noisy
data.

sults in a sufficiently stable solution. The effect of this approach is shown in Figure 5.6.
For the smallest step-size, the solution is unacceptably oscillatory with considerable
relative error. Reducing the step-size results in convergence to the true solution, al-
though sufficiently accurate results are only achieved by using a very coarse grid with
10 points, or one grid-point per second in this case. One consequence of this is that the
value of G(0) can not be estimated with any accuracy.

The implementation of the future-constant algorithm described in Section 5.3 is il-

lustrated in Figure 5.7 for various values of the regularization parameter, r, which is a



5.3 PREDICTOR-CORRECTOR REGULARIZATION 159
lolleo (%) | R=10 R=25 R=50 R=100 R=150 R=200

0 42147 10! 8.418510' 8.736310' 1.0283 10> 1.1389 10%> 1.2424 10?

0.01 42148 10! 8.417210' 8.7358 10" 1.0281 10%> 1.139210% 1.2424 10?
0.05 42121101 8.4086 101 8.7372 10" 1.028210% 1.1404 10> 1.2469 102
0.10 42148 10" 8.439510'1 8.741110' 1.027310%> 1.1456 10> 1.2490 10?
0.50 42403 10! 8.486110' 8.7718 10" 1.0532 10> 1.2690 10> 2.4018 10?
1.00 4208210! 8.184810' 8.6870 10" 1.160510> 1.640010% 6.4673 10?
5.00 40824101 1.0629 10> 1.0168 10> 1.522610° 5.5984 103> 1.6521 102

Table 5.2: Condition numbers for AR, delta function applied torque, N-mode Maxwell

model.
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R=150

R=200
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4.5398 10°
3.1084 10°

1.2276 101
1.0654 101
9.9685 10°

2.6641 10!
1.5252 101
1.2021 10?

1.4785 102
2.6210 10!
1.9058 101

4.9554 102
6.2197 10!
3.0930 10!

2.6721 103
2.3790 10!
4.7456 10!

1.1432 10!
1.1068 10!
1.0732 10!
1.1037 101
1.1679 101
1.1789 10!
1.1137 10!

1.5816 101
1.3672 10!
1.2592 10!
1.2236 101
1.1968 101
1.1606 10*
1.1440 10*

2.2897 10!
1.8956 10!
1.6645 101
1.5246 101
1.3685 10*
1.3085 10!
1.2742 101

3.1652 10!
2.4473 10!
2.0699 101
1.8285 10!
1.6627 10!
1.5457 10!
1.4070 10!

Table 5.3: Condition numbers for AR, delta function applied torque, Maxwell model
( < 0), (1%,5%) error, future constant regularization.

measure of the length of the future interval which is used to stabilize the solution. The
tirst graph in the sequence shows the solution for » = 1, i.e. no regularization is occur-
ring, which is unacceptably oscillatory. For r = 2, one future interval is used and has
a noticeable smoothing effect on the solution, which has already achieved reasonable
stability. The best result in this case is probably achieved by using r = 3, for which a
reasonable approximation to the true solution is obtained. Increasing the value of r fur-
ther results in an increasingly smooth solution, however the solution departs from the
true solution for small values of t. There is therefore an optimal value for the choice of
the regularization parameter r beyond which over-regularization may occur. It should
be noted that the flat part of the solution appears to benefit from large values of r, while

the steep section near ¢ = 0 gains more accuracy for smaller values of r, suggesting that
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Figure 5.4: Numerical solution: delta function, Maxwell model (¢ < 0), R = 100, noisy
data ([|p]|co = 0)-

selecting separate values of r for the two regions may produce better results, although
the choice of intervals would depend on the exact nature of relaxation modulus for a
specific material. The effect of the regularization parameter on the conditioning of the
system is indicated by Table 5.3, demonstrating that increasing the value of r has the
effect of decreasing the condition number of AR. It should be noted that a small condi-
tion number does not necessarily guarantee that an accurate solution can be obtained,

as exemplified by the results of Figure 5.7.
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Figure 5.5: Numerical solution: delta function, Maxwell model (i < 0), R = 100, noisy
data.
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Figure 5.6: Numerical solution: delta function, Maxwell model (¢ < 0), (1%,5%) error.
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Figure 5.7: Numerical solution: delta function, Maxwell model (¢ < 0), (1%,5%) error,

future-constant regularization.
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Other 1-smoothing problems

The class of 1-smoothing problems with applied torques which produce a step dis-
continuity in the angular velocity of the platen x(f) at f = 0 should all share similar
properties to the case where the delta function was considered. Instability and large
condition numbers result when the diagonal elements are small relative to the remain-
ing non-zero entries in the matrix AR. This corresponds to the value of platen displace-
ment at f = f1,i.e. x(t1), so the more rapid the increase in x(f) at the commencement
of the experiment, the more stable the solution will be.

As an example of another 1-smoothing problem, consider the applied torque in
Section 3.1.2 which produces a platen displacement such that x(t) = G(t), using the
Maxwell model. The standard collocation approach with error levels of 1% for the
platen displacement and 5% for the data function is shown in the first plot in Figure 5.8
and can be seen to be of limited use for determining the relaxation modulus alone.
The remaining plots show the effect of varying the regularization parameter r in the
future-constant algorithm in Section 5.3. Merely using one future interval (r = 2) has
a dramatic effect on the stability of the solution; although some oscillations still exist,
they are much reduced in amplitude. The best overall solution is achieved when r = 4
or r = 5 and increasing r futher improves the solution in the flatter part of the curve,

but over-regularizes the solution in the steeper part of the solution near t = 0.
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Figure 5.8: Numerical solution: relaxation modulus (G(t) = x(t)), Maxwell model
(¢ < 0), (1%,5%) error, future-constant regularization.
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5.3.2 Step & box functions

The next class of functions considered are those which produce a 2-smoothing kernel
function, namely the step and box functions, and in the oscillatory case, the square
wave. These functions are more practicable for experimental use than the 1-smoothing
case and are therefore perhaps the most useful to consider. The solution for G(t) us-
ing exact data is plotted for selected values of the number of grid-points in Figure 5.10
for the Maxwell model and Figure 5.11 for the N-mode Maxwell model. Even in the
absence of noise, it is not possible to obtain a smooth solution in general, reflecting
the additional degree of ill-posedness over the 1-smoothing case. The data in Table 5.4
demonstrates the effect of the error in x(t) on the condition number of the matrix AR.
For exact data, the condition numbers are larger than for the 1-smoothing case, ac-
counting for the decrease in stability observed in Figure 5.10. Increasing the number
of grid-points R and the error level in the kernel produces extremely large condition
numbers for reasonable values of R and hence the matrix AR will be close to singularity
and the solution extremely unstable. The condition numbers for the box function are
somewhat larger than for the step function, suggesting inferior stability in comparison
with the step function, although the difference is not obvious in general in the exact

data solutions plotted in Figure 5.13.

lolleo (%) | R=10 R=25 R=50 R=100 R=150 R=200
0.00 1.5342 10" 4.013710' 5.939410' 1.282510> 1.7908 10> 2.3173 10?
0.01 1.5362 10" 4.0221 10" 6.8980 10"  1.4207 10> 2.1621 10> 5.1601 10?
0.05 1.9067 10 4276210 7.813810' 3.5594 10> 9.9365 10> 4.2632 10°
0.10 1.8290 10* 4.744410' 9.317910' 6.3218 10> 3.435210° 2.6609 10°
0.50 2.0492 10! 8.413210' 2.639310° 7.0014 10* 4.4406 10 8.1454 10'4
1.00 25878 101 8.8729 10! 8.2968 10° 4.2808 102 2.4576 10 7.3077 10%*
5.00 3.0944 10! 1.896010° 2.1861 1010 2.0916 10** 2.6636 104 1.1644 10%

Table 5.4: Condition numbers for AR, step function applied torque, Maxwell model

(p <0).

In the presence of perturbed data, modelled by error levels of 1% and 5% in the
platen displacement and data functions, respectively, decreasing the number of grid-
points is not particularly effective in stabilizing the solution. Figure 5.9 demonstrates
that even a coarse grid with R = 10 is not quite sufficient to obtain a useful solution.
Clearly, additional regularization is required for the 2-smoothing problem. The effect

of applying the future-constant regularization algorithm to the step function case is
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illustrated in Figure 5.12 for the step function, Figure 5.14 for the box function and Fig-
ure 5.15 for the square wave. Collocation alone r = 1 is completely unable to produce a
meaningful solution for the 2-smoothing case in the presence of perturbed data and in
all cases the best overall solution is obtained by using r = 6 to 8. The square waveform
clearly produces the least stable solution. As with the one-smoothing case, higher val-
ues of r appear to produce better results in the flatter part of the curve for large t, while
the solution becomes over-regularized for smaller values of ¢t. The condition numbers
for the step function are given in Table 5.5 and clearly demonstrate the effectiveness of
the future-constant method in reducing the condition numbers to values which corre-
spond to stable solutions of the Volterra integral equation. The effect of changing the
elasticity or relxation time parameters in the Maxwell model is essentially equivalant to
assuming that the material parameters are held constant and varying the instrumental
parameters k and I. The distinction in the behaviour of the platen displacement is de-
termined by the nature of i as defined in Section 2.3.2; if 1p < 0 then the displacement
will be oscillatory in nature and if ¢ > 0 the displacement will be monotone increas-
ing. The effect of changing the instrumental parameters is inestigated in Section 6.1.3,
therefore it is unnecessary to examine the effect of varying the material parameters

separately here.
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Figure 5.9: Numerical solution: step function, Maxwell model (¢ < 0), (1%,5%) error.
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r R=10 R=25 R=50 R=100 R=150 R=200
1 19.033910° 1.2369 10* 3.0342 107 1.4550 10** 4.7905 10* 4.1717 10*
2 | 75093100 1.774810' 1.194710° 6.971410% 1.439510% 2.0255 10%3
4 9.5097 10° 2.135110' 1.8758 10° 4.0041 10* 1.9277 104
6 7.658810° 5598510' 2.518410> 1.225710°
8 1.9991 10" 6.272410'  4.9471 10?
10 1.3062 101 3.0640 10!  9.6899 10!
12 6.537410° 1.9527 10!  4.3193 10!
14 1.4980 10"  1.8801 10!
16 1.0773 100 1.5017 10!
18 7.270310°  1.5426 10!
20 9.5351 10°

Table 5.5: Condition numbers for AR, step function applied torque, Maxwell model
(¥ < 0), (1%,5%) error, future constant regularization.
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Figure 5.10: Numerical solution: step function, Maxwell model (¢ < 0), exact data.
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Figure 5.11: Numerical solution: step function, N-mode Maxwell model ( < 0), exact
data.
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Figure 5.12: Numerical solution: step function, Maxwell model (¢ < 0), (1%,5%) error,
future-constant regularization.
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Figure 5.13: Numerical solution: box function, Maxwell model (¢ < 0), exact data.
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Figure 5.14: Numerical solution: box function, Maxwell model (¢ < 0), (1%,5%) error,

future-constant regularization.



5.3 PREDICTOR-CORRECTOR REGULARIZATION 174

100.0 100
75.0 75 4
50.0 50
25.0 25
-25.0 -25 4
-50.0 -50 4
-75.0 -75 4
-100 - - -100 -
0 2.0 4.0 t 6.0 8.0 10.0 0 2.0 4.0 t 6.0 8.0 10.0

(b) R = 100,7 = 2

G()

()R =100,r =5

G()

0 2.0 40 ' 6.0

T
8.0

T T T T
10.0 0 2.0 4.0 t 6.0 8.0 10.0

() R =100, = 8

(g) R = 100,7 = 10
Figure 5.15: Numerical solution: square wave, Maxwell model (¢ < 0), (1%,5%) error,
future-constant regularization.

(h) R = 100, r = 12
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5.3.3 Slope & ramp functions

The most ill-posed case considered here is the 3-smoothing problem, corresponding to
the slope function, C(t) = Cyt, and the ramp function as described in Section 2.4. The
degree of instability produced by this class of problem is manifest in highly oscillatory
solutions even where the data is exact as demonstrated in Figure 5.16. Obviously, none
of the choices of step-size produces usable data for the solution G(t) and it can be in-
ferred that regularization by reducing the number of grid-points is not applicable here
with exact or perturbed data. The kernel x(t) behaves like O(t) as t — 0, hence the
diagonal values will be small relative to the other non-zero matrix elements of AR and
the relative error much more significant. The solution is built up sequentially using
previous values of x(t;), therefore the error propagates throughout the solution, grow-
ing without bound as t increases. The condition numbers are tabulated in Table 5.6 for
various relative errors in the platen displacement. The large values even for noise-free
data indicate that the matrix AR is close to singularity and that inversion of the matrix
is unlikely to produce a stable solution. Note that the addition of random error does
not always increase the condition number, since a large error may augment the diago-
nal value sufficiently in this case to decrease the condition number, however this does

not imply that a more accurate solution will be obtained.

lolleo (%) | R=10 R=25 R=50 R=100 R=150 R=200
0.00 4156310 7.3024 10" 4.2604 103! 1.4804e 10* 5.337510% 6.1659 10%
0.01 4187210 4.3006 10 7.463810% 6.172110% 3.1037 10* 9.6751 10*
0.05 5.137110% 2.9993 107 6.6659 10%°  7.3492 10%*  4.6666 10 1.6730 10*
0.10 6.170310° 1.1272 101 4.233110%° 1.092310%2 3.6589 10%0 2.1479 10%
0.50 3.235310° 7.587810% 1.820510'® 4.3159103" 8.035110% 2.7415 10"
1.00 1.5622 10* 8.0599 10'8 2.8050 1020 7.149510'® 5.6823 1037 3.5478 102
5.00 4483910° 1.181010° 9.886710%° 9.8528 10%° 8.9834 10** 7.2174 10%

Table 5.6: Condition numbers for AR, slope function applied torque, Maxwell model

(p <0).

Clearly, regularization is required to obtain a reasonable solution even with exact

data. The solution obtained using the future-constant algorithm from Section 5.3 is
plotted for various values of the regularization parameter r in Figure 5.17 using er-
ror levels of 1% and 5% for the platen displacement and data functions, respectively.
Much larger values of r are necessary to obtain a reasonable solution than for the step

or delta function applied torques, reflecting the extra degree of ill-posedness inherent
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Figure 5.16: Numerical solution: slope function, Maxwell model (¢ < 0), exact data.

in the 3-smoothing problem. A value of approximately r = 20 is required to stabilize

the solution, but even this is less than satisfactory, suggesting that it is undesirable to

choose a form for the applied torque which leads to a 3-smoothing problem or higher.

The condition numbers are displayed in Table 5.7 for various grid dimensions and

demonstrate a dramatic decrease in the condition number as an increasing number of

future intervals are used to construct the solution. In this case, although the solution

becomes over-smoothed for small values of ¢, the ability of the algorithm to recon-

struct a reasonable solution from the wildly oscillatory unregularized solution is still

impressive.
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Figure 5.17: Numerical solution: slope function, Maxwell model (¢ < 0), (1%,5%)
error, future-constant regularization.
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r R=10 R=25 R=50 R=100 R=150 R=200

1 |3.459510% 9.085310° 1.178710% 1.067510* 2.8513 107 2.3370 10%!
2 | 6.833510% 3.411210% 1.922910° 5.0249 101! 5.7807 1032 1.7720 10%°
4 |3.496410' 1.797810° 4.0300 107 4.9204 10'® 6.7308 10  4.4342 100
6 | 1.7857 101 5.9438 10! 1.3228 10* 1.044510° 2.0060 10° 1.0582 10°
8 | 8.818710° 3.555210! 3.661810%> 3.483010* 7.090410% 9.6164 10°
10 2.6291 101 1.3546 10> 2.774110° 1.2960 10° 1.1119 107
12 2.0407 10! 8.8978 10!  6.1154 10> 1.641310° 1.735510°
14 1.7422 100 5.727310' 4.835310% 6.835910° 3.8372 10%
16 1.4593 101 4.043510! 1.927410> 9.737510%> 2.2781 10*
18 1.2435 10" 3.351210' 1.428510> 5.7657 10> 7.3648 10°
20 1.0892 10! 2.8389 10! 1.0362 10> 2.589510%>  4.0840 10°
25 7.2448 10° 2.0926 10!  6.9740 10 1.3829 102  3.5420 102
30 1.6648 101  4.780510' 9.4523 10!  2.0004 102
35 1.3634 10  3.6728 101  7.2746 10!  1.3504 10?

Table 5.7: Condition numbers for AR, slope function applied torque, Maxwell model
(p < 0), (1%,5%) error, future constant regularization.

The effect of the regularization parameter in the future-constant algorithm is illus-
trated in Figure 5.18 for the ramp function described in Section 2.4.2. The unregular-
ized case using simple collocation is similar to that for the slope function, being highly
oscillatory in nature and of little practical use. Somewhat surprisingly, the future-
constant algorithm is more effective at obtaining an accurate solution than with the
slope function. A value of the regularization parameter of r = 8 provides quite a rea-

sonable solution over the whole domain of solution.
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Figure 5.18: Numerical solution: ramp function, Maxwell model (¢ < 0), (1%,5%)
error, future-constant regularization.
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IV. FUTURE POLYNOMIAL REGULARIZATION

The second regularization method utilized for this problem is a generalization of the
future-constant algorithm, where the solution is held constant on the small future inter-
val [t,t 4 (r — 1)h], to the case where the solution is approximated by a polynomial of
low degree on that interval. A brief description of the implementation of the method
is given here, but the original paper [18] should be consulted for the full detail and
convergence analysis. The motivation for using a polynomial rather than a constant
value for the future interval is due to the fact that the future-constant algorithm tends
to oversmooth regularized solutions, as has been noted for the steeper part of the re-
laxation modulus solution curve in the preceding experiments due to the amount of
rigidity which is imposed on the solution.

Letd > 0 and r > d + 2 be integers. Assuming the solution has been obtained up
to t;_1, the collocation parameters cy, ..., c;—; will already have been determined, the
problem is to find ¢; € R such that ¢; = p;, 4(t;) where the polynomial p € P4, the

space of polynormals of degree at most d, is defined

Piral( 2 h] bz] ti— 1) (5-42)

and b;y, ..., bi,d € R. The algorithm is formulated in a least squares setting using the
piecewise collocation discretization described in Section 5.1.4, the function p; , ; being

determined as
Pira = argmin [, 4(p) (5-43)
pePH

where

r—1 ) 2
Jira(p Z [(ZC] i+l ]+1> Z tivm)Di—ms1 — fisi (5-44)

=0

Noting that advancing the solution slightly forward in time, p; , 4(ti+m) = 27:0 b j(m+

1)/, the necessary conditions for minimization are given by

i—1
KTKbi = KT <fi,r — Z iji—i—l—j,r) (5-45)
j=1
where
bi = (bio, big, .-, big)" (5-46a)
r = (All AH—l/ ceey Al—l—r—l)T (5_46b)

fir=fufietr o fror)" (5-46¢)
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and the r x (d 4+ 1) matrix K is defined by

Aq A A
K= A+ Ay M+ Ay . 29A 4 A, (5-47)
Ao+ ...+ A A+ + A o PIAF L FA,

This matrix can be decomposed into a product of a lower-triangular Toeplitz matrix L,
which has an inverse if Ay # 0, and a Vandermonde matrix V, which is by definition of
full rank, so therefore KK is invertible and the polynomial coefficients can be found

from
i—1
bi=K" [ fi,— ) cvit1j, (5-48)
j=1

where K+ = (KTK)~IKT is the (Moore-Penrose) pseudo-inverse. Now, setting ¢; =

Pird(ti), ie.

> |
c —=b;i(t; — ti_1)
i = Wi i,j\*i 1
=bl(1,..., )7
i—1 T .
= (,fi,?’ — Z ij,qufj,r (KT)+<]., ey 1) (5'49)
j=1

and using the identity (K*)T = (KT)*, the ¢;’s can be obtained by the equation
i—1
Y cioli i, (KDT(L. . ) 4o = L (KDL, ) (5-50)
j=1

This is equivalent to solving the matrix equation
A+al]c=f (5-51)

where ¢ = (cy,...,cg)7 is the solution vector and | is the R x R identity matrix. Note
that this is the discrete form of a Volterra integral equation of the second kind for which

a stable solution exists. Since & = 1 — Ay, (5-51) becomes

10 ...0][a] [A
A, 1 i e £

(5-52)

AR AR—I oo 1 CR fr
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with the parameters

r r

A=) mbivi1 =) [ux(tivi1) — x(tip1-2)] (5-53a)
I=1 I=1
r
fi=Y tufiyio, i=1,...,R (5-53b)

I=1

and T; is the i—th row sum of the (Moore-Penrose) pseudo-inverse of the matrix KT, ie.

d+1

=Y {(KT>+]., i=1,.. .1 (5-54)

j=1 L
Hence, the regularization method results in a lower-triangular matrix Toeplitz matrix
system which preserves the causal structure of the original Volterra integral equation
and can be solved easily by forward substitution. This algorithm is more resource
intensive than the future-constant algorithm, particularly in the calculation of the
pseudo-inverse, but should still be practicable for near real-time solution. Note that
when r < d + 1, the algorithm reduces to simple collocation.

The numerical experiments performed for the future-constant regularization algo-
rithm are now repeated for the more general future-polynomial method and a com-
parison of the effectiveness at obtaining an accurate solution is made for a selection of
values for the regularization parameters, the future interval length r and polynomial

degree d.

5.4.1 Delta function

The least ill-posed class of functions for the applied torque, which the delta function
function belongs to, require little in the way of regularization to obtain a stable solu-
tion. In Figure 5.19, the effect of the choice of polynomial degree d on the solution,
G(t), is illustrated. The number of grid-points is taken to be R = 100 and the relative
error in the platen displacement and data functions are taken to be 1% and 5%, respec-
tively. The unregularized case (r = 0) is included first for comparison and verifies that
regularization is actually necessary. For small values of d = 0,1,2, the value of the
regularization parameter r was varied to determine the optimal value, the solution for
which is plotted in the remaining three subfigures. Taking a value for the polynomial
degree of d = 0, which corresponds to the future-constant algorithm, the optimal value
for the future interval is ¥ = 3 which represents a compromise between supression of
the spurious oscillations seen in the unregularized case and over-regularization which

flattens the curve excessively for higher values of r.
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Figure 5.19: Numerical solution: delta function, Maxwell model (¢ < 0), (1%,5%)
error, future-polynomial regularization method.

Increasing the polynomial degree to d = 1, the solution is now assumed to be con-
strained to be a linear function of time on the future interval [t,t 4+ (r — 1)h]. A much
higher value of ¥ = 9 can be used without over-smoothing the solution in this case
and in general it can be seen that the solution is slightly more accurate than the future-
constant case d = 0. Increasing the polynomial degree to d = 2 improves the solution
further, providing the best approximation to the true solution in the steep section of
the curve near t = 0, the optimal value for the future interval being higher than for
the other cases with » = 16. For R = 100, or 10 data points per second this only
corresponds to an extension of 1.6s to the experiment however.

As another example of a 1-smoothing problem, the applied torque which corre-
sponds to x(t) = G(t) is used to determine the relaxation modulus in Figure 5.20.
The solution is obtained by differentiation of the platen displacement data and the de-
gree of ill-posedness is therefore equivalent to the 1-smoothing problem. All forms of
the regularization algorithm for d = 0, 1,2 produce reasonable solutions, although the
future-constant algorithm performs slightly less effectively near t = 0. Note that with

each integer increase in the polynomial degree, the number of future intervals required
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to obtain an optimal stable solution is approximately doubled.
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Figure 5.20: Numerical solution: relaxation modulus (such that G = ) torque,
Maxwell model (¥ < 0), (1%,5%) error, future-polynomial regularization method.

5.4.2 Step and box functions

The effect of regularization for the two-smoothing case is illustrated in Figure 5.21 for
the step function and in Figure 5.22 for the box function. For all values of d = 0,1,2 a
higher value of the regularization parameter r is required to stabilize the solution rel-
ative to the 1-smoothing case. In both cases, the unregularized solution is completely
inadequate for determining the relaxation modulus. For the step function, » = 10 is
necessary when d = 0, providing an accurate solution for longer time values, but over-
regularizing slightly on shorter timescales. Much better performance is attained near
t = 0 for the linear and quadratic polynomial cases, but the flatter part of the curve is
approximated less accurately than for the future-constant case d = 0. The box function
appears to be slightly more stable, requiring lower values of r to obtain better results
than the step function. For r = 24 and d = 2 an accurate solution can be obtained using

the prescribed data.
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Figure 5.21: Numerical solution: step function torque, Maxwell model (¢ < 0),
(1%,5%) error, future-polynomial regularization method.

5.4.3 Ramp function

The most ill-posed class of 3-smoothing problems is represented in Figure 5.23 by the
ramp function applied torque. As expected, the unregularized case r = 1 is highly
oscillatory and regularization is required to obtain meaningful results. Somewhat sur-
prisingly, the future-constant algorithm produces a reasonable solution for a relatively
low value of r = 3. Accuracy is improved by increasing the polynomial degree to
d = 1 and the future interval to r = 15 and a further improvement is observed for the

quadratic case with r = 21 future intervals.
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Figure 5.22: Numerical solution: box function applied torque, Maxwell model (¢ < 0),
(1%,5%) error, future-polynomial regularization method.
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Figure 5.23: Numerical solution: ramp function applied torque, Maxwell model (¢ <
0), (1%,5%) error, future-polynomial regularization method.
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V. SUMMARY

In this chapter the issues concerning numerical solution of the governing equation in
the form of a Volterra integral equation of the first kind have been investigated. A
choice of simple discretization methods are available for this type of equation, these
being more stable than the more complex higher-order methods which can be devised.
In the examples, the piecewise constant collocation method was used, both in isola-
tion and paired with one of two regularization methods of the predictor-corrector type
which preserve the characteristic causal property of the Volterra equation, to obtain
the most stable and accurate solution possible for each of the applied torque functions
introduced previously. The functions are classified according to the v-smoothing def-
inition in Chapter 4, so the delta function belongs to the 1-smoothing class, the step
and box functions to the 2-smoothing class and the slope and ramp functions to the
3-smoothing class.

Using collocation alone, reasonable solutions can be obtained for the 1-smoothing
and 2-smoothing cases when exact data is used. However, in the presence of noisy data
for the platen displacement and derived data functions a stable solution can not be ob-
tained in general for every choice of step-size. For 1-smoothing problems, varying the
step-size can result in a reasonable solution, although this often results in an unaccept-
ably coarse grid. The 2-smoothing problem cannot be satisfactorily stabilized by this
method alone and additional regularization is required. The most ill-posed problem
considered here is the 3-smoothing problem, which in this case is highly unstable even
using exact data.

The two examples of a predictor-corrector type regularization method imple-
mented here were found to be effective in determining a stable solution for all of the
applied torque functions considered here. Acceptable results can even be achieved
for 3-smoothing problems, but in general it is desirable to choose an applied torque
which minimizes the ill-posedness of the problem, i.e a 1-smoothing or 2-smoothing
problem. The future-constant method implemented first regularizes the problem by
holding the solution constant on (r — 1) future intervals. For the delta function, only
a small amount of future information is required, corresponding to r = 3 for the best
solution. As the degree of ill-posedness increases, a large value for r is required to
stabilize the solution. For the 2-smoothing kernels pertaining to the step and box func-
tions, a larger value of r is required to stabilize the solution, typically r = 7 or r = 8

provides the optimal solution. The most ill-posed 3-smoothing problem, the slope
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function applied torque requires a much longer future interval of r = 18 to obtain an
acceptable solution and even then the solution is not as accurate as for the 1- and 2-
smoothing cases. Somewhat unexpectedly, the ramp function only required » = 8 to
obtain a much better solution than for the slope function.

Although the algorithms described in [47] and [15] were only considered for noise
in the data function, it has been demonstrated here that they are effective at regular-
izing the problem when the kernel function is contaminated with noise additionally.
Perturbations in the kernel function often have the effect of increasing the condition
number of the matrix AR for this problem, leading to an even less well-conditioned
system and consequently an unstable solution. The regularization methods used here
stabilize the problem by reducing the condition number of AR to obtain a smooth solu-
tion, so it is intuitive that kernel noise can also be handled, although a larger value of
the regularization parameter is often required than the examples given in the papers.

It was noted in all cases that the future-constant algorithm tends to over-regularize
the steep section of curve where short relaxation times are dominant when the value
of r is increased beyond an optimal value, although good performance is generally
obtained in the flatter part of curve dominated by longer relaxation times for large r
values. This was the motivation for trying the future-polynomial regularization algo-
rithm of [18], whereby the solution is assumed to be a d-th degree polynomial rather
than a constant on the future interval. The future-polynomial algorithm for d = 1,2
was compared with the future-constant algorithm (d = 0) and in all examples it was
found to approximate the solution much more accurately near t = 0. For higher poly-
nomial degrees, the optimal value of r increases, requiring the use of more future infor-
mation. In general d = 2 produced the most accurate results, although in some cases
the future-constant algorithm handles the more rigid part of the curve near the end of
the solution interval. It may be advantageous to solve the equation for both d = 0 and
d = 2 and combine the results using the latter for shorter timescales and the former for
longer timescales.

In agreement with the conclusions of Chapter 4, the best applied torque in terms of
stability is the delta function and other functions belonging to the 1-smoothing class
of problems. The experiments in this chapter suggest that reasonable solutions for the
relaxation modulus may be obtained for applied torques corresponding to general v-
smoothing problems provided v is not too large. However, the best results will always
be obtained by choosing v as small as possible.

As an addendum, a few alternative methods are mentioned which may be suitable
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for this problem, although the predictor-corrector methods used here appear to be per-
fectly adequate. Firstly, analogously to the method of obtaining an exact solution in
Chapter 2, the Laplace transform could be discretized to provide a solution. The for-
ward Laplace transform is well-posed w.r.t. perturbations in the data and can be found
without too much difficulty, the ill-posedness of the problem lying in the inversion of
the transform equation. Various regularization procedures may be found in the liter-
ature for the inverse Laplace transform and a Fortran program known as Contin ! is
available which has been used successfully for some rheological interconversion prob-
lems. Another form of the predictor-corrector algorithm by the same author which
involves using Tikhonov regularization sequentially using a prescribed amount of fu-

ture information can be found in [45],[55],[48],[49],[53].

IContin: http://s-provencher.com/pages/contin.shtml
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In this final chapter, matters pertaining to the design of an experimental investigation
are considered. Questions concerning the choice of applied torque to use in order to
characterize a linear viscoelastic material, the choice of instrumental setup to produce
the most stable data and the numerical interpretation of the data thus acquired are
discussed. The second part of the chapter contains a detailed summary of the results

presented in the preceding chapters of the thesis and concluding remarks.

[. EXPERIMENTAL DESIGN

6.1.1 Standard Procedure

The standard procedure, as discussed in Chapter 1, for obtaining the linear viscoelastic
functions is to apply a sinusoidally varying applied torque, or strain, and observe the
response of the part of the rheometer that undergoes the resulting motion. Taking a
fairly modern instrument such as the TA Instruments AR2000 as an example, there are
a number of steps involved in performing an experiment to determine the character-
istic material functions. The principal consideration when performing an experiment
to determine the material functions is to ensure that the applied stress is chosen such
that the displacement response is sufficiently small to ensure that the linear assump-
tion is valid. The limit beyond which the behaviour of the material is non-linear de-
pends upon the specific material under investigation and can only be determined by
experimentation. Where sinusoidal stress profiles are concerned, the first step would
be to perform a “stress sweep”, where a fixed frequency waveform is applied to the
same material which is under investigation, for a range of amplitudes. Solution for
the complex modulus will then demonstrate the range of stresses that can be utilized,
each giving the same solution for the complex modulus. If the linear viscoelastic limit
is exceeded, a plot of G’ or G” as a function of stress will reveal a departure from a
horizontal line. This will need to be repeated for several frequencies representing the
range of frequencies for which the solution is desired for the most accurate results,
consequently adding considerable time to the duration of the experiment. This step is
generally necessary however; if it is omitted there is essentially no way of determin-
ing whether the solution obtained conforms to the linear viscoelastic assumption and
therefore may be inaccurate. The main body of the experiment can take place once the
stress amplitudes have been selected by performing a “frequency sweep”, whereby the
sinusoidal stress is applied over a specified range of frequencies for which the complex

modulus is desired.
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Calibration of the instrumental setup also comprises an important step before any
measurements can take place. Firstly, the gap between the two plates must be de-
termined accurately by establishing a zero reference point for which the plates are in
direct contact. The TA Instruments AR2000 rheometer possesses a fixed lower platen,
which has Peltier apparatus for controlling the temperature of the sample and is much
larger in diameter than the upper platen, which is part of the rotating assembly of the
rheometer used to apply the specified torque or strain and provide measurement of the
required variable. It has been assumed throughout that the damping factor, d, in the
governing equations for the parallel plate geometry is small enough to be negligible.
However, it requires only a minor modification to incorporate this into the analysis
should it be considered necessary, by the addition of a term dx(t) in the data func-
tion. The air bearings used on modern rheometers typically produce frictive torques
of < 110~ Nm, so it can safely be assumed that d ~ 0. A side-effect of the use of air
bearings is that there frequently exists a small rotational torque due to the air current
which must be compensated for by an auxiliary jet of air or a small bias current in the
drive. Another disadvantage is the relative delicacy of the structure which in some
cases necessitates the use of a clamp while loading or removing samples to prevent
damage. The damping factor is typically determined automatically by the rheometer
during the initial calibration step along with the determination of the inertia of the ro-
tating assembly. This step must be performed after the geometry has been chosen and
is dependent upon the density of the material used in the manufacture of the platen
and also the diameter.

The use of applied torque profiles of types other than a fixed frequency sinusoidal
waveform is only partially implemented in current rheometers. Many instruments, in-
cluding the TA Instruments AR2000, have the facility to apply a torque consisting of a
small number of superimposed frequencies with specified amplitudes and built-in ca-
pabilities for obtaining the complex modulus at the relevant frequencies via use of the
discrete Fourier transform. The problems concerning the choice of the individual stress
amplitudes has been discussed in Section 1.1 subject to the linear constraint and the
sensitivity of the instrument sensors. The use of completely arbitrary applied torque
profiles requires the modification of current rheometers and can not be considered to
be currently mainstream. The TA Instruments AR2000 at Aberystwyth University pos-
sesses a specially written software application known as “Torque Table” which allows
the application of a discrete torque signal in the form of a tabular data file, the strain

data being written to a separate file for corresponding time points. The first step to
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take in any experimental investigation involving non-standard procedure is to verify
whether the use of a sinusoidal waveform produces the same results as those deter-
mined automatically by the rheometer software. A concise experimental investigation
to this purpose was carried out in [5], however a slight discrepancy was experienced
between the data produced by the rheometer software and that obtained by applying
a fixed frequency sinusoidal waveform using the software modification, the deviation
being more pronounced for higher frequencies. The damping factor was excluded
from the analysis and may partially account for the discrepancy, but the more likely
explanation may lie with the approach the machine takes to data acquisition. Many
rheometers use alternating data acquisition, the stress being measured at the time ex-
pected and the strain being measured at a time offset by an amount equal to half the
sampling time. Thus, for higher frequencies this would result in an apparently more
significant time shift than for lower frequencies. This is one of the problems which
must be overcome when performing experiments with non-standard torque or strain
profiles. The alternative is a simultaneous acquisition method, where the stress and
strain are measured at exactly the same point in time - in this case no compensation is
necessary.

The effect of fluid inertia was considered to be negligible in the analysis and this is a
reasonable assumption for viscoelastic fluids in general. However, for torques that pro-
duce sudden changes in the fluid velocity, or fluids that possess a very low viscosity,
it may be worthwhile investigating whether fluid inertia is a significant factor. Mea-
surements in the linear viscoelastic region generally involve small displacements and
gradients, therefore the incorporation of fluid inertia into the theory is less important
than for non-linear measurements such as steady-shear with the cone and plate geom-
etry. When fluid inertia is taken into account, the solution of the governing equations
is no longer trivial, and involves determination of a correction term to the standard
solution where the fluid inertia term is assumed to be zero. An example of the imple-
mentation of a model incorporating fluid inertia for small amplitude oscillatory shear
may be found in [96].

The considerations pertaining to the design of a stress-controlled experiment to

determine the linear viscoelastic functions are now discussed.

6.1.2 Choice of Applied Torque

The wide variety of functions which are suitable for use as applied torques have been

grouped into classes of functions in terms of optimality with respect to numerical sta-
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bility, as defined using the v-smoothing classification in Section 4 and examples were
used for simulation of the displacement response in Chapter 2. Using the method out-
lined in this dissertation, practically any function which can be physically applied on a
rheometer can be used in an experiment to determine the relaxation modulus, although
the stability of the solution process will be determined by the particular choice of func-
tion. Applied torques which produce more ill-posed problems require a greater degree
of regularization to produce a reasonable solution in the time domain and there is no
guarantee that a stable solution can be found, therefore it is always desirable to use a
torque profile which minimizes the ill-posedness of the problem. From a purely theo-
retical perspective, it was shown that the optimal form for the applied torque would be
the 1-smoothing case, of which the canonical form is the delta function. In Section 3.1.1
it was shown that the 1-smoothing case requires a step discontinuity in the platen an-
gular velocity and that the applied torque must contain a delta function. However,
it is arguable whether an infinitely large force applied over an infinitesimal time can
ever be realistically reproduced in an experimental situation. The actual torque applied
would resemble a narrow box function, limited in width by the sampling time of the
experiment, but the box function was shown to correspond to a 2-smoothing problem
and hence does not share the optimal properties of the delta function.

Incorporating practical considerations into the argument, the best or optimal choice
for the applied torque function must be the 2-smoothing problem, the canonical case
for which is the box function. Although it is reasonable to simulate experiments for
the step function, which takes the value Cy for all values of time t > 0, since any
experiment will be of finite duration T the actual torque will take the form of a box
function. In fact, this implies that all applied torques must be compact functions de-
fined on [0, T]. Thus, in the absence of a posteriori information pertaining to instrumen-
tal output, the optimal form for the applied torque would be the box function. In a
stress-controlled framework it is reasonable to assume that step changes in the torque
can be applied, whereas for strain-controlled experiments it is difficult to achieve an
accurate step change due to the inertia of the rotating instrument assembly. Since the
ill-posedness of the problem is related to the rapidity with which the kernel function
X (t) increases near t = 0, the more ponderous growth in the strain actually represent-
ing a step increase will result in decreased stability in the solution. This is a further
example of the advantages of stress-controlled over strain-controlled measurements.

Since there is a predilection for analysis in the frequency domain to obtain the stor-

age and loss moduli, further constraints on the applied torque function can be em-
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ployed from experimental considerations. In both the time and frequency domains, it
is desirable to maintain the magnitude of the measured platen displacement in the re-
gion bounded above by the linear viscoelastic limit beyond which the governing equa-
tions are no longer valid, and below by the smallest strain values that the instrument
sensors can reliably measure to an acceptable degree of accuracy. In the frequency do-
main this infers that all of the frequency components for which the complex modulus
solution is required must have displacements large enough to be measured accurately.
As mentioned in Section 1.1, the optimal form the applied torque where a frequency
domain analysis is concerned was stated in [58] to be the sinc function, whose Fourier
transform is the box function and thus contains equal amplitudes for all frequencies in
a specified range. This definition is compatible with the smoothing definition utilized
here, since the sinc function as an applied torque, when taken on the interval [0, T},
is also a member of the class of functions corresponding to the 2-smoothing problem.
Should the complex modulus only be required at a small number of discrete frequen-
cies, the Fourier transform should consist of several sharp spikes at the frequencies of
interest or equivalently a combination of superimposed sinusoidal waveforms at the
relevant frequencies as described in [35].

The next step in designing an experimental investigation would be to determine
the magnitude of the applied torque, Cy, the best choice being suitably large that the
platen displacement is measured in the most accurate range of the instrument sensor.
However, the displacement must be sufficiently small such that the linear viscoelastic
limit is adhered to, otherwise the governing equations can no longer be considered to
be valid. Unfortunately, there is no theoretical means for calculating the maximum
displacement which the material can be subjected to whilst still adhering to the linear
viscoelastic regime, so only an empirical approximation can be obtained for the limit-
ing value by trying a selection of applied torque magnitudes. If the values lie within
linear viscoelastic range, the torque and displacement will exhibit a directly propor-
tional relationship and hence indistinguishable solutions for the relaxation modulus
or complex modulus will be obtained. When the applied torque is increased beyond
the linear limit, the solution obtained will begin to depart from the true solution. The
torque magnitude should also be chosen to ensure that the displacements are ade-
quately large to be measured with acceptable accuracy over the entire experimental
time, otherwise particular parts of the curve may be subject to noise, which in the case
of solution in the time domain may propagate to the solution function at subsequent

time-steps.
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The final design choice, assuming that the box function is to be used as an applied
torque function, is concerned with the relative values of the experimental time T and
the cut-off time ¢, after which the torque is zero. The options are to take the cut-off time
to be equal to the experimental time, in which case the torque is non-zero for the whole
duration of the experiment, or to take the cut-off time to be less than the experimental
time. In the latter case it is possible that the platen displacement may become zero or
too small to measure with any degree of accuracy before the end of the experiment at
t = T. This corresponds to a small value for the data function f(t) for the latter part of
the experiment, since the platen displacement tends to a linear function and the second
derivative tends to zero. Theoretically, there does not appear to be an optimal value for
the cut-off time relative to the experimental time, leaving only an empirical approach
to determining which option provides the best quality data.

As a case study, the single-mode Maxwell model is taken to represent the mate-
rial subjected to an applied torque in the form of a box function, as described in Sec-
tion 2.3.2. The material parameters are taken to be ¢ = 1 and A = 1, and the instru-
mental parameters kI = 0.1, the torque magnitude being Cy = 1. The cut-off time has
been varied to take the values {0.01,0.1,0.5,1,2,4,8,10} in seconds, where the exper-
imental time T = 10 seconds. Noise is added to the data by the method described in
Section 5.3, with levels of 1% in the kernel function x(¢) and 5% in the data function
f(t). The simple collocation method, without any form of regularization as described
in Section 5.1.4, is first used to gain an idea of the inherent degree of stability involved
in the solution for each of the values for the cut-off time. The condition numbers for the
linear system of equations are shown in Table 6.1 for each of the cut-off times specified,
both for exact and noisy data. It can clearly be seen that in the case of exact data the
condition number of the matrix increases with increasing cut-off time, and is distinctly
smaller for the shortest cut-off time than any of the others, probably due to the simi-
larity to the optimal delta function torque. For the noisy data, the shortest cut-off time
again has a distinctly smaller condition number and hence represents the most stable,
well-conditioned system of equations. The case where the cut-off time coincides with
the experimental time is clearly the most poorly-conditioned example.

It is apparent that solely in terms of stability, it is best to choose the cut-off time
as short as possible in relation to the experimental time. However, there are further
experimental considerations to take into account concerning the accuracy with which
the resulting platen displacement can be measured. The solutions obtained for noisy

data using the box function with variable cut-off time are shown in Figure 6.1 using
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the future-polynomial regularization method described in the previous chapter. It can
be seen that the best results are obtained in the range t; = 0.5 to t; = 2 seconds, with
the solution being perceptibly worse for the case where the cut-off and experimen-
tal times coincide. The best solution is for the shortest cut-off time, but it should be
noted that the platen displacement suffers from rapid diminution relatively early in
the course of the experiment, therefore the displacements may be too small to measure
with sufficient accuracy towards the end of the experiment and could be contaminated
with noise of a magnitude potentially larger than that simulated here. It was noted
in [97] that the data produced by free oscillations, which are essentially the response
being observed in this case after the cessation of the applied torque, are generally not
as accurate as those produced by forced oscillations for this very reason. The rate of
decay depends on the real part of the complex root of (2-95) for an N-mode Maxwell
fluid, and since this may be considerably smaller than the longest relaxation times,
the platen displacement may be essentially zero for much of the latter parts of the ex-
periment if the cut-off time is too short. For the Maxwell model, the rate of decay of
the oscillations is equal to half the reciprocal of the relaxation time, hence the effect of
small platen displacements is less obvious than for models with a widely distributed
relaxation spectrum.

The best choice of applied torque appears to be one that allows free oscillations
to occur after the cut-off time and before the end of the experiment, whereby making
use of all the time-varying displacement data. For materials with widely-spaced and
long relaxation times, it may be necessary to apply a sequence of box functions such
that the longer end of the relaxation spectrum is probed, since the oscillations may de-
cay to diminutive levels too rapidly to allow these relaxation times and equivalently
the relaxation modulus for longer timescales to be resolved accurately. The relatively
poor performance of the case where the cut-off and experimental times are coincident
may be due to the fact that the data function, which depends on the term f(t) be-
comes relatively small as the displacement tends to a linear function of time and is
thus contaminated with noise for the latter part of the experiment. When the torque
is removed, the same effect on the second derivative of x(t) occurs, suggesting that
applied torques which produce non-zero values for §(t) throughout the duration of
the experiment may be of more practical use.

A further consideration is the sampling rate, or number of data points to use. A
smaller number of time-steps will result in greater stability, since discretization has

a regularizing effect on the solution of the Volterra-1 equation, the regularization pa-
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t1 | Exactdata (1%,5%) error

0.01 | 2.845 10! 2.504 10?

0.1 | 4.992103 8.283 1012

0.5 | 2.301 10* 1.401 1010
1 | 3.62710° 4.801 10%7
2 | 1.21710° 8.071 1011
4 | 1.14110° 4,025 104
8 | 1.06310° 2.118 10%

10 | 8.577 10% 6.815 1043

Table 6.1: Condition numbers for AR, box function applied torque, Maxwell model

(p <0).

rameter being the step-size, but may result in an unacceptably coarse grid and solution.
Increasing the number of time-steps may result in better resolution of the solution, but
causes greater numerical instability and has a detrimental effect on the conditioning of
the matrix system which must be solved. As a compromise, the number of data points

has been taken to be 10 per second in these examples.

6.1.3 Instrumental Setup

The effect of changing the instrumental parameters relating to the experimental setup
may also have an effect on the quality of the data that may be obtained. The parameters

which can typically be varied are:

1. inertia of the rotating instrument assembly (I), depending upon the material and

dimensions of the interchangeable platen,
2. diameter of the platen (affects k and I), and

3. plate separation (affects k).

Note that the first two alterations require the experimental setup to be dismantled and
reset, but the plate separation can be altered without affecting the course of the experi-
ment. To investigate the effect of changing the instrumental parameters relative to the
material parameters, a Maxwell fluid with ¢ = 1 and A = 1 is considered when subject
to a box function applied torque with cut-off time t; = 1 and the parameter kI is varied
such that the value of ¢ as defined in Section 2.3.2 is either positive, zero or negative,

respectively.
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The condition numbers for the unregularized collocation discretization are shown
in Table 6.2 for each of the three cases and for error levels of (0%,0%), (0.5%,1%) and
(1%,5%) for the platen angular velocity and data function, respectively. Where exact
data is concerned, the conditioning of the matrix system is improved when ¢ < 0, or
equivalently when the platen displacement exhibits oscillations rather than monotone
behaviour, although the advantage is not considerable.

The solutions obtained using the two regularization methods described in Sec-
tion 5.3 and Section 5.4 are plotted in Figure 6.2-Figure 6.7. For noise levels of 0.5%
in the platen angular velocity and 1% in the data function, Figure 6.2 shows the so-
lution for ¢ < 0 for which the displacement has oscillations, Figure 6.4 shows the
solution for ¥ = 0 and Figure 6.6 the case where 1 > 0. In accordance with the numer-
ical results in Chapter 5, in the absence of regularization the collocation method alone
is inadequate to produce a stable solution. The future-polynomial method with d = 0,
i.e. the future-constant method, requires a progressively larger amount of future infor-
mation to obtain a stable solution for ¢y = 0 and ¥ > 0 and the solution near ¢ = 0 is
increasingly poorly reproduced. For d = 1, assuming a linear polynomial on the future
interval, similar behaviour is seen with the least degree of regularization required for
¢ = 0 and the solution near t = 0 becomes increasingly poor for ¢y = 0 and ¢ > 0.
The best solution is obtained in all cases with the quadratic polynomial specified on
the future interval (d = 2), although a larger amount of future information is required
for ¢ = 0and ¢ > 0. Similar behaviour is observed when the error levels are increased
to 1% and 5% for the platen angular velocity and the data function, respectively. In all
cases, reasonable solutions can be obtained if the regularization paramater r is chosen
to be sufficiently large. Again, for d = 0 and d = 1, stable overall solutions can be
obtained at the expense of accuracy near t = 0 for the cases ) = 0 and ¢ > 0.

Since the most stable solution occurs when the platen displacement exhibits os-
cillations upon application and removal of the applied torque in the form of a box
function, it is desirable to choose the instrumental parameters such that oscillations
occur. Choosing a material for the platen with a lower density will have the effect of
decreasing the instrumental inertia, and increasing the platen diameter or decreasing
the plate separation will result in a smaller value for the parameter k. The parallel plate
geometry demonstrates a particular advantage here, since the plate separation can be
varied without dismantling the apparatus as would be required with the cone-plate

and concentric cylinder geometries.
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Exact data (0.5%,1%) error (1%,5%) error
p>0| 281310° 3.369 10% 29678 10%
p=0| 1.67610° 4.206 10* 2.0801 10%
p<0| 3.62710° 3.023 103 1.028 1043

Table 6.2: Condition numbers for AR, box function applied torque (t; = 1), Maxwell
model, collocation.
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6.1.4 Data Processing

Subsequent to acquiring the experimental data for the torque and platen angular dis-

placement, the scheme for obtaining the desired linear viscoelastic function must be

decided upon. There are several options depending upon the nature of the applied

torque which has been utilized and the characteristic material function which the ex-

per

imenter wishes to obtain.

The first choice is Fourier Transform Mechanical Spectroscopy (FTMS), which has

been discussed in detail in Section 1.1. In summary, the input and output signals are

decomposed using a discrete Fourier transform into Fourier series, which allows the
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complex modulus to be obtained at each of the component frequencies as first used in
[35]. However, strictly speaking this is only valid for periodic functions, since the equa-
tion from which the complex modulus is derived is based upon the assumption that a
quasi-steady state has been reached. Where periodic functions are concerned, several
cycles can be applied to allow the transient component to become negligible, however
for non-periodic functions it is difficult to see how a steady state can be reached, since
the period of such functions is effectively infinite. Nonetheless, this technique has used
to produce reasonably accurate data for an applied torque in the form of a sinc function
in [58]. A potential workaround for this would be to evaluate the Fourier transforms
numerically in (2-35) to obtain the complex modulus accurately without the require-
ment for the existence of a steady state. The forward Fourier transform is well-posed,
therefore stable discretization schemes can exist for obtaining the complex modulus
by this method. The inversion of the integral transform is ill-posed, so regularization
would be required to obtain the relaxation modulus via the complex modulus, how-
ever it would be unlikely that this method would be used in light of the extensive

range of methods for converting the complex modulus to the relaxation modulus. An
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Figure 6.4: Numerical solution: box function, Maxwell model (¢ = 0), (0.5%,1%) error,
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approach of this type was employed in [60] using Carson-Laplace transforms.

Alternatively, the Laplace transforms in (2-42) could be evaluated numerically, then
inversion would be required to obtain the relaxation modulus. The forward transform
is a well-posed problem and should present few problems, however the inversion of
the Laplace transform is an ill-posed problem and a regularized inversion process will
be required to obtain the relaxation modulus. Various regularization procedures may
be found in the literature for the inverse Laplace transform and a Fortran program
known as Contin ! is available which has been used successfully for some rheological
interconversion problems.

Possibly the most appropriate method for obtaining the relaxation modulus in this
context is to solve the Volterra integral equation of the first kind directly. Since equa-
tions of this type are ill-posed, as discussed in Section 4.2, discretization alone is insuf-
ticient to obtain a stable solution in the presence of experimental noise. In Section 5.2
a selection of regularization procedures which are suitable for Volterra integral equa-

tions were described, the most suitable being the so-called local regularization meth-

IContin: http://s-provencher.com/pages/contin.shtml
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Figure 6.5: Numerical solution: box function, Maxwell model (¢ = 0), (1%,5%) error,
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ods, which allow solution of the equation almost in real-time should it be required.

The examples chosen in this thesis are the future-constant predictor-corrector
method of [47] and the more general future-polynomial regularization method found
in [18]. Variations on this theme can be found in the literature using Tikhonov reg-
ularization locally, but these two methods have been chosen due to the simplicity of
implementation and inexpensive computational demands which would imply their
suitability for direct implementation into the firmware of a potential future rheome-
ter. The methods were described in detail in Section 5.3 and numerical experiments
performed to verify the efficacy of the methods for this problem. The best results are
obtained using the future-polynomial method with a low degree polynomial repre-
senting the second regularization parameter d, typically d = 2 or d = 3 providing the
best compromise between rigidity and smoothing of the solution. These values typ-
ically produce better resolution of the solution curve near ¢t = 0 and hence a better
estimate of G(0), but require a greater amount of future information to produce the
best results in general.

The length of the future interval used in the regularization process, represented by
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the parameter r, needs to be chosen carefully to obtain a balance between suppression

of spurious oscillations in the solution and too much rigidity being imposed on the

solution. Unfortunately, there is no theoretical means for selecting the optimal value

for the regularization parameter, so various values need to be tried until the best value

is reached by visual comparison. Ideally, this would be performed automatically by

the rheometer software in near real-time, however a criterion for the selection of the

optimal value for the regularization parameter would be required first.
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Figure 6.7: Numerical solution: box function, Maxwell model (¢ < 0), (1%,5%) error,
future-polynomial regularization.

II. CONCLUSION

The main question addressed in this discourse is concerned with the best or ‘optimal’
choice of function for the applied torque in a controlled stress experiment to determine
the linear viscoelastic properties of a material under investigation. A summary of the
main results, achievements and limitations of the investigation are now provided, fol-
lowed by a more in-depth discussion of the conclusions reached. The thesis is mainly
concerned with a theoretical study of the equations which govern the behaviour of a
stress-controlled rheometer when used to characterize a linear viscoelastic material.
The salient feature of the problem is that when the equation is solved to obtain the
relaxation modulus, it takes the form of a Volterra integral equation of the first kind,
which is known to be ill-posed. The “optimal” applied torque is defined in a theoretical
sense as the torque which minimizes the ill-posedness of the problem and thus allows
the solution to be obtained in the most stable manner. The smoothing definition of [15]
allows quantification of the degree of ill-posedness of the problem, whereby defining

certain classes of functions for the applied torque which produce similar degrees of sta-
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bility. Under this definition of optimality, the best choice for the applied torque would
be a delta function, but since it is arguable whether an actual stress of this form can be
reproduced experimentally, the best practical choice would be the box function. The
second part of the thesis is concerned with the determination of the relaxation mod-
ulus using regularization methods to obtain a stable solution. Two Volterra-specific
schemes are implemented - the future-constant predictor corrector method [47] and the
future-polynomial version [50], which allow determination of the relaxation modulus
almost in real-time and are demonstrated to be capable of obtaining a stable solution
for the relaxation modulus even in the presence of noisy data for appropriate choice
of the regularization parameter(s). The main advantage is the ability to determine the
solution from a single test almost as soon as the data has been measured, with suitable
experimental apparatus, and the requirement to wait for transient signals to decay and
a steady-state to be attained as for oscillatory tests is no longer necessary.

The governing equations for an experiment carried out using a stress-controlled
rheometer, or a strain-controlled rheometer - the same equation is applicable, are ex-
pressed most generally in the form of a first-order linear Volterra integro-differential
equation of convolution type in the platen angular velocity, x(t), as given by (4-1). This
relates the measured strain (or torque) to the applied torque (or strain) through the re-
laxation modulus G(t), which fulfills the role of the kernel function within the integral
equation. However, the function which is desired to be obtained from experiment is
the relaxation modulus, thus a different approach is required to solve the equation to
yield the required equation. It was noted in Chapter 4 that, due to the commutativ-
ity property of the convolution integral, the equation can be rearranged to produce
the relaxation modulus as the solution, whereby changing the kernel function to be
the platen angular velocity. As a result of this rearrangement, the governing equation
takes the form of a Volterra integral equation of the first kind, which is known to be
ill-posed in the presence of perturbed data, or even using exact data in extreme cases
depending upon the nature of the kernel. Therefore, the solution process to obtain the
relaxation modulus, which is an inverse problem, is considerably more problematic
than solving the governing equation in its standard form; this would yield the strain
or stress in terms of an already known relaxation modulus and is hence of little use for
this problem.

Thus, from at least from a theoretical perspective, the optimal form for the applied
torque in a controlled-stress experiment can be defined as that which minimizes the

degree of ill-posedness of the problem in Volterra-1 form. Well-posedness in the sense
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of Hadamard depends on the existence, uniqueness and stability of a solution, and
since there exist proofs of the first two criteria, the difficulty lies with obtaining a stable
solution in the presence of perturbed or noisy data. This indicates that when the data
is perturbed slightly from the true value, the error in the solution may be arbitrarily
large. In general, the modus operandi for dealing with Volterra integral equations of the
tirst kind is to differentiate a sufficient number of times to transform the problem into
a Volterra integral equation of the second kind, which is a well-posed problem and
hence the solution depends continuously upon the data. The degree of ill-posedness
of a Volterra integral equation of the first kind can be quantified using the definition
of a v-smoothing problem from [15], which essentially is a measure of the degree of
differentiation required to convert the problem into one involving a Volterra integral
equation of the second kind. If the n-th derivative of the kernel satisfies K1) (t —
') = 0 for n > 0, then further differentiation is required to obtain a Volterra integral
equation of the second kind. Since differentiation is an ill-posed problem, the higher
the order of differentiation necessary, the greater the degree of ill-posedness. Thus, the
1-smoothing problem, which corresponds to a step jump in the kernel x(t) att = 0,
is a class of functions for the applied torque which gives rise to the least degree of ill-
posedness for the problem. The 2-smoothing problem, corresponding to a step jump in
the derivative of the kernel, ¥(t), represents the next least ill-posed class of functions,
and so on and so forth. Under this definition, an optimal form for the applied torque
would belong to the 1-smoothing class of functions.

It was noted in Section 3.1.1 that when the applied torque takes the form of the
derivative of a delta function, the corresponding angular displacement possesses a
step discontinuity at t = 0 and the resulting equation was shown in Chapter 4.1 to
be a Volterra integral equation of the second kind. Hence, from a purely theoretical
viewpoint, the optimal form for the applied torque would be the first derivative of
the delta function, but since this is a distribution rather than a function and not re-
producible physically it must be disallowed as a suitable form for the applied torque.
However, in Section 3.1.1 it was demonstrated that a step discontinuity can exist in
the first derivative of the platen angular displacement, provided the use of the delta
function is allowed; although this also is a distribution, it is often used to represent an
impulsive force in physical situations. This corresponds to the 1-smoothing problem
for the Volterra-1 equation, for which the delta function as an applied torque is taken to
be the canonical example. It was also shown in Section 3.1.1 that higher order deriva-

tives of the angular platen displacement can possess a step discontinuity at f = 0 and
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can be produced by physical forms for the applied torque which do not involve the
use of distributions. The 2-smoothing case corresponds to a step discontinuity in the
second derivative of the platen angular displacement at t = 0 and requires an applied
torque which also has a step discontinuity at the same point in time, the canonical case
being taken to be the Heaviside step function, or box function since any experiment
must be of finite duration. The 3-smoothing case can be typified by an applied torque
in the form of a slope or ramp function, which generates a step discontinuity in the
third derivative of the angular platen displacement.

A wide variety of functions can be regarded as suitable for use as an applied torque
in a controlled-stress experiment. In Chapter 2, a selection of functions were consid-
ered to represent some of the more common, and practical, of the functions as poten-
tial candidates. For each of the delta, box and ramp functions, which were taken to be
canonical examples of the 1-smoothing to 3-smoothing problems along with the sinu-
soidal function, the response of a stress-controlled rheometer was simulated through
the use of Laplace transform analysis, assuming the material has a known relaxation
modulus representing the single or N-mode Maxwell model. Firstly, the delta function
was considered as a representative of the class of 1-smoothing problems in Section 2.2.
In the case of the Maxwell model, the response is dependent upon the relative values
of the material parameters, A and g, and the instrumental parameter kI. When the
instrumental parameter is large relative to the material parameters, the displacement
response takes the form of a monotone increasing function which tends to a constant
value as t tends to infinity, whereas a relatively small instrumental parameter in com-
parison to the material parameters will yield an oscillatory response with a monotone
decreasing exponential envelope, the exponent of which which can be expressed solely
in terms of the relaxation time. This is essentially the free oscillation experiment de-
scribed in [90, 97], where the attenuated oscillations were used to determine the com-
plex modulus over an appropriate range of frequencies. The extension to a general
N-mode Maxwell model results in much the same qualitative behaviour, with expo-
nentially decaying oscillations unless the instrumental parameter is very large. The
use of a delta function as an applied torque corresponds to a 1-smoothing problem us-
ing the definition of degree of ill-posedness above and is thus represents the optimal
choice from a purely theoretical perspective.

An applied torque in the form of a step function, as considered in Section 2.3, re-
sults in a response which consists of a linear increase in angular displacement with

a transient component superimposed. Since an experiment is of finite duration, the
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function will necessarily be in the form of a box function; the torque cut-off can be co-
incident with the end of the measurement period T, or lie somewhere in the interval
[0, T]. The transient component is essentially the displacement produced by a delta
function to within a multiplicative constant and exhibits the same monotone or oscil-
latory behaviour in an analogous fashion depending upon the relative values of the
instrumental and material parameters. If the cut-off time t; occurs before the experi-
mental time T, then decaying or free oscillations are observed, which is essentially the
output produced from a delta function located at ¢ = t;. The box function gives rise to
a 2-smoothing problem and therefore represents the next best choice from a theoretical
point of view after the delta function.

The slope (ramp) function, analyzed in Section 2.4, produces a platen displacement
which increases quadratically in time with a transient function superimposed; as for
the step function case the nature of this transient depends upon the relative values of
the instrumental and material parameters. If the cut-off time ¢; occurs before the end of
the experiment at T, free oscillations are observed in a similar fashion to the response
to a delta function applied torque. The ramp function corresponds to a 3-smoothing
problem and consequently would represent a poor choice of applied torque function.
The response to an applied torque in the form of a sinusoidal function was also in-
vestigated in Section 2.5.1, but since this also corresponds to a 3-smoothing problem it
would be an illogical choice for the applied torque function when performing experi-
ments in the time domain, the considerable advantages of the steady-state assumption
in the frequency domain being lost.

The stability analysis in Section 4.3 attempts to derive bounds on the error in the
measured data which guarantees that a stable solution exists for the solution of the
Volterra integral equation of the first kind in (4-15). The general form for the analysis
is adapted from that used in [3], where bounds are derived for which stable inter-
conversion can occur between the relaxation modulus and the creep compliance of a
viscoelastic material. The interconversion equation is also a Volterra integral equation
of the first kind, although with a fixed data function ¢ rather than the myriad options
which can exist for the data function in this problem. The approach taken here makes
the assumption that the solution exists and considers the effect of regular perturbations
in the measured data. The properties of the convolution integral norms and derivatives
of the convolution integrals are then used to establish bounds upon the supremum of
the perturbation in the solution for the relaxation modulus in terms of the suprema of

the perturbations in the measured platen angular velocity x(f) and the data function
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f(t), which is calculated from the measured data and since it involves differentiation,
will be subject to a greater degree of noise than the raw data alone.

The bounds on the maximum permissible error in the measured data, denoted by
¢l for the platen angular velocity, reflect the measure of ill-posedness under the
smoothing definition in that the delta, box and ramp functions form a sequence of
increasing ill-posedness. For the delta function, the perturbation in the measured an-
gular velocity of the platen, ¢(t), must satisfy the constraint that ||¢||; must be strictly
less than a constant value which is proportional to the value kC; and the Li-norm of
the data function, i.e. the absolute integral of the error in the measured data must be
sufficiently small. Similar conditions apply to the box function and other 2-smoothing
problems, except that the restriction on ||¢||1 is slightly tighter. For the 3-smoothing
problem concerning the ramp function, the bounds on the supremum of the perturba-
tion in the solution is much less tightly constrained, involving norms of the derivatives
of the perturbations in the measured data. These may assume arbitrarily large values
in the presence of noisy data and the result will be a large bound on the perturbation in
the relaxation modulus solution, manifest in a highly oscillatory solution which may
be arbitrarily far from the actual solution. It is also required that the Li-norm of the
derivative of the perturbation in the platen angular velocity ||¢||; satisfies a specified
bound, which is unlikely in the presence of noisy data since perturbations in the data
are not necessarily differentiable. These results reinforce the conclusion that the best
choices for the applied torque function should be those corresponding to 1-smoothing
or perhaps 2-smoothing problems such as the delta or box functions, with more ill-
posed problems such as that arising from the use of the ramp function as an applied
torque being much less desirable in terms of stability of the solution.

The second part of the investigation is concerned with solving the governing equa-
tion for the relaxation modulus in Volterra-1 form in real-time, or near real-time, so that
the relaxation modulus can be obtained from a completely arbitrary applied torque al-
most as the strain data is acquired. The direct approach, without the use of any regu-
larization method, is demonstrably inadequate except for the least ill-posed case and
even then only with exact data, or at best with small noise levels. The 1-smoothing
and 2-smoothing problems can be solved without regularization for exact data, but the
2-smoothing case becomes highly oscillatory in the presence of even small amounts of
noise. The discretization method used here is the collocation method, using piecewise
constant functions with collocation occurring at each of the grid-points. The collo-

cation method is chosen owing to the simplicity of the implementation and also the
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fact that it can easily be combined with regularization methods of predictor-corrector
type which are implemented here. It is well known that the higher order quadrature
methods such as the trapezoidal, Gregory and Newton-Cotes integration rules are nu-
merically unstable for Volterra-1 problems [28] and therefore represent a poor choice
for this problem.

Volterra integral equations of the first kind generally require the use of regulariza-
tion to obtain a stable solution, as demonstrated in Section 5.3 for the solutions for
the relaxation modulus resulting from applied torques in the form of the delta, box
and ramp functions and using the collocation discretization method. The condition
numbers of the matrix in the resulting linear system of equations generally increases
considerably as the number of grid-points and the noise level increases, indicating that
the matrix is close to singularity and ill-conditioned. Discretization alone has a reg-
ularizing effect, the regularization parameter being the step-size. For less ill-posed
problems, increasing the step-size can often result in a stable solution, however as the
degree of ill-posedness increases, this method becomes increasingly ineffective and
sufficient stabilization may result in an unacceptably coarse grid. The 1-smoothing
problem associated with the delta function applied torque can be regularized by this
method even in the presence of moderately noisy data, but for the 2-smoothing box
function applied torque a stable solution cannot be obtained for similar noise levels
while maintaining a suitably fine grid. A more sophisticated regularization method is
required to obtain a stable solution for the relaxation modulus from a stress-controlled
experiment.

The range of regularization methods available for this problem was discussed in
Section 5.2 and although Tikhonov regularization is considered the standard approach
for many inverse problems, the most appropriate are those which preserve the causal
property of the Volterra integral, i.e. the solution at any point in time ¢ depends only
upon the time which has already elapsed in [0,t]. This property allows the solution
to be obtained in real-time or nearly so, rather than waiting for the data on the whole
domain to be collated before processing can begin. The two regularization methods
chosen as examples for this problem, the future-constant method [47] and the future-
polynomial method [18], are examples of predictor-corrector regularization methods.
These two were chosen for the reasons that firstly, the methods are of Volterra type and
therefore preserve the causal nature of the Volterra integral equation such that the data
at the current time depends only on the data already collected and consequently allow

solution in near real-time. Secondly, the simplicity of the numerical implementation
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allows fast and efficient data processing which could in theory be carried out by a
suitably equipped rheometer.

The future-constant regularization method [47] as described in Section 5.3 obtains
a stable solution at time t € [0, T] by holding the solution constant on a small future
interval [t,t + A,]. The resulting equation under this assumption is a Volterra inte-
gral equation of the second kind, which is stable with respect to perturbations in the
data. Once the solution has been obtained, i.e. the “predictor” step, the solution is
discarded on the future interval to leave the solution at the time t by a “corrector”
step. The regularization parameter is the length of the future interval » and controls
the balance between data resolution and smoothing. The future-constant method was
applied to the solution for the relaxation modulus using the delta, box and ramp func-
tions for the applied torque in Section 5.3.1,Section 5.3.2 and Section 5.3.3, respectively,
ranging from the use of exact data to high levels of noise in the simulated data. In
all cases, the regularization method was found to result in a decrease in the condition
number of the matrix arising from the discretization of the Volterra-1 equation, cor-
responding to an increase in stability of the solution and a less ill-conditioned matrix
system of equations. It was noted that the higher the value for the condition number
in the absence of regularization, the greater the reduction observed under the appli-
cation of the future-constant method. The best results were obtained using the delta
function applied torque, which is to be expected since the 1-smoothing problem rep-
resents the least ill-posed option, corresponding to the smallest value for the regu-
larization parameter. However, reasonable results were shown to be obtainable even
for the applied torque functions giving rise to the more ill-posed problems, provided
a sufficiently large value for the regularization parameter is selected. One particular
problem was noted with the use of this regularization method concerning the degree
of smoothing attainable, particular for the more ill-posed cases. The regularization
parameter must be chosen carefully to ensure a compromise between suppression of
the spurious oscillations which arises from the ill-posedness of the problem and over-
smoothing which results from excessive flattening of the curve when too large a value
for the regularization parameter is chosen. The solution near t = 0 suffers in particular,
although in general a larger value for the regularization parameters provides a better
approximation for the flatter part of the solution curve at longer timescales.

The future-polynomial regularization method [18] is essentially a generalization of
the future-constant method; instead of the solution being held constant on the small

future interval, it is assumed to take the form of a polynomial of degree 4 on that
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interval, giving rise to an extra regularization parameter which controls the degree of
the polynomial utilized. A comparison was made in Section 5-42 between solutions
obtained using simple collocation (d = 0), the future-constant method (4 = 1) and the
future-polynomial method with d = 1 and d = 2. It was demonstrated that better
results are obtainable using the future-polynomial method with d = 1 and even more
so with d = 2 than the future-constant method, although generally the higher the
value for d, the longer the future interval that is required to obtain the optimal solution
. The results are “better” in the sense that the solution near ¢t = 0 suffers less from
over-smoothing and hence flattening of the curve in this region. More than acceptable
results were obtained using the future-polynomial method with d = 2 even in the most
ill-posed case considered - the 3-smoothing ramp function.

Finally, the matters pertaining to the design of an experimental investigation were
discussed in Section 6.1 using the results of the preceding chapters. Assuming the
availability of a rheometer which is capable of applying a completely arbitrary torque
chosen by the experimenter, discretized using a chosen sampling rate or time-step,
the steps concerning the choice of applied torque and subsequent treatment of the ac-
quired data were discussed. The fundamental choice of the optimal applied torque is
defined using the smoothing definition of Definition 4.2.1 combined with the stability
analysis in Section 4.3. The delta function would be the optimal choice for the ap-
plied torque, but due to the problems concerning experimental reproduction of such a
function, the most appropriate function representing the next best choice would be the
box function, although any applied torque corresponding to a 2-smoothing problem
would share the same basic advantages. A further option where the box functions is
concerned is the choice of the cut-off time, following which the torque becomes zero.
The basic options are to choose the cut-off time to coincide with the experimental time,
so that only forced platen displacements are measured, or at an intermediate time in
[0, T) whereby a mixture of forced and free platen displacements are observed. A sim-
ple empirical experiment using simulated data suggested that the most accurate and
stable solution for the relaxation modulus occurs when the cut-off time is chosen such
that free oscillations are permitted to occur before measurement ceases. A very short
cut-off time provides good stability and is desirable in a theoretical sense, but when
the diminutive platen displacements which result for much of the latter parts of the
experiment are considered, it is clear that such measurements will be contaminated
with significant noise. For materials with a very wide distribution of relaxation times

it was suggested that it may be worthwhile to apply a sequence of box functions for
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the torque, allowing the free oscillations to decay after each discrete box function.

A further consideration for the experimental setup was noted concerning the choice
of the instrumental parameters such as the inertia of the rotating assembly, platen sep-
aration and platen radius. It was noted in Section 2.2.2 and later in that section that
these parameters determine whether the platen displacement exhibits oscillations or a
monotone increasing function. The experiments with simulated data in Section 6.1.3
suggest that the case where oscillations occur is more stable than the case where the
platen displacement is monotone increasing, inferred from the relative condition num-
bers for the discretized system and the greater values for the regularization parameters
required to obtain a stable solution using the future-constant and future-polynomial

regularization methods.

6.2.1 Future Work

A number of areas of the research would benefit from further attention. First and fore-
most, an extensive experimental investigation of the theoretical techniques presented
here would be worthwhile to refine the experimental procedure for obtaining the re-
laxation modulus using the results and techniques presented in this thesis. Only the
theoretical framework has been investigated here, although initial experiments in [5]
using the “Torque Table” software showed reasonable agreement between simulated
and experimental results for the 2-mode Maxwell model representation of the A1 fluid.
A lengthy and in-depth investigation would be required, the time for which was not
available during the research period.

The potential use of adaptive torque profiles may be of some interest, should an
optimal form be defined in terms of the material parameters. The feasibility of obtain-
ing the relaxation modulus directly as the platen angular velocity was alluded to in
Theorem 3.1.2, but a theoretical justification would be required to verify whether this
is optimal. Such a result would require an iterative technique to obtain the desired
output. Alternatively, since the solution can be obtained almost in real-time using the
methods outlined here, the torque signal could be modified for the remainder of the
experiment using the data already obtained up to the current time to improve the ac-
curacy of the subsequent data.

The stability analysis in Section 4.3 was performed for the canonical cases within
each v-smoothing class of applied torque functions. It may be desirable to carry out the
analysis for other functions within the 2-smoothing group of functions, should certain

functions within the classification exhibit a slight advantage in terms of stability. A
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particular example would be the sinc function, which is currently being considered as
a candidate for the optimal choice of applied torque [55].

Enhancements to the governing equations would also provide a useful line of in-
vestigation. Primarily, the incorporation of fluid inertia into the analysis may provide
greater insight into the stability of the solution, although it is only likely to prove sig-
nificant for very low viscosity fluids or applied torques involving very rapid displace-
ment gradients. A method for determination of the optimal value for the regulariza-
tion parameter would also be desirable, to minimize the degree of human intervention

involved in the solution process.
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APPENDIX A

Miscellaneous |[dentities

[. LAPLACE TRANSFORM IDENTITIES

Properties and identities for the Laplace transform which are made use of in the main
text. Sources of information: [70, 88, , 87,94].

The Laplace transform is defined by

fo) = [ eear (a-)

when the integral exists. The Laplace transform variable is in general complex; the

Fourier transform can be obtained when the transform variable is pure imaginary.

1. Differentiation: The Laplace transform of the derivative of a function is obtained

by
2{ G} =sf6 -5 (A2)

The latter term is required for functions which are discontinuous at t = 0, but the limit

lim;_,o f(t) = f(0) exists. The second-order derivative is given by

2{55 ] =#F0 -0 - F O (A-3)

and the general identity is

n n—1 . .
2{ G} =576 - L0 (A-4)

i=1
2. Convolution: Convolution in the time domain corresponds to multiplication in
Laplace space. Two versions exist due to commutativity of the convolution integral

which can be shown by a simple change of variable.
t .
2{ [ fe-rg)ar | =)
t ,
2{ [ fte-)ar | = Fogs) (a6

(s) (A-5)

oQ
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3. Real integration: The Laplace transform of the integral of a function on [0, ] is
determined by dividing the Laplace transform by the transform variable, s. Higher

order integrals are obtained by successive division by the transform variable.

& {/Otf(t) dt} = @ (A-7)

4. Initial value theorem: If the limit exists, the initial value theorem states that

lim f(t) = lim f(s). (A-8)

t—0 §—00

5. Final value theorem: The final value theorem states that

lim f(t) = lim f(s) (A-9)

t—00 s—0

if the limit exists.

6. Shift theorems: Translation of a function by an amount a in ¢-space corresponds to

multiplication by e™* in Laplace space. If 2 € R, then

ZA{ft—a)H(t—a)} = f(s)e ™ (A-10)
and conversely, if the function is shifted in Laplace space, this corresponds in the time
domain to

f(s+a)=2{f(t)e "}. (A-11)

A combination of a shift of amount a and multiplication by the Heaviside step function
located at t = b results in a more general expression In the case where b # a, then we

have
ZL{f(t—a)H(t-b)} = e “Z{f(t)H(t - (b—a))}. (A-12)
This is derived as follows
L{f(t—a)H(t b)Y = /0°°f(t —a)e S H(t— b) dt
= /boof(t —a)e st dt
— « f(u) e—s(u+a) dt

b—a
= e_“s/ooof(u)H(u—c)e_”sdu, c=b—a
= e C"L{f(HH(t - )} (A-13)

If b = a, this result reduces to (A-10), as expected.
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7. Periodicity theorem: If a function f(t) is repeated n times, where f,(t) is known as

the repeat function, so that
n
=) f(t—=jT)H(t - jT)
j=0
where T is the period, then the Laplace transform of f(t) is

n
r S) Z e—nTs

j=1

5) = /O ")t ar

If n — oo, then it can be shown that

fle) = 2L

where

II. CONVOLUTION IDENTITIES

Identities used in the main text for the convolution integrals defined

frg= [ fle-gwyar = [ ()

and

frgxh= /Otf(t —t') /Ot gt =t dt" at’

(A-14)

(A-15)

(A-16)

(A-17)

(A-18)

(A-19)

1. Differentiation: Differentiation of the convolution integral gives rise to the two

forms
U+l = FO)() +f +g
= (O (1) +f *g

and for second-order differentiation

2
sl =S + OB+ feg

The corresponding results for the trlple convolution are

jt[f*g*h] fO)g*xh+ frxgxh

and
2

U g xh] = FO)g(Oh(t) + F(O)g #h+ g(0)f #h+ f g v

(A-20)

(A-21)

(A-22)

(A-23)
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2. Young's inequality: Special case of Young's inequality for L, norms [105]

£+ gllr < £ Ul llg (A-24)

where
pfl + qfl =r 141 (A-25)
Relatively loose bound, can be sharpened to

1f*8llr < cpgllflinligllg (A-26)

where the constant ¢y, < 1.

In the case where p = 1 and g = oo, this gives rise to the identity

fx&l < Bl flhliglleo (A-27)

where 0 < B <1, and for the triple convolution

|[f+ g xh| < Bl fllaliglallfleo. (A-28)
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Bimodal log-normal relaxation spectrum [

Simulated Data

[. RELAXATION SPECTRUM

] used in simulation.

Table B-1: Bimodal log-normal relaxation spectrum data.

i g A i S Aj
1 0.0000947709 0.0010000000 51 0.0378212257 0.3351602651
2 0.0001483595 0.0011233240 52 0.0330278509  0.3764935807
3 0.0002291302 0.0012618569 53 0.0298559330  0.4229242874
4 0.0003491210 0.0014174742 54 0.0283173115 0.4750810162
5 0.0005248028 0.0015922828 55 0.0284162421 0.5336699231
6 0.0007782928 0.0017886495 56 0.0301524810 0.5994842503
7 0.0011387190 0.0020092330 57 0.0335210833 0.6734150658
8 0.0016436780 0.0022570197 58 0.0385089377  0.7564633276
9 0.0023406884 0.0025353645 59 0.0450884225  0.8497534359
10 0.0032884945 0.0028480359 60 0.0532089062  0.9545484567
11 0.0045580311 0.0031992671 61 0.0627870991 1.0722672220
12 0.0062328132 0.0035938137 62 0.0736974721  1.2045035400
13 0.0084084819 0.0040370173 63 0.0857640652  1.3530477750
14 0.0111912277 0.0045348785 64 0.0987549887  1.5199110830
15 0.0146948289 0.0050941380 65 0.1123807739  1.7073526470
16 0.0190361005 0.0057223677 66 0.1262974380 1.9179102620
17 0.0243286553 0.0064280731 67 0.1401147226  2.1544346900
18 0.0306750216 0.0072208090 68 0.1534094658  2.4201282650
19 0.0381573591 0.0081113083 69 0.1657435214  2.7185882430
20 0.0468272225 0.0091116276 70 0.1766851149  3.0538555090
21 0.0566950506 0.0102353102 71 0.1858320724  3.4304692860
22 0.0677202504 0.0114975700 72 0.1928350518  3.8535285940
23 0.0798028912 0.0129154967 73 0.1974187738  4.3287612810
24 0.0927780754 0.0145082878 74 0.1993993454  4.8626015800
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0.1986960638
0.1953365731
0.1894548624
0.1812822686
0.1711322969
0.1593806289
0.1464420824
0.1327464752
0.1187153308
0.1047411418
0.0911705289
0.0782921669
0.0663298195
0.0554403520
0.0457161661
0.0371912079
0.0298495251
0.0236353057
0.0184634001
0.0142294723
0.0108191357
0.0081156442
0.0060059275
0.0043849418
0.0031584517

0.2983647240 100 0.0022444570

5.4622772180
6.1359072730
6.8926121040
7.7426368270
8.6974900260
9.7700995730
10.9749876500
12.3284673900
13.8488637100
15.5567614400
17.4752840000
19.6304065000
22.0513074000
24.7707635600
27.8255940200
31.2571585000
35.1119173400
39.4420605900
44.3062145800
49.7702356400
55.9081018300
62.8029144200
70.5480231100
79.2482898400
89.0215085400

100.0000000000




List of Symbols

Greek Letters

x(t) Angular displacement of the theometer platen

o Phase angle in small amplitude oscillatory shear

5(t) Delta function

ik Kronecker delta: takes the value 0 for i # k and unity fori = k

n Viscosity

7' (w) Dynamic viscosity

i Viscosity of the i-th mode of the generalized Maxwell model, i =1,...,N

n*(w) Complex viscosity

e(t) Perturbation in the data function f(t)

(t) Perturbation in the relaxation modulus G(t)

Q(t) Angular velocity of rheometer platen, Q(t) = x(¢)

$(t) Perturbation in the platen angular velocity )(t)

1Y Density

(t) Strain, measure of displacement

Y0 Strain amplitude

¥(t) Strain-rate or shear-rate

Fe(t) Strain-rate of the elastic component (spring) of a spring-dashpot model
representation

Yol(t) Strain-rate of the viscous component (dashpot) of a spring-dashpot model
representation
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oo (t)

Oy (1)

/\exp

/\mat

Y

2

Stress amplitude

Stress contribution of the elastic component (spring) of a spring-dashpot

model representation

Stress contribution of the viscous component (dashpot) of a spring-

dashpot model representation

Shear stress

Angular frequency, [rad s7!]

Characteristic experimental time, see equation (1-22), page 21
Characteristic material time, see equation (1-22), page 21
Relaxation time

Relaxation time of the i-th mode of the generalized Maxwell model, i =
1,...,N

Retardation time
Period of periodic applied torque

Discriminant term for Maxwell model, see equation (2-71), page 52

Roman Letters

Gll(w)

Platen radius

Rivlin-Ericksen tensors, k = 1,2, ...

Applied torque on a stress controlled rheometer
Torque exerted on the rheometer platen by the fluid
Damping coefficient of rheometer

Deborah number, see equation (1-22), page 21
Rigidity modulus of an elastic material

Loss modulus
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G'(w) Storage modulus

G(t) Relaxation modulus, see equation (1-34), page 27

Go Glassy modulus, lim;_,0 G(t)

Geo Equilibrium modulus, lim;_,e G(t)

Qi Elastic modulus of the i-th mode of the generalized Maxwell model, i =
1,...,N

h Platen separation

H(A) Relaxation spectrum (or distribution of relaxation times)

H(t —ty) The Heaviside step function located at t = fg

I Moment of inertia of rotating rheometer assembly

] Spring compliance in a spring-dashpot model representation
J"(w) Loss compliance

J (w) Storage compliance

J(t) Creep compliance, see equation (1-37), page 28

Jo Instantaneous or glassy compliance

Joo Equilibrium compliance

Ji Compliance of the i-th mode of the generalized Kelvin-Voigt model
k Instrumental parameter

L(7) Retardation spectrum (or distribution of retardation times)
M Number of modes in the generalized Kelvin-Voigt model
M(t) Memory function

N Number of elements in the generalized Maxwell model

N1 (%) First normal stress difference

Na () Second normal stress difference
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G(x,t,t)

J*(w)

Operators

SE

Isotropic pressure

Time lag, s =t — /

Experimental time, 0 < T < oo

Present time

Running time variable

Extra-stress tensor (or T)

Cauchy-Green strain tensor

Amplitude or “area’ of a delta-function applied torque
Rate of strain tensor

Regularization parameter (polynomial degree)
Deformation gradient tensor

Complex modulus

relative finite strain tensor

Identity tensor

Complex compliance

Velocity gradient tensor

Number of grid-points in discretization
Regularization parameter (length of future interval)
Laplace transform variable

Experimental cut-off time

Extra stress tensor

Material derivative
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F

1111

Accents

—~

Convolution integral on [0, T|

Fourier transform operator

Laplace transform operator

Li-norm, see equation (4-23), page 112

Leo-norm

First derivative
Second derivative
Fourier transform

Laplace transform
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