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Nomenclature

Abbreviations

APl American petroleum institute
EV  Equipement variation

AV  Appraiser variation

R&R Reproducibility and repeatability

s.d. Standard deviation

Small Letters

d Gap size or sample thickness (mm)
dspacer Spacer thickness (mm)

det  Effective thickness (mm)

h Spacer thickness (mm).
t Time (seconds)
n Flow behavior index

f Frequency (Hz)

fo Resonance frequency of the piezo sensor (Hz)

k Complex compressibility of the sample {pa
k' Real part of complex compressibility
k" Imaginary part of complex compressibility

Vo Surrounding volume (cf
Capital Letters

A Area of the vibrating plate (cth
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Vv Volume of sample injected (uL).

T, Relaxation time (s)

M Consistency coefficient

AP.  Pressure difference at the tube ends

R Radius of vibrating disc (mm).
— Ratio between the tension received by piezo deteat the loaded mode and

their tension in the empty mode.
K Bulk modulus (modulus of incompressibility) (Pa)
K, Stiffness coefficient of the piezo sensor (K)m
K, Stiffness coefficient of shaft (N.Th
Qo Quality factor of the piezo (unitless)
F Objective function for minimization

v, P-wave velocity (m:Y
Symbols

G(T,) Relaxation modulus

H(T,) Distribution of relaxation time

E Elastic modulus (in case of tensile stress) args modulus (N/rhor Pa)
G(w) Complex shear modulus as a function of frequeRey (

G'(w) Storage modulus (due to elastic part) as a funatfdrequency (Pa)
G"(w) Loss modulus (due to viscous part) as a functidrequency (Pa)

J(w) Complex shear compliance as a function of frequ¢Ra’)

J'(w) Shear compliance (due to elastic part) as a fonaif frequency (P9

J'(w) Shear compliance (due to viscous part) as a fomatf frequency (P9
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K*

*
K gap

Complex spring constant of the sample (RitmPa)

Complex spring constant of the gap (K/on Pa)

K'surounding  COmplex spring constant of the surrounding (NémPa)

KL

Log f

Compressibility of the sample (Pa

Logarithmic of frequency (Hz)

Greek symbols

Vs

Ya

n(w)
1 (w)

1 (w)

Shear strain

Constant strain

Strain or deformation due to spring

Strain or deformation due to dashpot

Shear strain rate t

Rate of strain due to spring

Rate of strain due to dashpot

Tensile strain

Tensile strain rate (3

Gap correction (micro meter)

Phase angle (rad)

Viscosity (Pa.s)

Complex dynamic viscosity as a function of freqeyen

Dynamic viscosity (due to viscous part) as a fiomcof frequency
Dynamic storage viscosity (due to elastic part@x &snction of frequency
Density (kg/m3)

Stress (Pa) (tensile case)
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yield stress or apparent yield stress
stress due to spring

stress due to dashpot

Stress (Pa) (shear case)

Angular frequency ‘2f' (rad/s).

Phase difference between output signals of sengbe loaded and empty case.
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INTRODUCTION

Liquids and solids deform under the applicatiorstoéss. Upon the removal of applied
stress, a solid will regain its original form, wdila liquid will not. They are
characterized by their properties of viscosity aasticity. But there exists another
class of materials which are called complex fluitisese are the materials which have
both liquid like and solid like properties, and rifere are viscoelastic in nature.
Typical examples of such fluids include heavy opslymer solutions and colloidal
suspensions. Rheology, defined as trsudy of the flow and deformation of
materials” [Barnes H.A., 2000], is associated to the studgarfiplex fluids. It comes

from Greek wordstheo means flow, antbgo means science.

Rheology is one of the very few disciplines whoggin can be traced to an exact date:
April 29, 1929. A plasticity conference was held ©otober 17, 1924. A high level of
interest was shown in this subject which led tohad Plasticity conference in 1929. It
was decided to form a permanent organization f& development of the new
discipline of rheology. The preliminary scope ofeT®ociety of Rheology was set up by
a committee, which then met on April 29, 1929 aluGtus, Ohio. Some of the famous
participants included Eugene C. Bingham, Winslow Hérschel, Marcel Brillouin,
Herbert Freundlich, Wolfgang Ostwald, Ludwig Prdandbhd Markus Reiner. E.C.
Bingham chose the name “Rheology” on the advicehisf friend Crawford and a
definition was accepted as “the study of the flowl deformation of matter”. Heraclitus

quotérayta pei” or “everything flows” was taken to be the mottiotioe subject.

From historical point of view, the theory of rheglohad been started very long atyo.

1678, Robert Hooke was the first to speak of rhggplm his book"True Theory of
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Elasticity"[Barnes H.A. et al, 1989]. This theory is summatizes follows:"If you
double the tension you double the extensighich means the stress is proportional

to the strain.

Nine years later, Isaac Newton publish&erincipals of Natural Philosophy of
Mathematics" a hypothesis associated with the simple shear. SAaisording to him
"The resistance which arises from the lack of dippess of the parts of the liquid,
other things being equal is proportional to theoey with which the parts of the liquid
are separated from one another". This slip is wkeatall now ‘viscosity’. This is the

key property in relation to rheology.

About 300 years ago, the studies related to rhgolagre limited to the application of
Newton’s law for liquids and Hook’s law for solidat the start of nineteenth century,
the scientists started to have doubts about theetsal validity of these linear laws. In
1807, the elastic (Young’s modulus) was identifsdthe constant of proportionality by

the great English polymath Thomas Young.

In 1835, W. Weber conducted a series of experimentts silk threads. He observed
that a longitudinal load produced an immediate msiten, followed by a further
extension with time. The removal of the load prau@n immediate contraction,
followed by the gradual contraction to attain thregioal position. It was indeed the

study of stress relaxation for viscoelastic matgria

In 1839, Hagen was the first who did a clear stioiythe viscosity of a liquid. Further
research related to capillary flow was done by &ale (1841). Both Hagen and
Poiseuille showed that flow in a capillary tubgrsportional to the pressure gradient

and the fourth power of the tube radius. In 18486,domplete mathematical description
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of Newtonian fluids was possible, thank to the NERIStokes equations.

In 1867, J.C. Maxwell in his article “On the dynaadi theory of gases” which was
published in ‘Encyclopedia Britannica’ proposed atihematical model to describe the
fluids that have elastic properties. In 1878, Bolnn gave his ‘Principal of
superposition, according to which “the value ofraracteristic function of a system is
equal to the sum of all changes induced in theeaydiy the driving functions which
have been applied to it throughout its history”u$tgeneralizing the concept of linear
viscoelasticity. In 1888, the major contributionsMaom Thomson who introduced the
concept of the distribution of relaxation times.eTwell-known ‘spring and dashpot’
analogy for the Maxwell model was not introducedilua902 by Pointing and
Thomson. In addition, Bingham proposed in 1922ieldystress’ to describe the flow of

paints to explain the apparent plasticity of certaiids.

Crude oil can be divided into two kinds accordingheir flow ability (Zhang J.J. and
Liu X., 2008). One is the light crude oil, also ledl the conventional oil with low
viscosity. The other is the heavy crude oil, alatlec the heavy oil or unconventional
oil with high viscosity. The term heavy oil is usad a generic term for heavy oils,

extra-heavy oils and bitumen.

The oil industry uses the API (American Petroleumstitute) gravity to differentiate
between petroleum fluids (light oil / heavy). Tr@ldwing equation relates the density

and APlIgravity.

141.5

APf:T— 131.5 (1)

Wherep is the density of oil at 15°C. The lower the vatialensity, the higher the API

gravity will be.
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According to equation 1, the heavy oils have APdvgy between 10 and 22. For
comparison, Brent from the North Sea, which sea®sa reference in the ratings in
European markets, is a light oil of 38° API. Theraxheavy oils and bitumen have an
API° less than 10 (figure 1), which correspondhe tensity of water. These are the
hydrocarbons which are heavier than water. Ther@tudistinguishes themselves from
extra-heavy oils, not by their density or chemichhracteristics, but by the viscosity

which is higher in the conditions of pressure ardperature of the petroleum reservoir.

31
Medium heavy oils
22
=
S
© Heavy oils
O]
o
< 10
Extra-heavy oils Bitumen
<10000 cp Viscosity >10000 cp

Fig.1: Classification of heavy oils as a functidnA®| gravity

The oil industry recommends three segmentatiomade oils say A, B and C based on
the viscosity in terms of content and API gravitye can summarize these properties by
saying that for oil of class A (medium heavy oilsioduction is easy and the recovery
rate can be improved. Instead, the flow of oil jded in class B (heavy oils) is
difficult, but the cold production is possible. Rgeries are low. Finally, class C
(bitumen) does not flow in reservoir conditions.aMg oils are widely distributed

around the globe and have been found in varioustdes (figure 2).
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Unconventional resources such as heavy oil, extra heavy oil and
bitumen are projected to play an increasing role in meeting energy
demand in the future

SAUUIATID]
Nigel fial '
Ecuador (J

L
Barrels in Place Ll

© 1 Billion
O 10 Billion
© 100 Billion

O > 1 Trillion

Fig.2: Graphical distribution of heavy crude osoeirces (Kimber K. D., 2007)

As far as the color, while these oils have a ce@sty similar to honey, the most oils
flowing like syrup while bitumen remain frozen airmal temperature (figure 3). Their
exploration remains limited because the countied possess them have preferred to

focus, so far, their efforts on resources easidrcii@aper to retrieve.

Fig.3: Bitumen at room temperature

These non-conventional oils are, for the most daiddegraded. Located at shallow

depths in unconsolidated sands and very permediele have been altered due to water
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infiltration and bacteria; phenomenon that destdolyee lighter molecules and enriches
artificially the asphaltenes and resins in oil. yhwntain, in addition, heavy metals,

nitrogen and sulfur, which involve special treatinguring the refining process.

Due to the continuous decline in the conventionapmduction, the development of
heavy oil is becoming important (Wang J. et al.,0&0 They are important
unconventional hydrocarbon resources with hugervesgBehura J. et al., 2007). The
known resources are worth about 6 trillion of bisiran amount more than three times
the combined world reserves of conventional oil gag (Hinkle A. and Batzle M.,
2006). Some of the largest known deposits areenAtinabasca sands in Canada, Faja
del Orinoco inVenezuela, Alaska, California, Dueld in Indonesia, Russia, and China
(Curtis C. et al.,, 2002). As for the volumes thah de recovered with the current
techniques of production, they are estimated aesbimillion barrels, an amount almost

equal to the recoverable reserves of conventiahal o

Heavy oils are located at shallow depths as comdpé&weconventional petroleum.
Pressure and temperature of the reservoirs are toweh than in the conventional one.
Heavy oils are usually exploited through thermadokeery processes, steam flood,
Steam Assisted Gravity Drainage (SAGD), Cold He&i Production with Sand
(CHOPS), and injection of solvent. The major challe for the oil industry in
exploiting heavy oils comes from their high viseégsiwvhich has a great impact on the
exploitation of heavy oils (Zhao Y| and Machel H., @012), and causes problems in

pipeline transportation (Plegue T.H. et al., 1986).

Identification of the rheological behavior of crudé is needed for proper design of

pipelines, storage and handling (Hameida A.M. ardAwad M.N.J., 1999). By
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understanding the rheological properties of heavls, owe can improve the

characterization of reservoir viscosity. The visgosf heavy oils depends on many
factors including composition, temperature, frequyeand pressure. This was the main
motivation of this thesis, which has lead to theved@pment of a High Pressure

rheometer device able to work over a large rangeegliency.

The first chapter of the thesis presents the mia@olpgical techniques available that
allow the measurement of rheological propertiesvistoelastic substances. These
techniques are very useful but face some limitatidWhen used in the shear mode,
most of them work at low shear rates not much beybh §' with the exception of

capillary rheometer. At higher shear rates, flowstabilities begin to occur and the
sample begins to emerge out of the gap. When usexdillation mode, step motor
rheometers are limited to low frequencies, typicddwer than 100 Hz (figure 4).

However, the knowledge of data at higher frequeniseequired for better rheological
characterization of complex fluids. The design afevice was important, which can

study the rheological properties of viscoelastisstances at higher frequency range.

100000 4
R'&x ©-20°C
r ——ﬁ__\'Q\Q 0 -5°C
T AD°C
-
S H:&x 0 10°C
10000 3 Wil 2
_ — * 20°C
n s
o -
— L = 5 i
= B
= 1000 B—pg
—t———————
100 T

1 10 100
Frequency Hz

Fig.4: Temperature effect on the viscosity of adyeal (Henaut I. et al., 2003)
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Figure 4 shows that with the decrease in tempa¥anot only the viscosity increases
but also the rheological behavior of heavy oils dmes non Newtonian with the

appearance of shear thinning behavior.

The second chapter represents the PAV (Piezo@exotial vibrator) device. It is a kind
of squeeze flow rheometer, which is used to meatherheological properties of
viscoelastic substances at high temperature (5%4503C) and a frequency up to 8 kHz

range, an order of magnitude greater than convegitiheometers.

The problem with PAV is that it can only study tlscoelastic properties at
atmospheric pressure, whereas the study of crdgeatreservoir conditions requires a
high-pressure device. Discoveries of oil and gaseuhigh temperatures (above 150°C)
or pressures (more than 100 MPa) have been madkrious regions of the world. In
the North Sea, the production is scheduled fronp deservoirs at 190°C and 110 MPa
(Ungerer P. et al.,, 1998). The number of HP-HT meses worldwide is numerous;
however, the number of HP-HT fields in productisnstill very small. Therefore new
equipment need to be designed, which can perfosuosity measurements at high
temperatures and high pressures. Of course, these aready many high pressure
devices (Ellis J., 1976; Choi S.Y.1968; Mackley MeR al. 1995; Khandare P.M. et al.
2000; Saowapark S. et al., 2008; Kolitawong C. @mtcomin A.J., 2002; Donsi G. et

al, 2011), but again the problem is that they cabeaused for high frequency range.

In order to attain this purpose, the atmosphergssure PAV studied in chapter 2 was
adapted in order to fit in a high-pressure cellisTigh-pressure device works in the
same frequency and temperature ranges as the diermspressure one, but allows the

study of pressurized samples up to 50 MPa (500).b&tsapter 3 is thus about the
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development of high-pressure rheometer device whegtded a new design a the PAV

Cell. Finally, the thesis conclusion is added.
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CHAPTER 1

CONVENTIONAL RHEOLOGY

As melt polymers and heavy oils belong to the nawbdbnian class of fluids showing
the viscoelastic behavior, so a brief introductioriluid types and viscoelastic fluids is
given in the first section of this chapter. Sin¢® trheology of materials is very
important for their characterization, the restha thapter is devoted to the study of the

theory and working principle behind the conventidgpe rheometers.

1.1.Types of fluids

A fluid is a substance that deforms continuouslyewlsubjected to a shear stress or
tangential force (Fig. 1.1), even if the applieccahstress is very small. In simple
words, a fluid is a substance which is capabldaviihg and which conforms the shape
of containing vessel. A real fluid is one that Issne finite viscosity (resistance to
flow) and thus can exert a tangential (shearingdsston a surface with which it is in
contact. The flow of real fluids is called a visedlow. A real fluid can be further sub-

divided intoNewtonian fluids andnon-Newtonianfluids.

H

s i

Fig. 1.1: Fluid deformation by the application ofde, where the applied force per unit
area is called stregs = g) and the resulting rate of change of deformatiaralked

shear ratey( = %).
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1.1.1. Newtonian Fluids

Newtonian fluids are the simplest type of fluidfiey form the basis for classical fluid
mechanics. These fluids obey Newton’s law of viggogiven by equation 1.1. For
these fluids, there is a linear relationship betwsbear stress and shear rate, i.e.

viscosity is constant and is independent of shegar. r

o=ny (1.1)
Whereo represents the shear stregthie apparent viscosity afds the shear rate.

The graphical representation of shear stress vesisear rate is a straight line, which
passes through the origin as shown in figure 12 Slope of the straight line gives the
value of viscosityy for the given fluid. Thus the viscosityis constant for Newtonian

fluid at a given temperature and pressure. Newtdsifluids can be represented by

rheogram as shown in figure 1.2 given below.

Flow curve Viscosity curve
o
~ =
n K7
o _o 3
z Stope =, g
5]
o >
<
7p]
Shear rat (7) Shear rat

Fig. 1.2: Flow curve and viscosity curve for Newtonfluids

Examples of Newtonian fluids are air, steam, mil&getable oils, fruit juices, sugar

solutions, salt solutions, almost all gases andcemwgdchramm G., 2000, Shah N.A.,

2008).
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1.1.2. Non-Newtonian Fluids

All fluids that do not follow the criteria for Newhian fluids are classified as non-
Newtonian fluids. Their study is very important petroleum engineering, as many
crude oils and drilling muds show a non-Newtoniahdvior (Swamee P.K., and
Aggarwal N., 2011). In non-Newtonian fluids, visitgss not constant and is a function
of shear rate. In other words, there is a non-timekationship between shear stress and
shear rate. These fluids can be time independerd,dependent, or viscoelastic (Cheng
L.X., 1998). In this section, we will study onlyrte independent and time dependent

fluids, while viscoelastic fluids will be discussedthe next section.

Time independent fluids are the fluids for whiclsoasity of the fluid is dependent on

shear rate, but independent of the time of shearing

n=n) (1.2)

The viscosity is presented at a specific shear aatk is referred to as the “apparent
viscosity”, “shear viscosity” or “shear dependeigcesity”. Time independent fluids
are also called as generalized Newtonian fluidseyTare classified into two types;

power law fluids and the yield stress fluids.

1.1.2.1. Power law fluids

These are the fluids, which are represented bydtpeilar Ostwald de Waele equation

or power law equation (Elgibaly A.A.M. et al., 1997

o= My" (1.3)
Where M and n are the power law model constantsalMd the consistency coefficient

is a measure of the consistency of the fluid, tlgldr the value of M, the more viscous
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the fluid is. Whereas n is called the flow behavmatex, and represents the degree of
non-Newtonian behavior. For Mg and n=1 the above equation reduces to Newton’s

law of viscosity. Power law fluids are either sh#tanning or shear thickening fluids.

Shear thinning fluids are the most widely encolwedetype of time-independent non-
Newtonian fluids behavior, which dominate the fiafl rheology. They exhibit a

decrease in apparent viscosity with increasingrstegas. They are obtained for 0< n<1
in the power law equation (1.3). Shear thinningdBuare called pseudo plastic fluids.
Materials that exhibit shear-thinning behavior ud# concentrated suspensions,

ketchup, mayonnaise and shampoo (Kalyon D.M. 1883, Bylund G., 1995).

On the other hand, shear-thickening fluids areojmgosite of shear thinning fluids, i.e.
they exhibit an increase in apparent viscosity witbreasing shear rates. They are
obtained for n>1 in the power law equation (1.3)e& thickening fluids are also called
dilatant fluids. Examples of shear thickening flidhclude wet sands (Bylund G.,

1995). These fluids can be represented by rheogsaman in figure 1.3.

Flow curve Viscosity curve

1
1
1 1
1

Shear stre:
Viscosity

Shear rat Shear rat

Fig. 1.3: Flow curve and viscosity curve for shimnning fluids (solid line), and shear
thickening fluids (dotted line)
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1.1.2.2.Yield stress fluids

Yield stress fluids are also called viscoplastiods. Many materials encountered in
various industries are viscoplastic. Some exampldade foams, filled polymer melts,
clay suspensions, paints, foodstuffs and sluriBgsr(es H.A., 1999; Bird R.B. et al.,
1983). These are the fluids that need a certainuamof stress before they start to
deform (flow). This stress is called yield stremsd may be denoted lay. Below this
stress, these materials behave like solids aBatlas soon as this limit is achieved, they
begin to flow like Newtonian fluid (Bingham fluidg)r shear thinning fluid (plastic
fluids). These fluids are represented by HerchdklBy model (Nehdi M. and Rahman
M.A., 2004) (equation 1.4), also called yield-povieaw model as it takes into account
the yield stress which the power law model does not

o =0y + My" (1.4)
Whereg, is the yield stress i.e. minimum stress requiceiahitiate flow.

Bingham plastic fluids are modelised by putting nalequation (1.4), therefore, we
have
o=0y+MYy (1.5)

In such a case Mg. Bingham plastic fluids are also called Newtorflairds with yield

stress. Their graphical representation can be isefegure 1.4.

Flow curve

Shear stres
\/iscosity

Viscosity

Shear rat
Fig. 1.4: Rheogram representing Bingham fluids
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Bingham plastic model (equation 1.5) is used in thesign of pipeline for non-

Newtonian fluids (Sablani S.S., et al., 2003).

On the other hand, plastic fluids are modelisepbiging n<1, and M= in equation

(1.4), therefore, we have
o=ay+ny" n<i (1.6)

Plastic fluids are also called shear-thinning fuiith yield stress. Their graphical

representation can be seen in figure 1.5.

Flow curve

Shear stre!
Viscosity

Viscosity curve

Shear rat

Fig. 1.5: Rheogram representing plastic fluids

1.1.2.3.Time dependent fluids

These are the fluids for which viscosity of theidldoes not depend only on shear rate

but also on the time during which shear rate idiagp
n=n(t) (1.7)

It means that apparent viscosity is dependent upenprevious shear history of the
fluid. There are two classifications of these fljidhixotropic and rheopectic (Steffe

J.M. and Daubert C.R., 2006).
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Thixotropic fluids as drilling muds, paints, cosimef pharmaceuticals and grease
(Sadeqi S. et al., 2011) exhibits a decrease tosity with time under a constant shear
rate (Abu-Jdayil B.,2003), whereas rheopectic fluids are the fluids #whibit an

increase in viscosity with time under a constamiashiate. They are also called negative
thixotropic or anti-thixotropic fluids. The graphicrepresentation of these fluids can be

seen in figure 1.6.

Viscosity

Time

Fig. 1.6: Graphical representation of viscositytfukotropic fluids (solid line), and
rheopectic fluids (dotted line) under constant shate

Examples of rheopectic fluids include concentratexgpersions and waxy maize starch

(Manconi M. et al., 2005; Wang B. et al., 2010).

1.1.3.Viscoelastic fluids

Classical materials are classified as viscousdisjaind elastic solids (Ferry J.D., 1980).
But many materials have properties between theney Tdre named as viscoelastic
materials. In order to understand viscoelastic Wena it is very important to

understand the behavior of the classical materials.
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A viscous liquid deforms continuously under thduehce of an applied stress. When
the applied stress is removed, it will not comekbiacits original undeformed state. Its
deformation is permanent. It will dissipate all eyeinput as heat. The flow of viscous
liquids is described by Newton's law. A dashpotused to represent the viscous

behavior of materials, and is shown in figure 1.7.

o
Fig. 1.7: A dashpot: mechanical analog to liquitidegor
On the other hand, a purely elastic system wilbdefunder the influence of an applied
stress. However, as soon as the applied stressnigved, it will restore its energy and
will come back to its original undeformed states tteformation is non-permanent.
Elastic responses are described by Hook’s law, wh@nstitutes a linear relationship

between stress and strain as shown by equation.
o=Gy (1.8)

WhereG is the modulus of elasticity, andis the deformation that occurs under the
applied stress. Elastic behavior can be represdmteal spring, and is shown in figure

1.8.
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Fig. 1.8: A spring: mechanical analog to elastibdwor

Viscoelastic materials are capable of exhibitinghbwiscous and elastic properties
simultaneously, e.g crude oils, asphalt, polymerltsnerubbers, grease, blood,
toothpaste, ketchup and dough. Their propertieentdargely on temperature and
frequency. It means that within some frequencytentperature range, they will exhibit
solid behavior, while for some other frequency d@echperature range, they exhibit
liquid behavior or a combination of both. Viscodi@$luids flow under the influence of

an applied shear stress, but when the stress igvezimthey will slowly recover from

some of the deformation. They store and dissipgiaraof energy. Viscoelastic fluids
are characterized by the complex modulus G’ + iG", the real part of which may be

identified with energy storage and the imaginamt péth the energy loss.
1.1.4.Viscoelastic models
To describe a viscoelastic behavior, we need a meadech consists of at least two

components, one to describe elastic part represdmgea spring, and the other to
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describe viscous behavior represented by a dashijgse components can be
combined in many ways (Flugge W., 1967) to develm constitutive equations for

viscoelastic materials.

1.1.4.1 Maxwell Model

Maxwell model consists of a spring connected inesewith a dashpot as shown in

figure 1.9.

Fig. 1.9: Mechanical analog to Maxwell model corapd of a spring and a
dashpot in series

In Maxwell model, the stress is the same in boéimeints i.e.

0=05 = 0y (1.9)

Whereo, andag, represent the stress in the spring and dashpmtctgely.

The deformation (strain) of the Maxwell model isuafjto the sum of the individual

deformations of spring and dashpot.

Y=Y +Va (1.10)

Wherey, and y, represent the strain in the spring and dashppeotisely.
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Again, from equation (1.10) we get
Y=Vs tVa (1.11)

By putting the values gf, = % andyq = % in equation (1.11), we will have

= %+% (1.12)
&  Gy=d6+ %G (1.13)

This is the standard form of Maxwell model showihg relationship between stress
and strain, and clearly is an ordinary differengglation. This equation appears to be

the first attempt to obtain a viscoelastic consitiiequation (Bird R.B. et al., 1987).

Creep and recovery:

In a creep test, a material is subjected to a eohstress at a given temperature, and the

material’'s deformation as a function of time iscétal.

For creep tesy= g, = constant, which gives=0, so equation (1.13) becomes

Y= (1.14)

S e

Integrating equation (1.14), we get
PN y:§t+c (1.15)

Where C is the constant of integration. Its valsedetermined by using the initial

conditions about stress and strain given in thieiohg equations:

0,6 <0
o(t) = {GO} 20 (1.16)
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0,t <0
y() =1%  _ g (1.17)
GI

Applying these initial conditions to equation 1.1dyes C =% ,therefore, equation

1.15 implies

Y(©) = 6o £ +7) (1.18)

The full description of the application of the ctarg stress, , and the resulting creep -

recovery response for Maxwell model is shown imffes (1.10) and (1.11) respectively.

S

Stress

€]
Time

Fig. 1.10: Application of constant stress to stadgep — recovery response in
Maxwell model

Vdashpot

Vspring Viscous permanent deformation

\ 4

t
Time !

Fig. 1.11: Creep — recovery response of the Maxmeliel
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Stress relaxation:

In a stress relaxation test, a material is subjedte a constant strain at a given

temperature, and the behaviour of stress as aidunat time is studied.

For stress relaxation test, = y, = constant, which giveg=0, so equation (1.13)

becomes

Separating the variables and integrating, we get

o do G rt
0'0?__;-[0 dt
o\__¢&
. 1n(a—0)_ e+ C (1.19)

Where C is constant of integration. Its value igedained by using the initial

conditions given in the following.

0,6<0

ro={"3% (1.20)
0,t6<0

a(t) = {Go,t —0 (1.21)

We get C=0

G
S o) =g, T (1.22)

t

& o(t) =agge Tr (1.23)
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With T, = % Is the term constant for Maxwell model, and idezhthe relaxation time.

This shows that stress decreases exponentially ft®mmitial value to zero with the

time constant,.

The full description of the application of the ctarg strainy, , and the resulting stress -
relaxation response for Maxwell model is shown igufes (1.12) and (1.13)

respectively.

14

o

Strain

Time

Fig. 1.12: Application of constant strain to stugligess relaxation response in
Maxwell model

Op

Stress

t
Time
Fig. 1.13: Stress relaxation response of the Mabmvetel

The above figure shows that the stress decreashe me grows for the same strain.

Equation (1.23) can also be written as
? = Ge Tr (1.24)
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t
Where G is the spring constant. Here the t6emTr is denoted by (t), and is called

relaxation modulus. Therefore, equation (1.24) sake form.

G(t) = Ge T (1.25)

For real viscoelastic liquids, the stress relaxatarve is usually described by a series

of Maxwell models in parallel.

t

G(t) =Y. Ge Tri (1.26)

Where the various parameters are usually obtaigetbh-linear curve fitting.Equation
(1.26) is very useful in determining the relaxatigmectrum of the fluid. Relaxation

spectrum shows how material softens with time.
Dynamic (oscillatory) test

The dynamic or oscillatory tests consist of apgyansmall sinusoidal strain (or stress)
and measuring the resulting stress (or strain)p8sg an oscillatory sinusoidal strain of

angular frequenciy is generated in the material.

Y = Yy, Sinwt (1.27)
The stress response of the material will be ofdine

0 = 0y sin (wt + 9) (1.28)

i.e. the strain lags behind the stress by a phasge&. This phase angle is a

determining factor for material behavior as showthie figures 1.14 to 1.16.
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Shear stress

Shear strain

Fig. 1.14: Oscillating test representing purelysgtamaterial

5=9C

Op

Shear stress

Yo

Shear strain

Fig. 1.15: Oscillating test representing purelyceiss material

> 0'<5<9C

Shear stress

Yo

Shear strain

Fig. 1.16: Oscillating test representing viscoétastaterial
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These figures show the typical material behaviotemheined by the phase lag)(

between the input stress and the output straira nifaterial is purely elastic, the phase
difference between the imposed stress and thetaesigtrain is zero degree. If the
material is purely viscous, the phase differenc@Oislegrees. Whereas, for viscoelastic

materials, it lies between zero degree and 90 dsgre

The phase differenced)( together with the amplitudes of stresg)(and strain )

waves are used to determine the rheological prnesestich ag, /, andn.

G=2 (1.29)
J=< (1.30)
n=— (1.31)

Considering the application of the oscillatory testhe Maxwell model. For harmonic
stresss = g,e'“t, which derives the strain harmonicayly= y,e!®(*% wherew is the
angular frequency, andl is the phase angle between the applied stresajstnad the

resulting strain (stress), equation 1.12 takeddima

: 1 . 1
iwye'wttd) = Eiwaoe””t +=0
. 1. 1
S lwy = Elwa +-0
oni
o0 ="2
G+iwn
Gn2w2+GZiwn)
S o= (—
G2+w?2n?
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Let g = T,, the relaxation time, then after simplificationetlabove equation can be

written in the complex form as follows

(wTT)Z . (I)Tr
g [1+(wTr)2 ' 1+(wTr)2] 14
So=G6Y
. . (wTy)? . Ty
with G =G| o +ipa] (1.32)

The real and imaginary parts of equation 1.32 eagiben as.

(wTy)?

G"(w) =G 1+Z"wT;T)2 (1.34)

This concept can be extended to any number Maxwedlels connected in parallel, as

shown in figure 1.17.

Fig. 1.17: Generalized Maxwell model: Multiple Maglivmodels connected in parallel

In this case, the values of the overall storage lard moduli,G' and G", at angular

frequencyw, are given by the following equations.
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¢’ =y G, e (1.35)

1+(wTyp)?

G" =Y G —2Ir (1.36)

1+(an')2
1.1.4.2 Kelvin-Voigt Model

If we connect a spring in parallel with viscous gem (dashpot), we will have the
simplest model for viscoelastic solid. Such a carabon is called Voigt model, after
the name of famous German physicist (1850-1919%. Wbigt model is also known as
Kelvin or Kelvin-Voigt model, linking it with LordKelvin (1824-1907), another
Scottish physicist. It seems to be more appropriatalescribe the solid dampers

behavior (Lewandowski R., and Chorazyczewski B1®0

L
G I \_,_I n

)

Fig. 1.18: Mechanical analog to Kelvin-Voigt modeimprised of a spring and a
dashpot in parallel

In case of Kelvin-Voigt model, the strain experieddy the spring is the same as that
experienced by the dashpot i.e.

Y=Y¥s =VYua (1.37)
The stress in the Kelvin-Voigt model is equal te dum of the individual stresses of
springo, and dashpat;.

o=05+0y (1.38)
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As g; = Gy ando,; = ny, then equation (1.38) gives
da
o=Gy+n d—]t/
or n%+6y—a =0 (1.39)

This is the standard form of the constitutive epumator Kelvin-Voigt model showing
the relationship between stress and strain, andrlglas an ordinary differential

equation.
Creep and recovery:
o =0, (constant), so equation (1.39) gives
nL+Gy—o, =0 (1.40)

This is linear non-homogeneous ordinary differéntequation with constant

coefficients. Its solution is given by the followirquation.

t

y="+Ae T (1.41)
The initial conditions associated with the creep@iven by equations 1.16 and 1.17:
Applying these initial conditions to equation (1)Ade getd = —%

Therefore, finally equation (1.41) takes the form

t
y=2(1-e ™) (1.42)

This means that the strain will grow to a constaaitie as time increases.
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The full description of the application of the ctarg stress, , and the resulting creep -

recovery response for Kelvin-Voigt model is shown figures (1.19) and (1.20)

respectively.

S

Stress

Time
0 t;
Fig. 1.19: Application of constant stress to stadgep — recovery response in
Kelvin-Voigt model

S[S

Creep

Recovery

Strain

Time
0 ty

Fig. 1.20: Creep — recovery response of the Keloigt model

Stress relaxation:

Consider next stress relaxation test. Setting thensto be constang, (Fig. 1.21),

equation (1.39) reduces to

Gyo—0 =0 (1.43)
& g =Gy, (1.44)

This means that the stress is taken up by thegpnd will stay constant as time grows

for the same strain. Therefore, there is in facstness relaxation over time (Fig. 1.22).
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<
o

Strain

Time
0 t4

Fig. 1.21: Application of constant strain to stuglgess relaxation response in
Kelvin-Voigt model

Stress

Time

0 t

Fig. 1.22: Stress relaxation response of the Keltoigt model

Actually, in Kelvin-Voigt model, an instantaneousai y,is applied to the dashpot.
Thus, the stress (proportional ) exerted by the dashpot will be infinite, and will
break the system. Consequently, the Kelvin-Voigidelds not able to describe the

stress relaxation process.
Dynamic (oscillatory) tests:

For harmonic stress = g,e'“?, this derives the strain harmonicapy= y,e@t+9

Putting these values in equation (1.39), we get
o = niwy,etd + gy

<= o0 =niwy + Gy
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o0 =(6+inw)y
So=G6"Y

With G"=G+inw (1.45)

The real and imaginary parts of equation 1.45 @agiben as.

G'(w)=G (1.46)

G"(w) =nw (1.47)

Which shows that under all loading, storage modigusqual to the stiffness of the

spring, whereas the loss modulus grows unboundeigr high frequencies.

The actual viscoelastic behavior of materials isyveomplex. The simplest models,
Maxwell and Kelvin-Voigt explain the basic charattgcs of viscoelastic behavior.
The Maxwell model, for example, has a viscous dttaraand explains well the
relaxation behavior of viscoelastic materials. @& other hand, the Kelvin-Voigt model
has a solid character and explains well the retaedasticity behavior. However, none
of the mentioned models completely explains thebehavior of viscoelastic materials.
There are other models with andn constants but they are rather complex. These
models include the three-element model (Standasti solid model) and four element

models (Burger's model).

1.1.4.3. Standard linear solid Model (SLS)

The Maxwell and Kelvin models are the simplest sl®ment models. More realistic
material responses can be modeled using more elen&tandard linear solid model is

a three-element model. Although it can be formedalhyumber of ways (Jo C. et al,
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2005; Wang B. and Chen L.Q., 2009), but we willnfoit by connecting a Maxwell
element in parallel with a spring (Kalita P. anch&efer R., 2008; Jo C., and Naguib
H.E., 2007) as shown in figure 1.23. It is useddé&scribe both the creep and stress

relaxation.

Gy
MV
g <4+ —» O
A
G, n

Fig. 1.23: Mechanical analog to three-element hddaxwell element connected to a
spring in parallel

The standard form of the constitutive equation tfmee-element model showing the

relationship between the applied stres&nd the resulting straip, is given by the

following equation.

o+L6 =Gy + 18ty (1.48)
G, G,

Here, n is the dynamic viscosity of dashpot, wherggsand G, are the moduli of
elasticity of the spring, in parallel and in seriedashpot respectively. The application
of oscillatory test leads to

_ G1G3+n%w?(G1+Gy) | . nwGs

G G2+n2w? G2 +n2w? (1.49)
The real and imaginary parts of equation 1.49 @agiten as.
, G1G24+n%w2(G14Gy)
C'(0) = e (1.50)
" _ w6
G"(w) = il (2.51)
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1.1.4.4. Burger's Model

Burger's model is a series combination of Maxwebdal and Kelvin-Voigt model,
named in honor of the Dutch physicist (1895-1981)is a four-element model,

comprising of two springs and two dashpots (Fig4}.

;

Uk

G, == n

!

(9

Fig. 1.24: Mechanical analog to Burger's model: Mak model and Kelvin-Voigt
model connected in series

The standard form of the constitutive equation Burger's model showing the
relationship between applied stregssand the resulting strai, is given by the

following equation.

MN20 + [Gong + G1(M14M2)]0 + G1Gr0 = GGy + Ginan¥ (1.52)

The application of oscillatory test leads to

* _ G111 0% (65N 146161 +n1n5w?) . G1n1w(G1GE+G1N 1w +Gin5w?)
(G1G2—M1M202)% + w2 (G211 +G1 (M1 +12))? (G1G2—M1M2w2)% + w2 (G211 +G1 (N1 +12))?

With the real and imaginary parts given in thedwiing.
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G’(a)) — G111 0%(G5N1+G1Gon1 40105 w?) (1.53)
(G1G2—1n11M2w2)2+w?(G2N1+G1 (1N1+12))? '

Gu(w) — G1M10(G1G3+G1M11M, 0% +G1n3w?) (1 54)
(G1G2=11M2w2)2+w2 (G211 +G1 (M1 +72))? '

There could be developed of course as many visstielanodels as we desire by
connecting spring and dashpot in varying combimaticAs the number of elements
used is increased, the constitutive equations septang the relationship between

applied stress and the resulting straify) become more complex.
1.2.Conventional rheometer types

A rheometer refers to a device which is used talstthe rheology of materials.

Rheometers are of two types: shear rheometersxadstoonal rheometers. They can be
either stress controlled or strain controlled. Bgtenal rheometry is the study about
tensile deformation. In these rheometers, an eiteakstress or extensional strain is
applied to the sample, and the resulting extensistrain or extensional stress is
measured. As we are only concerned with shear reggnso throughout this thesis we

will focus ourselves to shear rheometers.

Shear rheometers are the more widely used rheasnétethese rheometers, a shear
stress or shear strain is applied to the sample,tla@ resulting shear strain or shear
stress is measured. Shear rheometers can be fsubativided into two types; drag
flow rheometers and pressure driven flow rheomefglacosko C.W., 1994). In drag
flow rheometers, shear stress or shear strainnsrgeed between two solid surfaces,
one of which is moving and the other is at reqj.(eotational rheometers). In pressure
driven flow rheometers, a fluid under pressure ascéd to move through a thin

cylindrical tube (e.g. capillary tube rheometem)d the resulting shear stress or the
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shear strain is measured from the pressure differemt the tube ends. A brief

classification of rheometers is given in figure5L.2

Rheometel

Shea Rheometel Extensional Rheomete

A\ 4

Acoustic | Rheotens| CaBER

Drag Flows Pressure Driven Flows$
|
S
Capillary Tube Slit
Rheometel Rheometes
Y
Sliding plate| Rotational Falling/Rolling Squeeze flow

Rheometer | Rheometers| object Rheometer§ Rheometers

Fig.1.25: Some classical types of rheometers

In the following sections, we will study about tm@st commonly used rheometers.

1.2.1.Capillary tube rheometer

Capillary tube rheometer is a kind of non-rotatigmassure driven flow geometry. In

capillary tube rheometers, a fluid is subjectedidav through a tube of constant cross
section by means of a pressure difference acreserttls of tube. The flow parameters
are chosen in such a way that the flow is lamimggthermal and steady-state. Its

schematic diagram is shown in figure 1.26. Thenmn@mponents of capillary tube
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rheometer are the reservoir containing the flumj a capillary tube of radiusc.Rnd
length L which is connected to the bottom of the reserv@Qur interest lies in
calculating the pressure dra®. at the tube ends and the flow rate Q, which can be

used in determining the viscosity.

@ Pistor

Fluid sample
reservoi

v

APC ZRC LC

Fig.1.26: Schematic diagram of capillary tube rhetan fluid sample
is shown by shaded area

Consider the case in which pressure is applied bgns of a piston. The fluid flows
slowly and steadily through capillary tube. Theaflon the capillaries for Newtonian or
non-Newtonian fluids is assumed to be laminar. Qhegoressure drop at the tube ends

is determined, the shear stress at tube wall Esngby.

RcAP,
Ty = ——
w 2L

(1.55)
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In case of Newtonian flow, viscosity is independeftshear stress and shear rate.
Therefore a single measurement is sufficient tewate the viscosity. Here the flow
pattern is governed by the well known Hagen-Poikekigquation, and the pressure drop

at the tube walls is given by.

AP, = 3¥L< (1.56)

TR

Where Q is the volumetric flow rate ands the dynamic viscosity.

And the wall shear rate is given as follows (MoAd . et al. 2006).

=20 (1.57)

W TRS
Using equations 1.55 and 1.57, the viscosity iemgiby.

_ TMAP.RE

= (1.58)

In case of non-Newtonian flow, viscosity dependssbaar rate. A single measurement
Is insufficient to calculate viscosity. A seriesmkasurements are required at varying
pressures. Here the stress-strain relationshipvendoy power-law relation (Elgibaly

A.AM. etal., 1997).
Ty =M(7,,)" (1.59)
Wherey, is the wall shear rate.

Advantages:
« Itis very simple device in its design (Chhabra.RuRd Richardson J.F., 1999).
« It can operate to high shear rates (Arabo E.Y.M11).

« Itis suitable for high viscosity substances (Ar&b¥.M., 2011).
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Drawbacks:

« Shear rate is not uniform throughout the flow (Se3& I. et al., 2003).

« It requires large sample volumes (Seyssiecq I..e2@03).

1.2.2.Sliding plate rheometer

Sliding plate rheometers are the simplest formhefas rheometers (Cheneler D., 2009).
A sliding plate rheometer consists of two parghlaites. Its schematic diagram is shown
in figure 1.27. The fluid sample is placed in tlep detween the plates. Here the lower

plate is kept stationary, while the upper platdedj and thus a shear flow is produced.

A Moving plate F—>
T S | ¥ . (a)
H ample Velocity
l —» gradient | |
Fixed plate (b)

Fig.1.27: Sliding plate rheometer: (a) before tloaf (b) after the flow

Consider the case in which a fluid volume (thicleey is placed between the plates.

When a force is applied on the upper plate, traseplvill move with a velocity_/’ in the
direction of force. After measuring the distancen®ved by the upper plate, rheological

guantities can be found by the following relations.

Shear Stress: T = (1.60)

>

Shear Strain: Yy = (1.61)

T | >
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Strain rate: Y = E (1.62)

Where A is the area of the upper plate.

Since viscosity is the ratio between shear stredsstrain rate, therefore from equations

(1.60) and (1.62) we have

n="= (1.63)
o n=F (1.64)

Advantages:
« It provides the simplest way to generate steadwarshetion (Macosko, C.W.
1994).
Drawbacks:
« For large strains, it is very difficult to keep thenstant gap between the plates

(Macosko, C.W. 1994).

1.2.3. Rotational rheometers

In rotational rheometers, the fluid sample is pthae the narrow space between two
surfaces. One of the surfaces is fixed while theeiobne is rotated. They are either in
the form of controlled rate or controlled stress.cbntrolled rate form, the torque or
shear stress is measured at certain pre-set sp@#édie in controlled rate form, a
certain pre-set torque is applied and the resulshgar rate is produced from the
rotational speed of the rotating surface (Rao MI®99). Traditional rotational type
rheometers consist of concentric cylinder, parallate, and cone and plateeometers

(Steffe J.F., 1996).
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1.2.3.1.Coaxial rotating cylinders (Couette Flow)

This is the very common type of rotational rheomeleconsists of two concentric-
coaxial cylinders. Its schematic diagram is showrigure 1.28. The inner cylinder is
often called as ‘bob’ whereas the outer cylindecalled as ‘cup’. The fluid sample is
placed in the annulus between the two cylinderse Gfthe cylinders is fixed and the
other is rotated with a set speed. In this way isteda is generated in the annulus. Shear
stress is calculated from the torque of the rogataylinder and the geometrical
dimensions. If we change the speed of the rotatiluppder, we can produce various
torques, which can be used in determining the ftawwe i.e. shear stress-shear rate

curve.

fe)
\-----1]

A i
Boh
———p
h |
! R,
Cug

Fig.1.28: Typical concentric cylinder; fluid sampgeshown by shaded area

The shear stress can be calculated as follows (8kacG.W., 1994).

Mg
Zanz(h

T(Ry) = (1.65)
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WhereRy could be the radius of inner or outer cylindempelading if the bob is being

rotated and cup is kept stationary and conversslyilarly is the case for torque M
And h is the hight of inner cylinder. For very tHlaid annulus % > 99%), the shear

rate can be calculated as

(R =1 (1.66)

With Ri*Ro

=
Il

(1.67)

WhereR; andR, are the radii of inner and outer cylinders redspebt, andQ is the
angular velocity.

From equations (1.65) and (1.66) we have the viscas follows

_ T(Ro) _ Mj(Ro—Rj)
n= 7(Ro) ~ 2mhRZR

(1.68)

WhereM; is the torque exerted on the inner cylinder.

Advantages:
« For large radii, the shear rate is nearly const@hhabra R.P. and Richardson
J.F. 1999).
« It is useful for low viscosity samples and high aheates (Macosko, C.W.,
1994).
« It requires small sample volume (Seyssiecq |..e2a03).
Drawbacks:
« Itis a big disadvantage of coaxial cylinder geamétat in order to change the

gap between the cylinders, we have to change thedeys (Walters K., 1975).
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« The gap between the cylinders must be larger thanlargest particle of the

sample (Seyssiecq I. et al., 2003).

« Itis difficult to clean for high viscosity fluiddMacosko, C.W., 1994).

1.2.3.2.Parallel plate rheometer

The parallel plate (disc) rheometer is also caltedional rheometer. It consists of two

parallel discs. Its schematic diagram is showngaré 1.29. The fluid sample is placed

in the gap between the discs.

M|,
1%
Upper plate ! R >
I, C Sample >
Lower plate Q ﬂ

Fig.1.29: Parallel disc rheometer; fluid samplshiswn by shaded area
Consider the case in which lower plate is fixed apger plate rotates with angular
speed Q). After measuring the torque (M) on the plate, shear stress and shear strain

can be calculated as follows.

2M
- (1.69)
. Q
p==2 (1.70)

Where R is the radius of plates and h is the digtdgap) between the platéssing equations

Eqgns. (1.69) and (1.70), the viscosity is givefodisws.

2hM
% =g (1.71)

'r’:
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Advantages:

« Itis a great advantage of parallel plate geomiiay the gap between the plates
can be easily changed to accommodate a huge ramgaterials, and a series of
measurements can be performed on the same samale(¥\K., 1975).

+ Very small gaps down to 5um can be used (Hensondnd MacKay M.E.,
1995).

+ It can be used for polymer melts, blends and coitggéShenoy A.V., 1999).

+ It needs a small sample volume and easy to saroplling (Macosko, C.W.,
1994).

« Itis less expensive and easy to clean (Shaw Md .Lau Z.Z., 2006).

Drawbacks:
« Shear rate is not uniform and varies in the raggsition (Ortman K.C. et al.,

2011).

1.2.3.3.Cone and plate rheometer

The cone and plate rheometer is widely used ingninfior shear flow rheological
properties of polymer systems (Shenoy A.V., 1989)onsists of a circular plate at the
base and a circular cone at the top. Its schendegram is shown in figure 1.30. It
works on the same principle as parallel plate rretemthe only difference is a cone the
upper disc is replaced by a cone. The fluid sangplgaced in the gap between plate
and cone, making an andte The cone and plate geometry produces a flow iichvh
shear rate is nearly uniform. However, in ordeetsure that shear rate is constant, the
anglep should be small (<4°) (Walters K., 197%Yeissenberg Rheogonimeter can be a

well-known example of cone and plate rheometer.
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Fig.1.30: Cone and plate rheometer; fluid sampghmvn by shaded area

Consider the case in which plate is kept fixed,levhone rotates with a known angular
velocity (). After measuring the torque (M) on the plate, #ear stress and shear

strain can be calculated as follows (Macosko CM94; Walters K., 1975).

= (1.72)
. Q
The viscosity is given by
T 3MpB

(1.74)

Advantages:

« It is the main advantage of cone and plate rheantbt the shear ratg is
nearly uniform within the fluid sample, which eneblus to obtain the shear
stress at a given shear rat@) from a single measurement (Venerus D.C.,
2007).

« ltis useful for normal stress measurements (Shéndgy, 1999).
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« It requires small sample size and is easy to loadckean (Shenoy A.V., 1999).
.« Maximum shear rate rachieved to 10(Son Y., 2008).
Drawbacks:
« It is a big disadvantage of cone and plate geontltyin order to change the
gap angle, we have to change the cone (WaltersX5).
+ For the shear rate to be constant, the afdletween the cone and plate should

be made as small as possible (Barnes H.A. et389)1
1.3. Torsional resonators and quartz resonators

There exist a lot number of complex fluids for whithe dynamics extends to many
hours or even days. They have diverse relaxatioecgss. High frequency rheology
provides insight into microstructures of these kirad fluids. The range of this high
frequency normally extends from ®lHz. Step motor rheometers are limited to
frequencies< 10° Hz. Torsional resonators can be used to attaih frigquency data.
These devices are available in many geometriexcwigder, tube or plate (Romoscanu
A., 2003). Valtorta D. and Mazza E. (2005) usearaibnal resonator device to study
the viscoelastic properties of soft tissues in lihear viscoelastic range for discrete
frequencies in the range from 1 kHz to10 kHz. F@z et al. (2002) studied the
rheology of colloidal dispersions for discrete fieqcies in the range of 46 1¢ Hz.
Similary, quartz resonators can also be used foy \‘egh frequency 10 MHz
(Nwankwo E. and Durning C.J., 1999). Since theseamly single frequency devices

(page 70), they are unable to cover all the relargirocesses for complex fluids.
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1.4. Squeeze flow rheometer

Squeeze flow rheometer is widely used for the igiohl characterization of non-
Newtonian fluids (Bird R.B. et al., 1987). Squeépavs arise in a variety of situations,
including machine bearings, human joints, manufaaguprocesses, lubrication systems
and compression molding (Lawal A. and Kalyon D.998; Lawal A. and Kalyon
D.M., 2000, Tadmor Z. and Gogos C.G., 1979). Iq@esze flow rheometer, a material
is compressed between two parallel plates (Engmhret al., 2005) of radius R

separated by a gap H. Its schematic diagram isshowgure 1.31.

Fig. 1.31: Schematic diagram of squeeze flow betve® parallel plates

Where ‘R’ is the plate’s radius and h is the santbiekness. The plate radius is taken
to be very large as compared to the sample thisknesR/h>>1. Normally, the lower
plate has a fixed position, while a force of magi& F is applied in a direction
perpendicular to the upper plate. The material betwthe plates is compressed and
flows in the radial direction. Squeeze flow is @irout with the following boundary

conditions.

{vr=0,vz=0 onz =0

v, =0,v, ==V, onz=nh (1.75)
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Wherev, andv,are the velocity components in the r and z directespectively.

Neglecting the fluid inertia, the equations of morioen and conservation of mass can

be written in the cylindrical form as follows (Os\d., 2005).

_op %v,

0= P 57 (momentum along r) (1.76)
0=-— Z—I: (momentum along z) (1.77)
10 ovy _ . .

-5 (rv.) + >, =0 (continuity) (1.78)

Where p is the pressure exerted on the fluid, wisdonsidered to be isotropic.

The interest lies in determining the total forcexerted by the fluid on the plate in the
direction of plate movement, which is given in tb#owing equation (Sherwood J.D.,

2005).
F=2m fORp(r)rdr (1.79)

Solving equations (1.76, 1.77, and 1.78) usingntial conditions (Eq. 1.75), the force

F (Eq. 1.79) can be found as follows (Oswald PO520

3wR* dh
2h3 dt

F= (1.80)

Although squeeze flow rheometers can also be usstkady shear mode, yet they are
frequently used in dynamic (oscillating) mode tadst the rheological properties of

viscoelastic materials (Ahmed J. and Ramaswamy, B0B.7; Field J.S. et al., 1996).
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Advantages:

+ Squeeze flow rheometer is a simple way to measoeelogical properties
(Meeten G.H., 2004), especially for very viscoudarials.

« Oscillation squeeze flow can handle more easilyitiegtial effects than the
torsional oscillation methods (Bell D. et al, 2005)

« It can be used for both shear and extensional fq@ublas D. et al., 2010;
Lawal A. and Kalyon D.M., 1998) depending on if thes ‘no wall slip’ or
‘perfect wall slip’.

« It can measure rheological data for frequencieshiugher than the step motor
rheometers (Cheneler D. et al, 2011; Kirschemann2Q03) and in a wide
continuous range (Fig. 1.32).

Drawbacks:

« It is difficult to ensure ideal boundary conditioffso slip” or “perfect slip”)
(Engmann J et al., 2005).

« The flow can be shear or extension dominated depgndn the boundary
conditions and geometry (i.e. ratio of gap heighplate radius) (Chan T.W.,

and Baird D.G., 2002).

torsion-resonator. quartz-resonators

///' Squeeze flow \\\ﬂ ” H ” H

. . . . . . : I + log (f/Hz)
2 1 o0 1 2 3 4 5 6 7 8

Step motor rheometers/

Fig. 1.32: Frequency range comparison between ctiovel rheometers, torsion-
resonators, quartz resonators, and Squeeze flameter
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1.5. Chapter Summary

As we have seen, the rheometers can be used mmnileitey viscosities of different kind
of materials. However, despite their usefulnessy thave also some limitations and
drawbacks. When used in the shear mode, most of therk at low shear rates not
much beyond 10"5with the exception of capillary rheometer. At g shear rates,
flow instabilities begin to occur and the samplgibs to emerge out of the gap. When
used in oscillation mode, step motor rheometerdirmited to low frequencies, typically
lower than 100 Hz. However, the knowledge of dathigher frequencies is interesting
for the rheological characterization of complexidki Sometimes, these higher
frequencies can be achieved by time-temperaturerpagition principle, but it is not
always possible if a phase or glass transition ecaou the temperature range. On the
other hand, torsional resonators and quartz resmatan also be used to study
rheology at high frequencies. But the problem wiitbse devices is that these are only
single frequency devices. Therefore, according hesé¢ remarks, squeeze flow
rheometers seem to be the most adequate as thextesnd the frequency range of step
motor rheometers to an order of magnitude towaigls thequency. This favors the idea
to develop a squeeze flow rheometer. This rheometltrbe useful to study the
rheological behavior of materials over a large ean§frequency (1 Hz to 8 kHz) and
high temperatures (5°C to 150°C). It requires vamall amount of sample (down to
10uL). Due to its smaller size and simple designsiuser friendly, very easy to
transport and clean. Furthermore, its adaptatiorhigh-pressure working seems to be

possible.
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CHAPTER 2

PAV: ATMOSPHERIC PRESSURE RHEOLOGY

PAV stands for piezoelectric axial vibrator. It @askind of dynamic squeeze flow
rheometer. The model employed in this work has b#ereloped by Pechhold and
Kirschenmann at the institute for Dynamic Matefliakting (IdM) at University of Ulm,
Germany. It is used to measure the rheological goit@s of viscoelastic materials at
atmospheric pressure. A detailed study about thectste, theory and calibration of
PAV can be found in the thesis work bfidwig Kirschenmann (Kirschemann L.,
2003). Here our purpose to deal with PAV is twofofrst: the study of its
experimental capability by taking its basic thearnyd working equations. Second: its

adaptation in the development of a high pressure 8dvice (chapter 3).

2.1.Structure of PAV

It consists of a fixed lower plate and a vibratungper plate between which sample is
placed with the help of syringe. Circular spacdrslifierent thicknesses varying from

15um to 1 millimeter are used to adjust the thisknaf the sample.

Fig. 2.1: Piezoelectric axial vibrator; device &dmospheric pressure rheology
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The actuator/sensor of PAV probe is a thin-walled (mm thick) square copper tube,
which is glued on a rigid base and above a thickaro& plate, which transfers
oscillations (fig. 2.2). On the copper tube, eiglgzo elements are in pairs (inside and
outside) glued on the four sides (figure 2.2. agdré 2.3.). In order to avoid a direct
coupling between actuators and detectors, the cappe possesses four partial slots
(slits) alongside between the actuator piezos hediétector piezos. Two opposite pairs
as actuators are connected with the reference puofpthe Lockin-amplifier, which
supplies sinusoidal voltage. The other pairs, teeaors, detect the deflection of the

copper tube, the vibrations of which are alteree wuthe interaction with the sample.

Slit - - Copper square tube

Piezo actuators

Piezo sensors
glued on coppe
square tube

Ceramic probe head
for thermal insulation

Vibrating Ceramic ring for
upper plate thermal insulation

Stainless steel spacer
Sample

Heatinghead with
fixed lower plate

Fig. 2.2: Structure diagram of piezoelectric axiarator

Sensors

actors actors

sensors
Fig. 2.3: Structure of piezos glued to square cofydee (inside & outside)
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The ceramic ring as well as the ceramic probe keaeks to protect the actuator/sensor
unit against high temperature. It is also mentidméhat the glue cannot withstand high
temperatures as it possesses a glass transitigretatare of 140°C, and it is possible to

refresh the electronic part with a cooling watehtiinecessary (Figure 2.4).

PC

JULABO

Lockln

EE-::: =

> HHR
T

Cooling bath

PAV

'

Heating plate

Fig. 2.4: Structure of the measuring position oMPA

Figure 2.4 shows the structure of the measuringipnof PAV. It consists of a Lockin
amplifier, model SR 850 of the company Standareéassh. A cooling bath is used for
cooling purposes, while for heating purpose we as@dULABO electrical heating

controller. LocklIn is connected to a computer, \ahiakes up the measured values.
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2.2.Theory of PAV

In order to measure a sample, an empty measuremest be accomplished with
adjusted gap d. Subsequently, a measurement witipleais taken. The LockIn
amplifier supplies the excitation voltage to thecieation piezos, and measures the
signals from the detection piezos. A key factordalculating the rheological properties
is the complex spring constakit of the sample (Fig. 2.5) which can be calculated a
function of electrical signals measured by the @édectric sensors. These electrical
signals are: the tension received by the sensdhenempty moddJ,, the tension
received by the sensor in the loaded féfnthe phase difference between output signals

of sensor in the loaded and empty cAge and the excitation frequency f.

These values are useful in calculating the valu%%oi/vhich in real and imaginary parts

is given in the followinggKirschemann L., 2003).

1 U sinAg
' —_ﬁ (cosA(p—U—O)+ 7
(&) B E 1 1+B(1 f% Qo1 f% _ B _& 1 (2 1)
k) T uy L2 LU U2 2\ K1 [, f? '
f% 1 ZUOCOSA(p+(UO) 1+B|( 1 f% 1 f%
sinA<?c2 _ 1 fz (COSA(p—Ul)
" Bl1- 1-5 0
Ko v 1 ( f%) Q°< f%>
(F) == U_o . 7 (22)

7 U U2
1 72 1—2U—0cosA(p+(U—0)

Where

K, (N/m): Coefficient of stiffness of the piezo senso
fo (Hz): Resonance frequency of the piezo sensor.

fi (Hz): Resonance frequency of shatft.

B = ﬁ , and A is a coefficient obtained by calibration.
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Qo = Quality factor of the piezo.
We will see in the coming section how equationg)(2nd (2.2) will be very helpful in

the calculation of rheological quantities.

/7777777777777

Koz

m; —4------ == =-———— - X2
K tF K
2 Ko1 _ 2 Ax
| F
Mg ---f---- e Xo
K*
| | m -------- Ft---------- X1
v

Fig. 2.5: Mechanical equivalent diagram of PAV

Figure 2.5 shows the mechanical equivalent diagdnPAV. In this figure,
represents the mass of the probe headheimass of heating plate and the mass of
the lower part of the active probe length and thpew part of the passive length; K
denotes the spring constant of the slits, tie spring constant of the active part of the
copper tube, K the spring constant of the passive length of tmper tube, and kthe
desired complex spring constant of the sample. Tkems the deflection of heating
plate, % the deflection of the probe plate, andixe deflection of the passive part of the

probe.F, F is the pair of exciting forces.
2.3.Computation of rheological quantitiesJ, G, and n

The dynamic vibration of upper plate of PAV creaegynamic squeeze flow as shown

in figure 2.6.
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Fig. 2.6: Dynamic squeeze flow between two paraligks each with radius R. The
static plate spacing is d, and the dynamic amdiisdd.

From the continuum mechanical calculation for tlygaimic squeeze flow within the
range of linear viscoelasticity and with the asstiompthat no wall slip is present, the
complex spring constamt* of a sample of density can then be calculated by using the

equation 2.3(Kirschemann L., 2003).

(2.3)

Where,K represents the bulk modulus aindhe shear modulus of the sample. Whereas
R is the radius of the disc, d is the sample theskn andw = 2. 7. f is the angular

frequency.

Consider first approximation: if the sample is ingwessible |e% « 1, then equation

2.3 becomes.
1 pw-d
1 _ i.d_3.5(1+ 10G +) (2 4)
K* R4 4 d? '

Consider second approximation: if the sample thesknd is very small as compared to

the disc radius R (i.eg. « 1), then equation 2.4 becomes
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1 _ 2 a 1(1+pw2d2+___) (2.5)

3w R* G (2. 6)

Let] = %then we receive from equation (2.6) the followengadratic equation ih

2,1 7 _¢ Ko
Ji +ﬁ ] 3 % (2.7)

Where
ZdZ
B=r (2:8)
3m R*%
c= Y . Kod? (29)

Solving equation 2.7 fgr = J' — iJ", we obtain (Kirschemann L., 2003)
r=e(® (1-pe(®) @) e

" K, n K, !
= —e(®) (1-20e (5 e
Once the values of and]"” are known, we can calculate complex shear modulus
G* = G'+iG" , and complex dynamic viscosity = n' — in"’ of the sample using the

the following equations.

R & R A
G T , G =7 (2.12)
=8 g
And n=—.n"== (2.13)
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Taking into account the compressibility of the samle

If the thickness of spacer is very very small (3@0par lower), then the product term
RZ

(%'E) IS in indeterminate form, and cannot be neglectterefore, equation 2.3

becomes:
_*:_._._[(1+M+...)+%._._] (2_14)

Furthermore, for very very small ‘d’, the inertt@rm containing the produ€pw?d?)
in the above equation can be neglected as comparedTherefore, we come up with

the following equation.

I
I
I
i
—
—_
+
|
N w
_ll

(2.15)

]:_._.___._.E (2.16)

or J =Jmeas =5 7 K" (2.17)

WhereJ,..qs 1S the measured value of complex shear compliaihgs.obtained from
equation 2.6 by neglecting the inertial term. Theand term on right hand side is called

the compressibility correction term.

With k' ===k —ik" (2.18)

Where k™ stands for the complex compressibility of the slemp
Note that the correction term (equation 2.17) ghbr than 10% (table 2.1) for spacers

of thickness 300um or lower, and should not beewtgtl for such spacers.
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Spacer (um) Correction

500 9%
300 24%
200 34%

Table 2.1: Compressibility correction term for difént spacers.

Note that in the calculation of correction terneguation 2.17, we have taken the value

K=1.10° P&’ for different spacers.
2.4.Measurement procedure

The first step in the measurement procedure iscétheulation of optimal amount of

sample. The optimal amount of sample is calculbtedsing the following formula.

V=mnR%d (2.19)
Where d is given by

d=pacete (2.20)
Here, dpaceris the spacer thickness, aad= 10um is the residual gap when cell is
closed without spacer (Fig. 2.7). In fact, the mpart of the PAV lower plate where we

place the sample is a little bit lower than thedeor

; d N Space
W ............ Fmm V//ﬁ
777777 e

Fig. 2.7: Schematic diagram showing the gap camedchickness
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This residual gap correction must be taken intmantfor each spacer, in order to have
correct sample volume especially for thin spacdmvever, what will be the effect on
the rheological measurements if we do not resgecttiterion that is if the amount of
sample injected is more or less than the optimawarhfor each spacer. This section is
designed to answer this question. For this purpese, have done a series of

measurements in order to determine the effecteofilimg.

The process consists of three series of measursmerformed with each of the spacers
500pum, 300um, 200um, 100um and 75um respectiveB24E. For first series, the

amount of sample injected is equal to optimal amd@equation 2.19), for second series
it is two times the optimal amount, while for thgdries it is taken to be one half of the

optimal amount.

The results for 300-pum spacer can be observedumdi2.8.

-3-5 1 T 1 T 1
3.7 1 15 2 2.5 3 3.5 4
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-3.9 Aa, = J'-sample overflo
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-4.1 LA, J' - kirschenmann
I- AAAAA‘A
.- A
— 43 ' -‘A“AAAAA
& .45 LYV
= Asd
=) A AA
= .47 A,
g A
- -4.9
AAAAAAAA
5.1 “\‘63%\
-5.3

-5.5

log (f/ Hz)
Fig. 2.8: Effect of bad filling for 300um spacer.
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Figure 2.8 shows that if there is an excess amotisample, it does not affect very
much the results, as the flow curves superimposeost! with the master curves.
However, the results are not good if the amourgashple is not sufficient. They show
extreme deviation from the master curves. The tedol other spacers are similar,

although the figures have not been shown.

In fact, if there is a lack of sample, the resulis be clearly erroneous because they are
proportional to R, with R the radius of the sample drop, which musitch with the

radius of the cell’'s plate. This fact is evidenonfr the equation (2.8) discussed
previously. In case of lack of sample, the radifisample is small as compared to the

plate radius, which leads to erroneous results.

The other steps taken into account for the measneprocess are the following:

. Pre-heat the device up to the required temperatar@ant to take measurements.

. Inject the optimal amount of sample with the hdigyinge.

. Close the cell firmly.

. Wait for thermal equilibrium and relaxation of tlsample. The waiting time
depends on the type of the sample.

. Take a series of measurements after waiting theegponding number of hours
according to the measurement protocol.

. Open the cell slowly. Check if both plates are weNered with sample, and then

clean them very well.

2.5.Sample stability
As soon as the sample is placed between the @atbshe device is closed, sample is
not in equilibrium state (thermal and mechanicBje objective of this section is to find

the minimum time in hours at which the measuremueiilisbe stable for each spacer.
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For this purpose, we have taken several measuremsttt the Silicon oil AK 60000,
from WACKER SILICONES. These measurements are takéth spacers of
thicknesses 1000um, 500um, 300pum, 200um and 10022°@. A set consisting of
13 measurements is taken with each spacer. Twéldege measurements are taken on
the same day as the sample injection, while the rnfesasurement is taken after the
whole night wait. From all the 13 measurements,haee taken one frequency index
and the corresponding value of W/WConsider the plotting of URJverses time (Fig.

2.9) for the set of measurements taken with 1000spacer.

0.990

0-986 T T T T T T T T T T T T T T T T T T T 1
0O 15 30 45 60 75 90 105 120 135 150

Time (hours)

Fig. 2.9: Evolution of U/ signal for a given frequency as a function of time
1000-pum spacer (f = 2818 Hz)

Figure 2.9 shows that for 1000-um spacer, the measnts seem to be stable
immediately after putting the sample. It might e do the fact that for 2000pum spacer,
the sample molecules are not too much compresskthag have enough space to relax
more rapidly.

Now consider the plotting of UdJersus time (fig. 2.10) for the set of measurement

taken with 500-um spacer.
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Fig. 2.10: Evolution of U/ signal for a given frequency as a function of time
500-pum spacer (f = 2818 Hz)

Figure 2.10 shows that the minimum time for measar@s to be stable is about eight
hours after the sample injection. The plotting dJkversus time for the measurements
taken with 300-um spacer and 200-um spacer shovsdme behavior. Spacers of
thicknesses 100pm and 75um show a different behgvishere the measurements
seem to be stable for a waiting time less than dr.hbhe result for 100um spacer is

shown in figure 2.11.

0.470
20460 *eeeete 00 .
>
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Fig. 2.11: Evolution of U/ signal for a given frequency as a function of time
100-um spacer (f = 89 Hz)
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This behavior (Fig. 2.11) may be due to the faat tor the thinner spacers, the sample
molecules are very compressed and they do not kaeeigh space for relaxing.
Furthermore, for having good results, the limituiague of U/ should be equal to 1 for
frequencies approaching to zero. From figure 2wi2,see that the limiting value of
U/Up is not equal to 1 for spacers of thickness 100 #&nqim, which shows that the

data obtained with these spacers is not usefuduftiner calculations.
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Fig. 2.12: Evolution of U/signal over frequency for different spacers
The results with all the spacers show that thektsjgacers are more appropriate for
SILICON AK60000 than the thinner ones. It is impmit to note that the measurement
stability discussed above represents strictly @sailis only for 22°C. We can expect a
different waiting time as a function of spacer Kmess at other temperatures, although

measurement stability at other temperatures havbaen taken.
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2.6.Repeatability and Reproducibility

Repeatability is the variation in measurements inbth with one device when used
several times by one operator while measuring éineessample. It is commonly known
as equipment variation (EV). Reproducibility is tiwariation in the average of
measurements made by different operators (appsissing the same device when
measuring the different samples. It is commonlyvimaas appraiser variation (AV).
The repeatability and reproducibility of a measgrgystem is used to determine the
performance of a measurement instrument (Prevdst &. al, 2009). Figure 2.13

represents the flow chart for calculating the reglgiity and reproducibility.

Spacer selection

v

Sample injection

\4
Wait for thermal and
mechanical quilibrium

Taking
measuremen

v v
Same sample Different samples
v v
Standard deviatior Standard deviation
from mean curv from mearcurve
v v
Repeatibility Reproducibility

Fig. 2.13: Flow chart outlining how repeatabilitydareproducibility criteria are
to be applied
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2.6.1.Tests of repeatability

A series of measurements is conducted at 25 ° Cf@ansgpacers of thicknesses 500,
300, 200, 100, 75 and 50 um respectively. All thaimed measurements taken after the
equilibrium is reached and without changing the ganhave been used to calculate
repeatability. For each set of measurements ampderture and a given spacer, we

have calculated deviations between the experimemdalts and the average curve.

These deviations are shown in the table 2.2.

Spacer| No. of | Standard| Standard
(um) | deviation| deviation| Deviation
data (%) (Mean)
152 0.0252
152 0.0149
500 152 0.0174 | 0.019%
156 0.0186
208 0.0153
300 204 0.0166 | 0.016%
204 0.0161
220 0.0184
200 220 0.0158 | 0.017%
220 0.0157
136 0.0221
100 140 0.0196 | 0.022%
137 0.0233
108 0.0275
108 0.0252
108 0.0320
75 108 0.0303 | 0.031%
108 0.0233
104 0.0338
104 0.0421
56 0.0466
56 0.0444
56 0.0501
S0 56 0.0609 | 0.050%
56 0.0337
56 0.0600
56 0.0563

Table 2.2: Standard deviation of deviations; reglaiéity case.
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Figure 2.14 gives the standard deviation as a imaf spacer.
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Fig. 2.14: Standard deviation as a function of spaepeatability case

From this graph, we see that maximum standard tlenié) is about 0.05%, which is
for 50-um spacer. This shows that the accurachefievice in repeatability is less than
0.16% (). The decreasing behavior of the graph shows tatresults are more

reliable with thicker spacers.
2.6.2Tests of reproducibility

A series of measurements is conducted at 25 ° C3&rfdC for spacers of thicknesses
500, 300, 200, 100, 75 and 50 um respectivelyerAdach measurement, the sample is
replaced by a new sample. Measurements were tdtemtlae equilibrium is reached.

For each set of measurements at a temperature givéraspacer, we have calculated
deviations between the experimental points anditteeage curve. These deviations are

given in table 2.3.
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Temperaturg Spacer No. of Standard deviation

°O) (um) | deviation data (s.d)
500 154 0.1004%
300 154 0.0849%

25°C 200 165 0.0964%
100 103 0.1551%
75 187 0.5230%
50 98 0.6823%
500 68 0.0147%
300 145 0.1093%

35°C 200 110 0.0488%
100 70 0.0486%
75 140 0.2392%
50 60 0.3905%

Table 2.3: Standard deviation of deviations; repoiility case

Figure 2.15 gives the standard deviation as a iomaf spacer.
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Fig. 2.15: Standard deviation as a function of sgaeproducibility case

From this graph, we see that maximum standard tienig) is about 0.7%, which is
for 50-um spacer. This shows that the device haacaaracy of less than 2.1%c{3n

reproducibility. Again, the decreasing behaviortled graph shows that the results are
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more reliable with thicker spacers. Furthermore, dieviation seems to decrease when

temperature rises.
2.7.First measurements — Comparison with reference data

The first measurements are performed with AK 608Q0CON OIL at 22°C, with the
500-pm, 300-um and 200-pum spacers. The value aldehsity, given by supplier is set
at 0.97 g.cii. The results are presented in figure 2.16, wheeg are compared to the

master curve obtained by Kirschenmann L. (2003).
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Figure 2.16 — Measurements on AK 60000 with thpeeers and comparison with the
data from Kirschenmann L. (2003).

Figure 2.16 shows thdt is lower than/”’ at lower frequencies, which shows that the
sample has more liquid type behaviour. But at Higlquencies/' is lower than/’,
which shows that the sample has more solid likeatelir. We also note that the

experimental data agree well with the master cusuéwe also see small deviations at
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higher frequencies and the data obtained with iiffespacers do not superimpose each

other. These deviations may occur due to the sacgigressibility effect. Now, let

consider the effect of compressibility and the icetlicorrection of the data.
-4.1105; 2 25 3 3.5
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Figure 2.17 — Measurements on AK 60000 with thpeeers (without compressibility)
and comparison with the data from Kirschenmann L.

Recall to equation 2.17, which takes into acconatsample compressibility.

With k*=k'—ik"

(2.21)

(2.22)

Wherek' andk" are the real and the imaginary part of complex m@ssibility. These

parameters are fitted in such a way that the curbésined with different spacers match

together. The objective function for the minimipatiprocess is

F=Y%YL, Zy=_11 ZkM=j+1|IOg Ui;) —log Ui,k)l

92

(2.23)



WhereJ; ; is the shear compliance measured at'fhfesiquency with ' spacer, N is the
number of measurements per spacer, and M is théemuof spacers. One must note
that the different curves must have some commois dar the calculation of the
function F, because the different compliances are comparedjwl frequency. Once
the values of compressibility are determined byimizing the objective function, the

different curves match together as shown in figlife3.
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Figure 2.18 — Measurements on AK 60000 with thpeeers (after compressibility
correction) and comparison with the data from Kiesamann L.,
with k* = (7.25 — 1.41i) - 1071° pa~1,

Here we see that after taking into account the s&ampmpressibility, different curves

are almost superimposed.

2.8.Effect of temperature on rheological properties

A series of measurements are taken at varying teanpes, with spacers of thicknesses

500-pm, 300-um and 200-um. The measurements aea fak silicon oil AK6000O.
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The effect of temperature on the rheological quigstisuch as complex shear modulus

G and complex dynamic viscosityis discussed in this section.

Consider the effect of temperature 6nfor measurements taken with using 300-pum
spacer (fig. 2.19). At high frequencies, the valoé&’ and G'’ tend to superimpose
each other at different temperatures respectiiedy.a given frequency, the values of
G' and G'' are translated to lower values when temperatuceeases. We can also

observe that intersection goes to high frequerasdemperature increases.
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Fig. 2.19: Effect of temperature on complex sheadutus; 300-pum spacer

Similarly, the effect of temperature an for measurements taken with using 300-um
spacer (fig. 2.20), which shows that viscosity dases as temperature increases. The
measurements with other spacers show the similectadf temperature on rheological

properties, although the results are not shown.
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Fig. 2.20: Effect of temperature on complex dynawmcosity; 300-um spacer

2.9. Acoustic applications of PAV

The value of compressibility correction (sectiof)2may be used to determine the

acoustic P-wave velocity using the following formMavko G. et al., 1998).

v, = (2.24)

Where K is the bulk modulus (bulk modulusy, is the shear modulus (modulus of
rigidity) andp is the density. The value of G is so small (in ¢heer of 10 to 17) as

compared toK (in the order of 1) that it does not affect the P-wave velocity,
therefore it can be neglected. The bulk modukigs the inverse of modulus of

compressibilityk, and can be calculated as

1 1
K=r=r= (2.25)
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The value ofV, calculated by using equation 2.24, equation 2.12% the values of
k'=725-10"1°Pa! andk” = 1.41-10"°Pa~! is found to bel130 m/s. Using
the same process, the valuedjptalculated for other temperatures are found od, a

are given in the following table.

Temp (°C)| k' (P& k" (Pah) V, (m/s)

22 0.725-107% | 0.141-107° | 1130+170

25 0.862-1072 | 0.154-107° | 1090+160

35 0.922-107%|0.130-107? | 1050+160

45 0.897-1072| 0.103-107° | 1070+160

55 1.097-107° | 0.134-107° | 970+150

Table 2.4: PAV technique: P-wave velocity calcuatat different temperatures;
15% uncertainty

In order to verify the validity of our measuremenéthod, we have also measured the
P-wave velocities using the ultrasonic techniquan@x A). In this technique, a single
transducer functioning as emitter and sensor igl.ugéirasonic wave signal from the
transducer is used to pass through the materiat Jignal is then received by the
transducer. The time between the emission and tiecepf ultrasonic signal is
measured. The P-wave velocity can be calculatethukie formula (Khelladi H. et al.,

2009).

_2x

== (2.26)

Where,x is the distance sample thickness, &wd= t, — t; is the time between two
consecutive signals on the transducer. The velo@tyes calculated using equation

2.26 at different temperatures are given in talbie 2
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T (°C) | ty (US)| tz (US)| x (cm) | V, (m/s)
25 | 31.58| 93.83 3.13121010+2.0
35 | 32.45| 96.42] 3.1291980+2.0
45 | 33.34| 99.08 3.1273950+1.9
55 | 34.24| 101.8%3.1237| 920+1.8

Table 2.5: Ultrasonic technique: P-wave velociticgkation at different temperatures;
0.2% uncertainty

The values of/, obtained by using the two techniques are showetheg in figure

2.21. The values of P-wave velocities found byagibmic method are very precise, and

the uncertainty in measurements is so small thatatidition of error bars can be

neglected.
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Figure 2.21 — Comparison of P-wave velocity measibgePAV technique and
ultrasonic technique

It is important to note here that we do not knovaatly the uncertainty in the P-wave

velocity values measured by PAV. It is an indires¢thod that takes many steps to

calculate the velocities. That is why we have takere 15% uncertainty. Since all the
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velocity values measured by direct method (ultrasotechnique) fall within this
uncertainty range, it shows that PAV device givesteqgood results and is very
promising. We have also applied the same PAV teglento find the compression wave
velocities for other samples (Annex A), but theggteams appeared to be inadequate for

study in PAV.
2.10.Application of Viscoelastic models

Model fitting is an important part of any experintnrmeasurement. As we have seen
that AK 60000 Silicon oil is viscoelastic, therefowe need to fit a viscoelastic model
against the experimental data. A short review ahldifferent kind of viscoelastic
models is given in chapter 1. In this section, wi#l see the model fitting for
measurements performed at 22°C and with 200-umespkagure 2.21 represents the
graph of complex shear moduldsagainst angular frequenayfor 200-um spacer, and
the result of the application of single-element Mak model (equations 2.27, 2.28) to

the experimental data.

r (wTri)z

6 =36 (2.27)
no__ . WTy;

6" = 3 Gt (2.28)
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Figure 2.22 — Complex shear modulus over frequen@ypplication of the single -
element Maxwell model (AK60000 Silicon oil)

The constants of the Maxwell model found by théiniif process are found to be
G = 6-10* Pa, andT, = 7-10~*s. From the figure, it is clear that the single eneént

Maxwell model does not fit at all the experimerdata. The material may have more
than one relaxation times. We will now try to fitiee number of relaxation times of our
sample. For this purpose, if we apply double — el@nMaxwell model (equations 2.27,

2.28), and the results are shown in figure 2.23.
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Figure 2.23 — Complex shear modulus over frequen@ypplication of the double -
elements Maxwell model

The constants of the Maxwell model found by théniif process ar&, = 6 - 10* Pa,
G,=2-10*Pa, T,y =1-10"*s andT,, = 2- 1073 s. From the figure, it is clear that the
double — element Maxwell model appears to be b#ttar the single-element model but
it does not fit well experimental data. It makewiohs that our sample has more than
two relaxation times. By the continuous applicatafnthe Maxwell model, it reveals
that it has at least five numbers of relaxatioresmAnd the results of the application of

five — element Maxwell model are shown in figurg2.
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Figure 2.24 — Complex shear modulus over frequendypplication of the
five - elements Maxwell model

From figure 2.24, it is clear that the five - elesn®axwell model fits very well the
experimental data. It is normal, as many mateagetspolydisperse, having molecules of

different sizes and mass. All the relaxation tiraesgiven in table 2.6, given below.

Maxwell model constants
Index : _
) Spring constant Relaxation time
n
G (Pa) T (s)
1 6-10* 5-107°
2 2-10% 4-107%
3 1-10* 9.107*
4 8-103 1-1073
5 5-103 5.1073

Table 2.6: Relaxation time and spring constanfif@ — element Maxwell model
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2.11. Chapter summary

In this chapter, we have seen that PAV atmosplerieeze flow rheometer is very
useful in the study of rheological properties adodelastic substances. Its capacity to
work at a broad range of frequency (upto 8 KHz) esak unique than the step motor
rheometers. It can take measurements for volumesnai as 10-pL. Once the sample
is in thermal and mechanical equilibrium, testisgvery rapid as the results for 79
frequencies are obtained in about 10 minutes.dtisally useful for materials for which

time-temperature superposition principle is difficto apply. However, the study of

rheological properties at reservoir conditions reggia high-pressure device. Chapter 3

is therefore about the study of the developmeiat lmiyh-pressure rheometer device.
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CHAPTER 3

PAV: HIGH PRESSURE RHEOLOGY

In the previous chapter, we described a piezo awiafator device working at

atmospheric pressure. Its advantages have beerighigd and it offers some

possibilities that other kind of rheometers canmairthermore, its design seems to be
suitable for high-pressure adaptation. In this tiawe present the development of a
new rheometer device, based on the PAV device quely studied. This apparatus
allows not only the study of the rheological measents in the same frequency and
temperature ranges as the atmospheric pressurdunextends the acquisition of data

up to 50 MPa (500 bars).

First, we will discuss the design of the new higessure PAV, knowing that high-
pressure constraint requires several modificatiblext, the working equations will be
recalled and some corrections will be applied itkeorto take into account the physical
changes of the cell. Finally, the calibration of tthevice will be explained, and some

measurements on reference oils will be exposed.
3.1. Design of the High Pressure PAV
The atmospheric pressure PAV cannot be used,af ibne wants to study pressurized

samples. Actually, two inadequacies can be highdiglimmediately.

First, in order to allow a good transmission of thbrations to the sample, a thin
metallic ring surrounds the central vibrating pJaerewed and glued to the piezo probe.
Actually, the central plate and the surroundingyrare machined in a single metallic

piece (figure 3.1).
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Fig. 3.1: Structure diagram of atmospheric presBA¥ device

The narrowing of the material is necessary to disse the central active part from the
static border and make the plate vibrate corredity.the case of high-pressure
measurements, the sample will be injected undesspre in the cell, invading the whole
space. Consequently, the thin metallic ring wilhtdedue to the stress exerted by the
sample and may be seriously damaged or even tdiedken. Thus, in order to avoid
the bending of this fragile metallic part, a courppeessure needs to be applied in the

opposite side, i.e. in the surrounding of the pipzube.

Now it appears the second inadequacy of the atneogppressure PAV. The ceramic
used for thermal insulation cannot bear high pressas they will be irretrievably
crashed. As the counter pressure is indispenddigleeramics have to be discarded and

we decided to make the entire high-pressure calnretallic material.

Of course, the heat transfer between the heatirtgopghe sample and the piezo probe

Is now extremely strong especially if the samplstiglied at high temperature and if the
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piezo part is cooled as mentioned in the previduspter. In this case, the thermal
gradient will be very high and this phenomenon #thtne avoided in vibrating systems
such as PAV because the physical properties ofdinace could not be known.
Therefore, we will have to work in isothermal carahs, with the same temperature in

the sample part as in the piezo part.

However, one may remember that in the previoustehathe eight piezos were stuck
on a copper tube with glue, the glass transitiowloth is quite low (140°C). Thus, as
the high pressure PAV needs to run in isothermaditmns, some problems may occur
at high temperatures: the glue being altered, tbeog can more or less come off and

the PAV device can become useless.

For all these reasons, an adaptation of the atneosppressure PAV is required for
high-pressure measurements. We had to rethinkebigml of the whole device, starting

from the piezo probe by itself.

In order to avoid gluing piezos on the square-stiapgper tube, we replaced the whole

copper tube by two cylindrical hollow tubes dirgatiade in piezo material (figure 3.2).

Sensor
piezo tube

@

Ly
N e
‘

—— Actuator
piezo tube

-

Fig. 3.2: Structure of piezos inside HP-PAV
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Both piezos are concentric and have been cut tatébn a longitudinal way. The outer
one is the actuator and the inner one is the sefbkese tubes are inserted in a metallic
bloc, screwed and glued to the top and bottom sesfgfigure 3.3). This assemblage

contributes the piezo probe.

Vibrating plate —1

Concentric
hollow tubes

R Equi pressure
channel

| —

Fig. 3.3: Piezo probe inside HP-PAV

Note that the piezo tubes are slightly constraietler stress) during assembling in
order to ensure better contact with the top antbboparts. A tiny channel drilled in the
bottom metallic bloc ensures equal pressure ipatls of the piezo probe and outside

the probe. This piezo probe is then inserted ilgh-pressure cell (figure 3.4).

Before closing the cell, the thickness of the gdyene the sample will be injected is set,
thanks to thin metallic spacers from 15um to 300fthe cell is surrounded by a water
jacket, which allows thermal regulation throughedrigerating/heating circulator. A

temperature probe inserted in the top metallic parnear as possible to the sample

measures the temperature of the system.
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Fig. 3.4: High-Pressure PAV cell

Once the cell is closed, the sample under highsprescan be inject through the
central inlet of the top metallic bloAt each time, the pressure in the upper part mel
compensated by an equal counter pressure in ther lpart. Now let see how thi
counter pressure is managed in the schematic diagfathe whole H-PAV device

(figure 3.5).
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Fig. 3.5: Schematic diagram of HP-PAV device

Figure 3.5 shows that the HP-PAV device can be hilyudivided into two parts: the
sample line, including all the tubings necessarystomple injection in the HP-PAV and
the gas line leading gaseous nitrogen in the botpam of the PAV cell for counter
pressure. The necessary equi-pressure requirecvie the cell from damaging is

handled by two connections existing between bathsimple and the gas lines.

The first connection is the check valve, which s&dl before injection of pressurized
samples. Let us consider a sample, i.e. a crudeabih pressure P greater than the
atmospheric pressure. Before injection, the sammpemust be pressurized at a pressure
P to avoid a pressure drop of the sample, whichdctead to irreversible phase
transition. For this purpose, nitrogen is pres®dily the compressor. It is then injected
in the gas line at the same time as it is injeatetthe sample line via the check valve,

ensuring an equal pressure in both the lines amsl iththe top and bottom parts of the

PAYV cell.
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The second and more important connection betwetnlimes for controlling the equi-
pressure is the separator. It consists of a metadllow cylinder containing a mobile
piston inside. Before injection of the sample andirdy pressurization of the sample
line with nitrogen, the piston is kept in the uppesition. After the sample injection,
the piston is pulled back to lower position and titye chamber of the separator is filled
with sample. Now, if one wants to adjust the pressaf the sample, it is possible to
increase or decrease the gas pressure in thergasThe pressure variations are then
transmitted to the sample line through the separafote that both the pressures,
respectively in the gas and sample lines are nattgxthe same due to friction of the
piston against the metallic cylinder. But the sapar if used correctly, avoids high
pressure differences between the upper and lowés pathe PAV device. Of course,
except before the sample injection the piston shaot be at the extreme top or bottom
positions during the experiments, as it could nalabce pressure variations if they

occur in the wrong side.

In a future version of the HP-PAV device, this sapar should be replaced by a
motorized one, controlled by the pressure sendoeady in place. This operation will

allow to get a real equi-pressure in the whole ceand increase its security. Finally,
note that a gas reservoir is placed in the gasihireder to smooth the rude increments

in pressure due to the compressor.

The measurements are made via a Lockin amplifidgnclw supplies the excitation
voltage to the excitation piezos, and measuresd#tection voltage of the detection
piezos (figure 3.6). The Lockln amplifier is contextto a computer, which takes up the
measured values. Water bath K6-CC-NR is used ageeture measuring and

controlling device. In addition, there is a pressimdicator device, which indicates the
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pressure of oil, pressure of gas, and the pressfieeence between the upper and lower

part of PAV.

PC

Pressure indicator

LockIn Amplifier

-\ JEm=zz s

AP

Poir

%}

ga

Watel batt

HP-PAV

A 4

W\

Fig. 3.6: Structure of the measuring position of PWV device

3.2. Working equations for High Pressure PAV

As the atmospheric pressure PAV and the HP-PAV arellquite similar, we used the
same mechanical equivalent model as the one pessenthapter 2. Here we recall the

final equations used for the calculation of comp#rear compliance in the previous

chapter.
1 U sinAgp
72 (cosA(p—U—0)+ I
' 1+B(1-"= Qo|1—"7
(&)zi. 1, 5 fof B K 1 (3.1)
K* Uo 1_ﬁ U U z _ﬁ K _ﬁ .
f% 1 ZUOCOSA(p+(UO) 1+B(1 f(z, 1 f%
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K* Up 112 U U\?
1 f% 1 2U0005A<p+(U0)

(3.2)

Of course, the constants that appear in these iegaawill be different from the ones

previously found. Some of them can be calculatagctly but the others need a
complete calibration process in order to be esBohaHowever, as the mechanical
model is not strictly the same because of diffeesnn the configuration of sample area,

some terms need to be corrected.

The first correction term, as for the atmosphenespure PAV, is the residual gap
which remains once the cell is closed without spéftgure 3.7). Therefore, for each

spacer of thickness;glcer the sample thickness is
d:@pace'r" € (3.3)

Wheree is found by calibration.

dhole .
<> Central inle

I s A4/

Jspace $ Sanple

iy,

Fig. 3.7: Zoom in of the sample area; sample agpedight gray shaded area

The second correction term is related to the p@sehthe inlet tubing in the centre of
vibrating area (figure 3.7). Actually, when the toot plate vibrates, the squeeze flow is

not only radial but also longitudinal through theet tubing for the inner part of the
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sample. Consequently, the presence of the inlédguddters the mechanical behavior of

the sample. In the equation:

Sl (L )+ ] (3.4)

K* 3TL’R4'

The spring constank™ of the sample artificially becomes smaller (or tmmplex
complianceg/* higher). It means that for the PAV probe the sang@pears thicker than
it is really. Thus, in order to correct this effeate consider that the sample has an

effective thickness of
degp = 2225 wiith @ €]0; 1 (3.5)

This coefficienta will be determined from calibration in the sammadiass in a further

section.

The third correction to be brought is linked to giresence of sample in the surrounding
ditch. As mentioned in the first section of thisapker, the sample invades the whole
available space because of pressure, contrarilyg@tmospheric pressure PAV where
the circular shaped sample was surrounded by awioDsly, this extra-connected fluid

will also influence the measured data.

Actually, the spring constant of the gaff)ggg is parallel shunted by compression of the
surrounding due to the gap volume change when ldtespare vibrating. So, the PAV

probe measures:
K =K' gagt K surrounding (3.6)

The latter can be calculated as follows:
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AZ
* —_— —
Ksurrounding - KLV (3-7)

Where

A=nR? is the surface of the vibrating plate. With R=8ti8, it gives out 2405 cm
K. =~ 0.5.10° Pa* is the compressibility of the sample.

V¢=2.2 cnf is the surrounding volume.

Thus K surounding= 5.27.16 N/m. This quantity must be subtracted from the sneed

K" to get Kgap
3.3. Calibration of HP-PAV probe

As seen in the previous section, the equationsrigat viscoelastic properties show
many parameters, which are characteristics of #wcd. Some of them can be easily
calculated or obtained with sample experiments, eagfficient A, the resonance
frequency § and the bandwidth  Others are independent and tuning one of these

parameters affects the final value of the otheaipaters (e.qgu, ¢).
3.3.1 Determination of § and Dy

The resonance frequengydnd -3dB bandwidth of the HP-PAV probe are obtained
thanks to a simple frequency scanning. For thip@se, the probe is got out of the high
pressure cell, the actuators are excited by sidatoroltage yt)=V.sin(wt) with

variable frequency and the voltageVsin(wt+o) of the sensor is recorded. The figure

3.8 shows the variations of the ratigwy and the phase as a function of frequency.
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Fig. 3.8: Ratio yv, and the phase as a function of frequency

From figure 3.8, we get

fo=17725 Hz

D=480 Hz

(3.8)

(3.9)

3.3.2 Determination of A

This parameter corresponds to the lower limit & W, detectable by the HP-PAV

probe. In order to access this value, one haveakema loaded measurement U with a
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given sample and an empty measuremepiusing a spacer thin enough for the chosen

sample.

Here we used the HP-PAV device without any spa@ap thickness is thery and we

measured the ratio UflAs a function of frequency for many reference oflvarious

viscosities (Table 3.1).

-

Name | Viscosity| Density Trademark
(mPa.s, cP))(g/mL)
2B 2.119 0.7736 PTB
S6 7.679 0.8569 Cannon
S20 28.25 0.8467 Cole-Parme
S20 28.95 0.85571 Cannon
N35 55.64 0.8569 Cannon
S200 398.5 0.868( Cole-Parm
N350 760.7 0.884g Cannon
S600 1368 0.8884 Cannon
N1000 1991 0.8461 Cannon
S2000| 5018 0.8744 Cannon
N4000( 10209 | 0.8844Cole-Parme
S3000Q 72680 0.8954 Cole-Parme

Table 3.1: Reference oils used in this work; datargat 25°C

The U/, range for different spacers is shown in figure 3l8s figure clearly indicates

that for high viscosity oils, the UfgJcurve tends to a lower limit of 0.15 for higher

frequencies. Thus, the parameter A equals 0.15.
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Fig. 3.9: U/ verses log (f) for a number of reference olils

Figure 3.9 also gives important information abdwt validity range oni , Which lies
0

within the interval0.30-0.90] if we take only the linear behavior of all the wes. Note
that we see some fluctuation of data at about S50tHaay be due to the electric

network in France.
3.3.3 Determination ofa and ¢

Remind that these parameters correct the spacekntss to take into account the
residual gap of the cell and the effect of the @nhole of the inlet tubing. The

effective thickness perceived by the probe is givemquation 3.5.

In order to access these two parameters, we madsumggnents with all reference oils

(table 3.2) for various spacers, and we adjustgdndsuch a way that the Newtonian
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plateau matches with the expected results givethégupplier (figure 3.10). Table 3.2

gives the obtained values qfdor each oil and corresponding spacers.

4.5
4 S30000
AAAAAMAAAMAAAALAAALAAAMMAMMAAMAAAMLL,,
4 = N4000
3.5 x 52000
“
3 Poes $833 o0 TARRIXXEXXXXXKXKERKR $33 33 . N35
6? wmm..,”’"+++++++++++ b 820
8 2 . 5 AAAAAAAAAAAAAASAAAAAAAAAAAAAAAAAAAAAAAA
> 2 foo00000000000c oo pA0AEonng + N1000
(@]
o » S600
15 20000 o o ouo
1 o 07 00 0 S0 3 o 86
° 2B
0.5 0 5200
0 T T T 1
0 1 2 3 4
log (f/Hz)

Fig. 3.10: Viscosity as a function of frequency feference oils

Spacer
(Lm)
0 |100| 200|500
Oll
2B 11.7| - - -
S6 11.3| - - -
S20 12.2| - - -
N35 12.3] - - -
S200 - | 123] - -
N350 - | 123] - -
S600 - | 122] 230|528
N1000 - | 122] 227|530
S2000 - | 121] 224|529
N4000 - | 123| 224|534
S30000 - | 121|224|530

Table 3.2: Values ofg (um) for each oil and spacer

Figure 3.11 plots the values ofidas a function of gacerand clearly shows a linear

trend of the curve.
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Fig. 3.11: Plot of effective thickness as a functad spacer thickness

The linear approximation of these data leads tdahewing equation:

dspacer(pm)+16.512
0.9710

degr (Mm) = (3.9)

It shows that residual gap is around about 17umthadthe effect of the central hole

induces a virtual increase of the thickness of iato3fo.

Though this linear approximation gives rather gestimations of viscosities for 100 to
500 um-spacers (less than 10% error), the restdtdad for measurements without
spacer and shows error between 58% and 100%. Actwalbad estimation of the
effective gap size, even with a low error stronglyers the final result due to its

dependence on (2

In order to increase the accuracy of the calculatiove proceeded to a polynomial

approximation of degree 2. In the following sectiptine effective gap size will be
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calculated as follows
defr = —1.2053. 107*d2,5cer + 1.0951 dgpacer + 12.684 (3.10)

Here df and dpacerare given micrometers. Table 3.3 displays thergraobtained by
using this polynomial correlation. The results h&een largely improved. For 100 to
500 pum-spacers, the error falls down to less thian Without spacer, the results are

still approximated but the error is now less thafod

Experimental deviations
Oil Viscosity by | Oum | 100pum| 200pum| 500um
Supplier at 25°C
2B 2.119 +26% - - -
S6 7.679 +41% - - -
S20 28.25 +13% - - -
N35 55.64 +10% - - -
S200 398.5 - -4.6% - -
N350 760.7 - -4.3% - -
S600 1368 - -2.9% | -3.5% | +1.0%
N1000 1991 - -3.4% | -0.3% | -0.1%
S2000 5018 - -0.7% | +3.9% | +0.5%
N4000 10209 - -3.8% | +3.7% | -2.4%
S30000 72680 - -0.7% | +4.2% | +0.3%

Table 3.3: Deviations between viscosities calcdlatéh polynomial approximation
and reference data

Now we have a good approximation qf@nd good viscosity values for Newtonian
reference oils, let see the results for the AK60§il0on oil which presents viscoelastic

behaviour.

In order to avoid the connected volume effect, statied yet, we made measurements

at atmospheric pressure in the same configurasdorathe atmospheric pressure PAV,
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i.e. by injecting a drop of AK60000 and letting therrounding space empty. Figure

3.12 shows the J’ and J” curves as a functionegfuency.

AK 60000 Silicone Oil - 22C

-3
O, 1 1.5 2 2.5 3 3.5 4
N,
-3.5 o
e J-200pm o J"-200pm
e, x J'-100um + J"-100um
— “o, J' - master ------- J" - master
w -4 ¢
o
>
A5
-5
-5.5

log (f/ Hz)

Fig. 3.12: HP-PAV; Complex shear compliance asnation of frequency

The curves correspond quite well. However, we @anark that the frequency of the
intersection between both curves is slightly oviemested. The master curves interest at
f=280 Hz, while the experimental curves intersett 35 Hz. However, this

overestimation remains rather low as regard oktperimental errors.

3.4. Repeatability and reproducibility

The repeatability and reproducibility for HP-PAV feund in the same way as for the
repeatability and reproducibility for atmosphericegsure device. For repeatability,
measurements of AK60000 oil are taken at 25°C different spacers. Table 3.4 gives

the standard deviation for each spacer.
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Spacer| No. of | Standard
(um) | deviation| deviation
data (%)

500 159 0.192

400 182 0.133

300 219 0.168
200 258 0.337
100 147 0.731

Table 3.4: Standard deviation as a function of spaepeatability case for HP-PAV

The following figure gives the standard deviati@eafunction of spacer.

0.8
. . ¢ 25°C
>
< 0.6
je)
<
>
- 04
o 'S
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o]
S 0.2
Z0 o . *

0.0 . | ; i ; ; ; . . | .

0 100 200 300 400 500 600

Spacer (um)

Fig. 3.13: Standard deviation as a function of spaepeatability case for HP-PAV

From table 3.4, we see that the maximum standarititen () is 0.73%, which is for

100-um spacer. This shows that the device has @amraxy of less than 2.2%«Bin
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reproducibility. The decreasing behavior of thepirgfigure 3.10) shows that the

results are more reliable with thicker spacersafgiven sample.

In case of reproducibility, the measurements akertavith AK60000 oil at 22°C for
different spacers and a number of references 0iB52C without spacer. Table 3.5

represents the standard deviation for AK60000 rudl ieference oils.

Spacer| No. of | Standard

(um) | deviation| deviation
data (%)

500 120 0.227
400 123 0.116
300 131 0.567
200 160 0.647
100 74 1.32

Table 3.5: Standard deviation AK60000; reproduttipdase for HP-PAV.

From table 3.5, we see that the maximum standarititen () is 1.32%, which is for
100-um spacer. This shows that the device has @mraxy of less than 4.0%(Bin

reproducibility.

The measure of standard deviation using differeférence oils having viscosities
lower than that of AK600O0O is given in table 3.6slhows that the value of maximum
standard deviation is 4.95%, which is for the refee oil N35. This shows that the

accuracy of the device in reproducibility is lelsart 15.0% (3).
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Spacer| Reference| Viscosity| No. of | Standard
oil (cP) deviation| deviation

data (%)

S20 28.25 66 3.15

N35 55.64 72 4.95

S6 7.679 66 2.44

Opm 35200 398.5 62 2.12

N350 760.7 50 3.03

S20 28.95 69 4.39

S600 1368 33 1.66

N1000 1991 22 4.00

Table 3.6: Standard deviation reference oils; répcility case for HP-PAV.

The standard deviations given by table 3.5 anctall can be represented by the

following figure.

6.0
| .
50 25°C
S |
5 4.0
ks
2 3.0
) |
o]
g 2.0
2 |
c *
= 1.0
n | . .
o+
0 100 200 300 400 500 600
Spacer (um)

Fig. 3.14: Standard deviation as a function of spa@producibility case for HP-PAV
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Figure 3.14 shows that the standard deviation as@e as the spacer thickness
decreases. It is the same result as was seen hethatmospheric pressure PAV.
Therefore, it can be concluded that the device asemeliable for thicker spacers as

compared to thinner spacers.

3.5. Chapter summary

In this chapter, we have adapted the atmosphersspre PAV rheometer in the
development of a new high-pressure PAV rheometars high-pressure rheometer
works in the same frequency and temperature randfesallows rheological

measurements up to 500 bars (50 MPa). Its caldsras accomplished in order to find
the important parameters. The repeatability andodgpibility measurements show that

the device is very reliable.
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Annex A

P-wave velocity in viscous suspension

In this part, we have calculated the P-wave vejofitr viscous suspension. The
objective of this part is to understand the vasiatdf velocity as a function of quantity
of particles in suspension. For this purpose, we leepared a sample which composes
of a mixture of vegetable oils (50% volume sunflowd, 50% volume hydrogenated

coconut oil) with {0; 2; 3; 4; 5; 7} weight percege of clay.

The velocity is determined by acoustic and PAV tegbe. In the acoustic technique,
we have used the well known pulse transmission ogetfihis method consists of a
pulse generator/receiver SOFRANEL MODEL 500PR, agoustic transducers and a

personal computer. The measuring setup is shovigure 1.

Personal Computer
A

Pulser/Receiver

Emitter Receiver

»
P
»
l >

X

Sample

Fig. 1: Measuring setup for pulse transmission weth

The pulse generator/receiver generates electrigdgep, which are sent to the emitter

transducer, which converts electrical energy toaatinic waves. After passing through
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the sample, these ultrasonic waves are converteldd tma electrical signals by the
receiving transducer. These electrical signalstmmecorded on the computer. The P-

wave velocity is then calculated by using the foiaro the following.

X
V, ==
P At

Where, x is the distance between the emitting thacsr and receiving transducer, and

At is the duration of wave propagation through thma. The velocities are given in

table 1.
Mass fraction
T(C)| x(cm) | At (us) | V, (m/s)
of clay

0% 30 10.7+0.6 72.8+0.4| 1470+90
2% 25 10.0+0.6 64.8+0.4| 1540+100
3% 25 10.0+0.6 62.4+0.4| 1600£110
4% 25 5.0+0.6| 29.2+0.41710+220
5% 27 10.7+0.6 72.5+0.4| 1480+90
7% 27 10.7+0.6 54.9+0.4| 1940+120

Table 1: Ultrasonic technique: P-wave velocity aldtion at different temperatures

The P-wave velocity calculations using PAV techeique taken at 25°C. The results
are given in table 2, which shows that he velogifeund by PAV technique are too

small than that the velocities determined by adowsthnique.
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Mass fraction|
k' (Pab) k' (Pal) |V, (m/s)
of clay

0% 14.091-107° | 16.54-107° | 220+36
2% 9.683-107° | 12.472-107° | 260+39
4% 11.025-107° | 9.291-107° | 280+44
5% 11.025-107° | 19.600 - 1079 | 220+33
% 3.675-107° | 11.216-107° | 300+46

Table 2: PAV technique: P-wave velocity calculatair25°C

The values of}, obtained by using the two techniques are showethay in figure 2.

2100
|| * Vp - Acoustic technique {
@ Vp - PAV technique I
1700 { f l
@1300
E
= 900
500
; B 3 B :
100 - . - . : . : ;
-1 1 3 5 7

Volume of clay (%)

Fig. 4. Comparison of P-wave velocity measured Ay Bechnique and acoustic
technique.

Figure 4 shows the measurement of P-wave velocitly the PAV technique is not
good as compared to acoustic technique. It mayueegalthe following reasons. Firstly:
the effect of putting bad amount of sample, becausen we took these measurements

we were not used to put the optimal amount of samipkstead, it was used to put by
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hand. Secondly: the sample is not homogeneousthanpresence of clay particles may

block the vibrating plate.
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Conclusion and perspectives

Rheology of complex fluids is growing topic in ajga research. However, the
conventional rheometers are often large, requirgelavolumes of fluid in their
measurements, and are limited to low frequencewdgit than 100 Hz) if used in the
oscillation mode. There is also a drive to test plax fluids at higher and higher
frequencies so that the fundamental processesttatr within the fluid at short time
scales can be analyzed. Sometimes, these higlrefieies can be obtained by using
time-temperature principle, but it is not alwayssgble, especially if the material
possesses a phase or glass transition state stuitied temperature range. On the other
side, the torsional resonators and quartz rescqha&i@n also be used to acquire high
frequency data. However, the disadvantage of thes#s of devices is that they are

only operated at a single frequency.

Therefore, it is obvious that there is a need foheometer that can be operated at a
continuous high frequency range rheometer, which use small volumes of sample.
For this purpose, we have presented a rheometahidifills the above requirements.
This device is based on the Piezo Axial Vibratok\ principle. It is a kind of squeeze
flow rheometer. It is very useful to study the Hogical properties of viscoelastic
materials, within the linear viscoelastic range.ribg the dynamic squeeze flow, the
complex spring constant kof the sample is determined using the phase amditade

of the induced voltage, and under the conditiomn tiwawall slip takes place and the disc
radius R is very much larger than the sample théskrd. From K we are then able to
calculate the viscoelastic properties i.e. the demghear modulug = G’ + iG", the

complex shear compliance=J + iJ", and the complex viscosity =7 +in". In
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PAV, the sample effect is proportional to ()/dso that with small d one can also
measure low viscous substances. It can work inehmperature range of 5°C to 150°C,
and the frequency range of 1 Hz to 8 kHz at theoapheric pressure. It requires very
small amount of sample (down to 10um). The disathgaof this rheometer is that it
requires a number of actuators and sensors thakt toeebe assembled very carefully

making the instrument expensive.

However, the study of rheological properties ofrpleum fluids at reservoir conditions
requires a high-pressure device. Therefore, toeaehithis goal, the atmospheric
pressure device is adapted to fit in a newly degyadiohigh-pressure cell (chapter 3).
This high-pressure device has the advantage tiag¢aisures the viscoelastic properties
not only in the same temperature and in frequeaoge as the atmospheric pressure
one, but also extends the pressure range up tob&@0 (50 MPa). For atmospheric
pressure measurements, it uses the same sampletaa®the atmospheric pressure
PAV. It possesses the disadvantage that for higesare measurements, the HP-PAV

needs a big amount of sample.

The work undertaken in development of high-pres§U¥ device shows that there is a
great potential for this rheometer to be improvedher to the point where it can be
industrially useful. For the present, we have astlydied the viscoelastic properties at
atmospheric pressure. Measurement should be donkight pressures and high
temperatures. Note that for high-pressure measuntsitée ditch around the plates will
also be filled with sample; therefore, a study rsedbe done to measure the effect of
the connected volume. Furthermore, the range ofy dUvalid data should be taken

into account, which can vary from Newtonian to ridewtonian fluids. Finally yet
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importantly, since we do not know the behavior ¢&f-FAV for measurements at high
pressures and high temperatures, therefore, extiare should be taken for such

measurements to avoid any unexpected incident.
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RESUME

La rhéologie des fluides complexes est un sujéh@iét grandissant dans le domaine
de la recherche appliquée. Toutefois, les rhéometi@ssiques nécessitent de grands
volumes d'échantillons et sont généralement lindtéme plage relativement étroite de
fréquences de fonctionnement. En outre, seuls gaslghéométres sont dédiés a des
mesures a hautes pressions, qui sont pourtanttiefiesnpour résoudre certains des
problemes rencontrés dans l'industrie pétroliess. ddnséquent, dans le cadre de cette
thése, un rhéomeétre piézo-électrique a vibratiotiales est présenté. Il peut produire
des données sur une large gamme de fréquenceawss(il Hz a 8 kHz). Il peut étre
utilisé avec de faibles quantités d'échantillonssdp'a 10 pL) et a servi pour la
caractérisation d’huiles de synthese. Enfin, cpaegil a été adapté pour faire face a des
conditions de haute pression. Pour ce faire, unweite conception de la cellule a été
nécessaire et est présentée dans ce travail. Gt peothése permettra d'étudier les
propriétés de transport des huiles lourdes et deileer les données obtenues dans les

domaines de la sismique et de la pétro-acoustique.

ABSTRACT

Rheology of complex fluids is growing topic in ajga research. However, the
conventional rheometers require large sample votuared are usually limited to a
relatively narrow range of operating frequenciagittrermore, only few rheometers are
dedicated to high pressures conditions, which axemheless crucial to tackle some of
the petroleum industry problem. Therefore, in thissis, a piezoelectric axial vibrator
rheometer is presented which can produce data farga continuous frequency range
(1 Hz to 8 kHz). It can be used for very small amtoof samples (down to 10uL) and
has been employed to characterize synthetic ognTthis apparatus has been adapted
to deal with High Pressure conditions. To do smea design of the cell has been
required and is presented in this work. This thgsigect will allow studying the
transport properties of heavy oils to conciliate thata obtained in the areas of seismic

and petro-acoustic.
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