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ABSTRAOE

Abgolute viscosity measurements under equili-
brium flow econditions have beenm obtained for thizotropic
suspensions of titanium dioxide pigments in linseed stand
oils. These cover a range of shear rates and the
effects of changes in concentration and temperature
have been noted. It is shown that over ghe eoﬁplete
range there are two compememts of the shearing stress,
one which is independent of temperature and anothex

proportional to the viscosity of the medium as this

changes with temperature. The temperature independent
term is in the form of a friotional resistemce which
rises to a limiting value as the rate of shear
incresses; the other may be regarded as a hydrodynamiec
viscosity term whisch decreases to a limiting value with
increasing shear. The theoretical significance of

the variation in these obm@onenxs with concentration is

briefly considered.

Thixotropic relaxation has been found to
occur in a very complicated way but some approximate
measurements on time-dependent viscosities have been

made. These indicate how the magnitude and speed of
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thixotropic change depend upon the equilibrium rate of

ghear and on eoncentration.
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CEAPTER 1
INTRODUCTION

1.1 Definitions

The resistance to flow of most simple fluids is

found to agree with the law suggested by Newton,

» 4 =778, 1
whsie & den§tes the shear stress required to maintain a
veloeify'gradient (or rate of shear strain) 'g' and where
'v' is the viseosiiy coefficient of the fluid. Where this
law holds true to within the limits of experimental accuraey
a material is said to show "Normal flow" properties and is

some times called a “Newtonién“ matariall

Anomalous flow indicates any deviation from this
"Newtonian" econdition. 1In many cages it is still found thai
éne given éhaar stress produces a unique veloclty gradient
though the two parameters are no longer proportional as they
were for a nmormal fluid. The viscous properties of these
anomalous fluids canmot be described by a single viscosity
coefficlent since this.varies with the rate of shear, but it
is convenient to représenx them by a flow function of the form -

F(Z£, g =0. 8

The graph of this function 1s ealled the congistency ocurve.




Some liquids (for example a number of colloidal
systems and suspensions) show flow properties that depend
on thelr previous flow-history. In pictorial terms, whén
worked rapidly they are free flowing or thin; if the rate
of working is decreased they gradually thicken. Conversely,
if such a material is run steadily at a low shear stress it
appears relatively thick; if the shear stress is then
inoreased to a new value, which is maintaiﬁsd constant, the
velocity gradient increases towards an egquilibrium value as
the material thins. Iiquids of this type are termed thixo-
tropic and it is clear that instantaneously thixotropie
systems, where the relaxation processes are too rapid te be
observed, correspond to the class of anomalous fluids des-
eribed in the last paragraph. The equilibrium flow proper-
ties of an ordinarily thixotropic material can be completely
described by a consistency ocurve, but any adequate represent-
ation of the time-dependent phemomena requires a family of
relaxation curves each of which will depend upon the initial

state of the system and the ehange imposed upon it.

A glosgsary is given of terms in this thesis which
might otherwise be ambiguous but one more deserves special
mention here. "FdiseQbody“ has various shades of meaning
in the litersture but it is here taken to indicate solid

(1.8, "bodied") properties at low imposed shear stresses.

-~ - -
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3.

If a gradually increasing shear stress is imposed upon &
false-bodied material 1t will first deform as a solid amd
then, when the shear stress passes a value defined as the

"Yield point", start to flow as a liquid.

Three types of fluid bave nmow been introduced.
Thixotropic systems show flow properties that vary with
time; instantaneously thixotropic systems form the partic-
ular case where changes in viscous resistance are instant-
aneous; and normal fluids are thoge for which there is the
further condition that the ratio of shear stress to velocity

gradient is a constant.
1.2 Alm of researech

A study of the flow prOperties_of thixotropic
materials required measurements of equilibrium values for
a consistency curve and the determination of instantaneous
vigeous properties during relaxation. The work of
Phornton (1953) and Thornton and Rae (1953) had suggested
a method By which this might be done and the primary objeet
of this research was to test the use of this method on any
sulitable material. It was hoped that this might give some
experimental data to étimulate a physical theory of thixzo-

tropy and it was thought possible that accurate measurements
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on thizotropy might give some information about the forces
between small particles in suspension., There was clear
gcope for ths'technieal application of a better understanding
of thixotropy since this property is shown by materials
ranging from paints to protoplasm.

The task of setting up.suitable apparatus for
this work was eaged by takiﬂg over that previously used by
Thornton and Rae (1953) for the study of instantaneously
thixotropio materials and adapting it to the present
purpose. But the difficulty of finding or preparing
suitable thixotropic specimens was acute since many condi-
tions had to be fulfilled. The materlial had t0 have a
viscosity range which was suited to the viscometer, it had
to have relaxation effects of easily measurable magnitude
and duration and there had to be no irreversible change in
the flow properties during the experiment due to such
factors as evaporation, sedimentaticn or chemical effects

within the material.

Before describing the extent to which these
difficalties were overcome a brief survey of some earlier
work on anomalous viscosity is givem so that the present

research may be seen in an appiopriate context.
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1.3 Historical note

The development in an understanding of anomalous
flow properties can be conveniently divided into four periods,
though in practice these overlap considerably. In the first
period anomalous flow was encountered daily in the work of
craftsmen in diverse industries; paints and slurries, dairy
products and sauces had to be prepared in the right "consist-
ency" for their intended use. But their preparatioﬁ depended
on the skill of the individual without requiring the measure-
ment of viscosity so that although it was reecognized that
their behaviour was complicated the nature of their anomalous

flow was not appreciated.

The second phase was initiated by experimental
observation, for techniques of measurement appropriate to
ordinary simple fluids gave inconsistent results with these
more complex materials. The viscosity coefficient attri-
buted to a specimen was found to depend on the type and
size of viscometer used and in the 1980's a number of
papers appeared dealing with observed emomalies in flow.
Some of the best scientific work centred on the visual

observation of the flow process such as the observation
of "plug-flouw" along a tube by Bingham (1982) which

-




suggested that the specimen behaved as a solid or very
viscous liquid in the central region of the tube where the
shear stress wes low. Freundlich (1926) showed that for
some materials the flow properties depended on the previous
flow history by meesuring the "setting time" of specimens
after shaking them violently in a test-tuha; The time
necessary for the setting to occur depended on the concen-
tration of the constituents (as well as on the diameter

of the tube and many other factors) and gave a measure of
"thixotropy". A ninety page index of rheologiecal papers
published before 1931 is given by Bimgham (1931) and many
of these show clearly the initial éropings‘and bewilderment

of the new science of rheology.

Phase three could be dascribed as that in which
flow anomalies were not only observed and: compared quali-
tatively with Newtonian behaviour but also measured with
reasonable accuracy. To achieve this it has been necessary
to define parameters and design experiments for their
measurement which shall give results dependent only on
the material tested and not on the type of apparatus.usad.
Progress was delayed by repeated attempts to interpret
results from conventional viscometers, where the readings

were averaged over a wide and often unkmown range of shear

6s
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stresses and velocity gradients, in terms of an assumed
equation of flow. In effect the form of the flow function
was assumed and the values of'the coefficients then calcul-
ated, the method being open to the objection that the flow
function was not known with any certainty. Scett-Blair
(1954) contrasts thisnapproach, which he terms Anal&tieal,

with an Integrative approach to the problem. 1In this the
aim was to determine the shape of the flow function directly
from experimental results, necessitating a more refined type

of experimentation than the analytical approach required.

In fact this more careful experimentation still
giﬁes little information about the suitability.of a substance
for industrial use. It is of value to the physicist who
searches for "causes" by isolating specific properties and
measuring theﬁ, but %hs usefulness of a givén material in a
manufacturing process depends upon how all these individual
properties are combined. The requirements of industry are
best considered as a "Gestalten" of all the physical

- -

properties concerned.

It seems that at present industrial rheology amnd
a rigorous scientific inguiry may best part company; the
v -

first will be concerned with the use of a substance for a




particular purpose, the second with the measurement of
viscous and elastic properties independently of the apparatus
used. This is the approach followed by Rabinowitsch (1989)
and Moonsy (1931) and developed in different ways by Schofield
and Scott Blair (1930), Clark and Deutsch (1950), Kreiger
and Maron (1958) eamd others. It was used with proved
sucoess when Thornton and Ree (1953) showed that the seame
consistency curves for instantaneously thixotropic materiels
could be obtained by applying a suitable mathematical and
experimental method to two totally different types of
viscometer. In this thesis the extension of that work to
the more compléx and more general case o0f ordinary time-

dependent thixotroplc materials is given.

The fourth period in the growth of this branch

of science has hardly started but its characteristic is a
progress from the description and measurement of thixotropio
properties to thelir explanation in terms of the constituents
of a thixotropic system. This theoretical work is diffieult;
partly because our understahding of viscosity in oédinary
ligquids (e.g. Andrade, 1934) does not approach in clarity

our undeistanding of the viscosity of gases on the Kinetie

theory. Goodeve (1939) has suggested a theory to account

8.
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for the differeﬁée between thixotropic suspensions and pure
liquids in terms of attractions between particles and a
general account of the recent position in experiment and

theory is given by Roscoe (1953).

This short history of rheology is obviously not
complete and ine&itably fails to give due oredit to several
workers in the field. But the atudy of thelr papers has
helped in the progress of this present research, providing
warning to heed and example to follow, and it is right
that mention should be made of them for pioneering the
way. Because of their investigations we started with
some quélitative idea of thixotropy and this suggested
experiments suited to its closer examination. In this
thesis a theoretical section introducing these experiments

precedes the record of observations made.

9
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CHAPTER 8.
THE THEORY OF MEASUREMENT .
8.1 The quantities to be measured

We define thixotropy as a reversible change of
viscosity due to shear, involving relaxation times of build-
up and breakdown. Because of this relaxation the state of
a thixotroplic fluid at any instant depends on i1ts previous
treatment or “"pre-history". To define the conditions of
flow this preiistory mnst‘be determined.

It is convenient to consider an element of fluid
across which a constant shear stress is maintained. Thixo-
tropy will show in a relaxation of the velocity gradient
until, after a sufficiently long time, the element approxi-
mates closely to equilibrium. This equilibrium state might
depend on whether the fluid has thickened or thimned during
the relaxation but in the materials tested the same velocity
gradient was reached at equilibrium for a given shear stress
whatever the prehistory had been. At equilibrium all
effects of prehistory have been removed and the state of the
fluid is defined by the shear stress acting or by the equili-

brium veloocity gredient. These equilibrium values can be
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measured and plotted as an "equilibrium consistency curve"
in the same way as a consis%ency curve for an 1nstantaneoﬁsly

thixotropic fluid.

To study the relaxation process the system is run
to equilibrium at a shear stress 'f,' so that this value
'f,' defines the prehistory of the specimen. The shear
étress id then changed %o a new constant value '<f,' and the
velocity gradient 'g' is found to change instanfanéously and
then to continue changing with time until am equilibrium
value 1s again reached. If time is denoted by 't' the flow
funection for the element mhy be written as )

F(%, f2,8, ) =0, 3
which may be ooﬁpéred with equation 8. TFor given values
of '£,' and '£;' the relaxzation curve ( g, t ) indicates

the"thixotrobic"propertias of the material.

The thixotropic properties of an element of fluid
might also'be defined and measured in terms of a relaxation
of shear stress at constant velocity gradient. It can be
shown that this ocan best be done in a parallel disc visco-
meter and that in a concentric cylinder viscometer, where
- the shear stress but not the velocity gradient can be

calculated at each point, the analysis of the results gives
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the relaxation of véloeity gradient at constant shear
stress. These two definitions of thixotropilec felaxation
may be compared to the two specific heats of a gas and,

as with a gas, there are an infinite number of intermediate

conditions.
8.2 Theory

In any viscometer the fluid is subjected to a
range of values of shear stress and the velocity gradient
consequently varies from one part of the sample to another.
If the fluid is Newtonian, or more gensrally if the
funotional relationship between the shear stress and
velocity gradient is known, it is possible to calculate
the viscosity or consistency curve directly from experimental
results. But measurements made on the system as a whole
do not yiel& dtrectly the flow properties of an anomalous

fluid for which the flow function is not known.

Phornton (1953), following Rabinowitsech (1989)
and Mooney (1981), gave a theory for the measurement of
anomalous viscosity. Thornton and Rae (1953) applied
this theory to derive the consisteney curves for instant-

aneously thixotropiec fluids in both concentrie cylinder
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and Poiseunille tube viscometers, the close agreement between
the results eonfirming that this method of measurement gives

values independent of the apparatus used.

In order to extend thia,thqory of measurement to
the full rénge of thixotropic fluilds it is useful to derive
the theory diagrammatically. This presentation has the
further advantage that it shows directly the physical
significance of the mathematics involved. The theory 1is
given firgt for an instantaneously thixé&aopie fluid in a

eoncentric oylinder viscometer.

Let the couple acting be 'C', the angular velooity
of the ontér cylinder ‘W', the radii of the inner and outer
oylinders 'a' and 'b' and the depth of immersion of the
innper oyliﬁdér 'n', '£' and 'g' denote the shear stress

and velocity gr&dientnii an element of the fluid.

The shear stress acting over a cylimder of fluid
at a radius 'r' must give the eouple 'C’, hence, ignoring

end effeets.—

The difference in angular 'velocity across the

element of'fluid:batween radius '»' and ‘r«de' isg given by

- ~ - -

T TR ey - e
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dw = go_d_r. 5
r

and the resulting cylinder speed must be

W r=b
W = [dw - |g.dr . 6
_ r

) r=a

With equation 4 this glves

) 8e /2%
w - |(g/2£).af . 7
m Sv/afb

The relationship between 'f' and 'g' 1is not known
but suppose it is of the form sketcheé in Figﬁre l. From
this a curve of (g/2f) against '£' can be drawn, as in
Figure 2. The area under this curve between the limits

of '£,' and 'f.' gives 'W' from equation 7.

If the instrument is run at a changed couple
1c+4dC' instead of 'C' the change in the cylinder speed,
éW, ié given by thé éhange in area under the curve in
Figure 2. The shape of this curve is determined only
by the properties of the sample and is independent of
the apparatus so that the change in area under the curve

is due only to an alteration in position of the limits,
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valued and continuous.

It 18 quite simple to extend this approach to a

thixotropié fluid. It was shown in Section 2.1 (Equation 3)
that the relaxation of veloelty gradient with tiﬁh depends

on the initial equilibrium shear stress 'f,' and the shear

at which prelaxation ocours '£,°'. fhis Goriesponds to running
the system as a whole to eqﬁilibrium at a counple 'C,*,
changing this fo 'C,' and observing the relation of &ylinder
speed with the time '¢'.

In order to calcoculate 'g' at different times we
consider the curve in figures 2 and 3 as (g/22 , £ )y « 1If
in a second experiment the initial couple‘ia C; instead of
C,, and the final couple is C} instead of C., the change in
area under the curve will give the instantaneous values of
'g' provided the shape of the curve is unchanged. This
condition is fulfilled if the element of fluid which starts
from equilibrium at 'F,' in either the first or second
experiment also relaies_at the same value, 'F,’', in both of
them. That is, the history'of each element m.;lst be the

same in fhe two experiments.
Then in the first experiment:

F - _ G, P o= Ca . - (4)
. Znher* - Suh.r? .
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In the second experiment the element imitially at 'F, ' will
be at a different radius in the viscometer cup, le%'tﬁis be

tplt, Then:

P = ok P,-.__CL _ . (4)
A v s I >
It follows that the condition for the instanteneous (g/2f , £ ).

curve to be the same in the two experiments 1is that:r

T . B - K. 18
G A S

If this condition is satisfied the observed cylinder
speed after relaxing for a time 't' in several experiments
cen be plotted as a (C, W), ourve and the instanteneous

values of 'g' caleulated from equation 10.
8.3 Operating routine

Po combine measurement of the equilibrium consist-
enocy curve with an estimate of the relexation of veloecity
gradient with time at congtant shear stress several experiments
are performed. In each the system is first brought to
equilibrium under one oouple and tﬁen is allowed to relax
under another couple which bears a constant ratio to the

first.
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Experiment:
" The system is run to equilibrium at an initial couple C; .
Thié is changed to C, and the speed of the outer cylinder,
W, measured as it relaxes.
The experiment is repeated for several values of C, and

C,, the ratio of C./C, being kept congtant.

Calculation:
For equilibrium and for chosen intervals of time after
~ changing from C, ¢0o C, ourves of W are plotted against
Cz, that 18 (G, Wee B .
The tangents to these give (dW/dC)ke and henoce (ga=~ 8-, tl ke

These are correoted to give (g, th -

Results:
The equilibrium values of g at different values of £
give the equilibrium consistency curve and the family
of (g, t) curves for different values of £ and X

1ndicate the relaxation properties.

Assumptions:
' That the (£, g).courves are single valued and continous;
" that 'f' and ‘g'! represent the flow properties of the
systeﬁ studied and are not a siip effect depending on

the roughening of the surface of the inner eylinder

IR
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and that appropriate corrections can be made for the
"end effect™ and the presence of a velocity gradient

;sv' at the outer cylinder.

2.4 Presentation of results

The operating routine Just outlined gives values
fof the equilibrium consistency curve and for a series of
relaxation curves at different values of shear stress 'f'
and one value of the ratio 'XK'. This ratio is an arbi-
trarily ochosen constant and:for the purpos§ of comparison

it may be giveh different values in different experiments.

During reiaxation the velocity gradient at any
moment 1s.determ1ned by the shear stress acting and by the
viscous state of the fluid. This viscous state will depend
on the shear stress 'f', the initial shear stress r£/K"
and the time '%t' sinéehchanging from one to the other.
Consider a seéoﬁd experiment in which relaxation ococurs
at the same ghear stress 'f' but where 'K' is smaller and
the initial stress acoordinély greater.’ _After some time

the velocity gradient must reach some value that it had inm

the first experiment and since the shear stress is the same

the vigscous state of the fluid must also be the same. The

19.
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Relexation curve when ashear changes from F to f
Relaxation ocurve when shear changes fram P to f
Curves expected to coincide




two pre-histories differ but, since they lead to the same
value of 'f' and *'g' at a given instant they might be
thought to be equivélent to each other. The subsequent
relaxation ofhtha velooity gradient depends only on its
viscous state at an instant and on the shear stress acting,
hence the succeeding points on each relaxation curve should

be identiocal.

This is sketched diagrammafically in figure 4.
At first it was thought that the presence of a sudden
initial change in 'g' when the shear stress was changed
invalidated this argument, but it would seem that since
'g' would have to change instantaneons;y even 1f the
Qiécosity coefficient'regainsd momentarily constant a
similar change should be expected however "vigcous state"
is defined. It has not proved possible t& conduct an )
experiment which conclusively proves or disproves this
reasoning but it is included as an attempt to show that an
" experiment conducfad with one value of 'K' gives results
which are typical for other values of 'K'.  One qualifie-
ation must be made to this statement; "1f is necessary to
determine separate relaxation ocurves for "build-up"™ (K<l)

- -~

and for breakdown (K>l).

208,
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CHAPTER 3
THE APPARATUS
el The basic viscomster

The viscometer used was that designed and built by
Thornton and Rae and described fully in the Ph.D. thesis by
Rae (1952) and in outline by Thornton and Ree (1953). It
was é concentric cylinder viscometer in which fhe outer -
cylinder was driven by a variable speed motor and the inner
cylinder sugpended on a long torsion wire. The driving
motor was a B.T.~H "Emotrol". type in which the speed is
closely propbrﬁiohai'to the-armature voltage for a wide range
of ioads. The armature voltage is antomatically matched
against a reference voltage in a potentiometer so that the
speed can be controlled at any value, in the range 150 to
3,000 revolutions per minute, by rotating the setting en

the potentiometer.

In this viscometer the observed deflections of the
inner eyliﬁder and speeds of the driving motor gave the values
of the couple 'C' and the angular velocity of the outer
cylindexr 'W' fsé-instantaneously thixotropic materials and
the eonslé%éncy curve of shear stress against velocity

gradient could be calculated. It was possible to get a

T sty sy el P I Tar ey
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qualitative indication of ordinary time-dependemt thixzotropy
by running the apparatus at one cylinder speed until the
deflection was constant, changing the cylinder speed to a
new constant value and observing the deflection of the inmner
cylinder. If this oylinder turned immediately to a new
steady deflection (except for a few seconds delay due to
inertia effects in the system) the sample was instantaneously
thixotropic, if it relazed gradually to an equilibrium value

then the sample was thixotropic in the normal sense.
3.8 Measuring thixotropy

Theory shows that in order to measure the transient
values of felocity gradient at a given shear gtress in a
concentric cylinder viscometer the torque must be maintal ned
constant and the angular velocity of the outer cylinder
varied so as to maintain this condition. This was achleved
by reflecting a narrow beam of light at a mirror attached to
the inner cylinder and using it to operate a servo-motor
controlling the speed of the main driving motor. TFigures
5 and 6 illustrete the optical and electrical arrangement

that was used. The required deflection was selected by

adjusting the position of the mirror 1n.zalatien to the
inner cylinder. If the deflection fell below this chosen
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value light was reflected through a prism into the photocell
"P' closing the relay 'P' in the electrical circuit. This
energized the field coils of the servometer which rotated
the potentiometer setting for the main driving motor so that
the outer cylinder was accelerated and the torque increased.
If the deflection of the ihner oylinder became too large the
field coils of the servomotor were energized in the opposite
direction and since the armat %Z;zgmgghepandently connected
the operation of this motor was reversed and the speed of
the outer cylinder reduced. The rheostat R enabled the
aoeeleratioh and deceleration given to the driving mo tor

to be adjusted, the speed of the servomotor having to be
sufficient to maintain a steady torgue during the relaxation
process without giving rise to excessive oscillation in the
cylinder speed. In practice it was found difficult %o
prevent this 'hunting' at very low speeds but the speed
control was s;tisfaotary over a range of cylinder speeds
from about 0.05 to 2.50 radiams per éecond, a ratio of
f£ifty to one. A voltmeter in parallel with the servomotor
helped in setting the rheostet 'R' and the resistances 'X’
and 'Y' were added to guard agaiﬁét a short circuit should

bothntﬂe relays switch 'on' at the same time (for example
when the settings of the p;isms and photocell; were being

adjusted).



Po record the variation of moter speed with time
at constant torque ar Honeywell-Brown "Electronik" recorder
was used. This ocould have been connected to a tachometer
generator coﬁpled to the motor but it was found more
convenient to comnect the recorder to the potentiometer
reference voltage of the main driving motor. The recorder
reading was calibrated against the speed of the driving
motor (determined stroboscopically) amd frequent checks
were méde. using & mechanical techometer, as described in

the section on the calibration of the apparatus.

g4.
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CEAPTER*4
EXPERIMENTAL PROCEDURE
4,1 Calibration of the apparatus

The formulae used in calculation 'f,' and 'g.’ are:

faq - ¢ (4)
Th.8 .

and Ba - 8 = 8C.dW & ‘10)
a - T _.

These indicate the measurements which are required in working
out the results. The couple acting is proportional to the
deflection of the imnner cylinder '6' and the constant of
proportionality « the torsion constant of the suspension
wire - was found by timing the period of oscillation of the
inner cylinder when it was suspended freely on the torsion
wire. If C < cO

' then o = 4 P*I/T*
where 'I' is the moment of imertia of the suspended cylinder
and 'T;'ita time of swing. The cylinder suspended from the
wire wes the inner cylinder of the vigcometer, beiné a simple
brass cylinder of radius 'a' and a small plastic scale.
The mass of the socale waaﬁsé much lessgs than the mass of

the oylinder that the moment of inertia was taken as



T R e - B

(ma*/2), where 'm' is the mass, with an error of a fraction

6f oﬁe per cent. Hence:

¢ = 8rma%/7"
and therefore £ - _ m \'e dyne om*, 13
160 n (%g)_

" where © 1s measured in degrees.

It was found that m = 1145 gm, to within 1 gm
and for the wire used T = 1.57 seo, to within 0.01 sec.
Hence: - '

2. = c25.44).%| dye om™. 14

The motor was connected by belt and pulleys to
the main driving shaft which drove the outer.cylinder
through reduction gearinge By counting the total number

of revolutions of the appropriate parts during a run, using

.a revolution counter of standard pattern, and by an approx-

imate check from the relative diameters of the pulleys
concerned it was found that the ratio _

Ang vel driving shaft / eng vel motor spindle = 1/1.285,
where "Ang vel" stands for angular velocity. The gear
retios were calculated from the number of teeth involved

and checked by a revolution counter method as above, giving

g6,
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Ang vel outer eylinder / ang vel driving shaft = 1/106.8
hence . - )

Ans vel outer oylimder / ang vel motor spindle = 1/(l. 222):
- 10 .

Then if 'W' is the angular velocity of the outer cylinder in
radians per second and 'R' is the motor speed in revolutions

per minute,
W - R.(8.08 X107%). 15

—~

In order to eorrect for 'g.,' the ratio of the
radii 'a' and 'b' was required. &veiaging a number of

-~ o~

measurements gave

1.87 om
4,02 cm

a

n

1}

hence b“/a" - 10 and £2./f, = 10.

The quantities m, T, (W/R), a and b are constants
of the apparatus. Any inacouracy in their determination
will lead %o the same error in caloulating results so that
comparison of properties measured on this viscometer
measumwed with those on another viscometer would be impaired.
gowever these errors will not affect the form, but only the
scale, of the consistency curves and relaxation eurves

obtained with this instrument.
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4.2 Experimental observations
4.81 - - Depth of immersion

The value of 'h', the depth of immersion of the
inner cyliﬁder in the fiuid, wae measured by marking the
inner oylinder at the surface of the fluid, removing it
and measuring the distance between this mark and its lower
end, A more rapid and less cumberseme method was developed
in which a brass plate rested firmly on the surface of the
outer cylinder, or “oup”, and a thin needle through the
plate dipped into the specimen. On removing the plate

the depth of immersion of the needle was measured and the

immersion of the inner cylinder calculated after a calibra-
tion had been made relating the two, It was found that
"h' was of the order of 10 cm and that 1% could be measured

ie”within.o.l em, an error of less than one per cent.

A correction was necessary for the end effect of
this inner cylimder. It is shown in chapter 6 that this
correction can be made By adding 1.0 om to the measured
value of 'h'. This end correction is difficult te deter-
mine and ihé error may be as large as 0.l em suggesting
that the total probsble error in the immersion dwe to the

error in measuring 'h' amnd the error in estimating the end
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correction is about one per ocemnt. This error is constant
for any one specimen in the viscomatér, it affeocts the
comparison of properties between one speoimen and another
or between results obtained for the same spgcimsn in diff-
erent viscometers but it does not change the shape of the
equilibrium consistency curve or of the relaxation curves

for the material.
4.88 - - Measuring deflection, speed and time

The defleetion of the inmer cylinder was maintained
during an éxppriment at a series of predetermined values.
A scale attached to the cylinder was viewed through a tele-
scope and aligned with a pointer in the telescope, the
measurement of the defleetion béing subjeect to an error
of about ome degree. This error seemed unavoidable, it
was due mainly $0 oseillations of the cylinder about a
mean position, these oscillatioms being attributed to a
slight discrepancy in the glignment of the axes of the

inner and outer cylinders.

The motor speed 'R! was measured by meamns of the
pen-recordér. Pigure 7 shows the calibration for the
motor speed, detérmined stroboscopically and checked with

a Smith's tachometer generator, against recorder reading.



The table of results from which the greph was plotted are
éiven in Appendix 1. The three scales were obtained by
switching from one resistor to another on a potential
divider from which the input to the recorder was taken.

To obtain the relaxastion curves the motor speed was
required at different times after changing from the initial
to the final torque and this was estimated directly from
the grephs from the recorder. It took about ten seconds

to change from one torque-controlled position to amnother.

The errors in measuring 'e', 'R' and 't' affect
each individual result differently thus altering the form
of the consistency and relaxation curves obtained for any
sample. A method of estimating these errors and calculat-
ing the effect they are likely to have on the results is

given in more detail in section 4.4.
4.3 Calculation of results

From the experimental results a curve of 'R’
against '9' was plotted, being equivalent except for multi-
plying c&n;tants to a graph of cylinder speed 'W' against
couple 'C'. The slope of the (06, R) curve Waémﬁegsnred

at different points giving do/dR and by substitution in

v
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equations 10 and 15 the values of (8a - g¢) Were calculated.
If equilibrium values of 'R' were used in drawing the (0, R)
curve this led to the equilibrium consistenoy curve, 17 the
values of 'R' were all taken at some selected time 't' the
instentaneous values of 'g' at that time were obtained.

The value of '£,' was obtained from equation 14 where 'h'

was corrected for the end effect.

For the equilibrium values a curve of "fo.' against

(8s —4v ) was drawvn. Now 'g,’ is the value of '_gm; if £,

is reduced to one tenth of :‘i‘.ts“value. sinece 'g,' iz the

velocity gradient ‘gt the outer boundary where the shear
stress is | a’*/?’é)}i'.}: 1ln],::t! 'p' is considerably greater than
'a' a first abproximatién for 'g,' 18 given by the value
c—:f"(g.. - 8) at *£.."'« Por a Newtonian fluid in our
viscometer "8 would be one tenth of ° ga and the error
in approximz—atir—:g as ahbove is about onehpeé cent. The
shape of the consistency curves for all the materials
studied shows that the error in making this approximation
is lessgs than for a Newtonian fluid, that 1s less than one

per cent.

For the time-dependent properties instantaneous

values of 'W' led to instanteneous values of "fo'! and 'g.’

- ! -~ - -
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at different times and it was found convenient to present
the results in the form of relaxation curves (g, t) at
constant shear stress. The apparent viscosiiy coefficient
(£/8) was calculated in a number of cases but as it is of
&eubtfnl physical significance the experimental results
given in this thesis are left in terms of shear stress

and velocity gradient.
4.4 Aceouracy of results

The aceuracy of the values obtained for 'f' and
'g' was determined by calculating the combined effect of
the estimated errors in measuring each quantity in equations
4 and 10. Each set of results was checked in this way and
the probable error calculated from it is shown on the
relaxation curves and the equilibrium consistency curves

by the magnitude of the co-ordinates plotted.

To calculate ‘3"a curve of '0' against 'R' had
to be drawn for each set of experimental results and its
tangent measured at several points. Small errors in the
location of consecutive readings of '0' and 'R' through
which the curve had te be drawn werepéiearly’iiable to give
large errors in the gradient of the ocurve between those

points so that inaceuracies in measuring '0' and 'R' are
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the most significant souree of error in the whole experi-

ment.

The deflection '©' could be reasd to within one
degree, the limit being 1ﬁp6sed by a tendency for the
eylinder to oscillate about a mean position with an ampli-
tude of one or two degrees. This oscillation was attribu-
ted to three possible factors; a lack of alignment between
the axes of the inner and outer eylinders, the effect of
random vibrations on the flow properties of the material
under test and the presence of a small null space in the
optical aystem for maintaining a constant deflection. In
one experiment results were compared for the best possible
aligmment of the axes of the two cylimders with results
for a deliberately skew arrangement of the axes and it was
found that the main effect was a slow oscillation of the
middle cylinder. [For eany given setting of the torgue-
control mirror neither the mean defleotion nor the equili-
brium outer-cylinder speed were greatly chamnged by altering
the acouraocy of alignment. It was thought that the small
motors driving the fan in the air enclosure and the oil-
bath paddle were responsible for most of the "stray"

vibration that might affect the sample. These were stopped

for a time and the temperature checked to ensure that it

33 -
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was steady, but no apprecliable change was observed in the
cylinder speed at a constant torque so it was concluded
that the effeot of vibration due to these subsidiary motors
could be ignored, It was concluded that the angle '0' was
measured to within one degree of its true value after

allowing for the oscillation of the oylinder and the null

region in the control system.

The motor speed 'R' was measured by a deflection
on the pen-recorder, whiehﬁhéd an acecuracy of about 0.5 per
eent at half-scale_deflection. . The recorder was ocalibrated
against meins frequency using a neon lamp and a stroboscopie
disc attached to the motor-spindle. This calibration was
frequently checked against a Smith's mechanical tachometer,
which could be pressed ag&inst tha_motor spindle when
required, These checks showed that the calibration held
true whether the lomd being driven by the motor was small
or large, when the motor was cold (on starting) or warm
(after running for several hours) and that there was no
éradual drift in the relation between motor-speed amd
recorder deflection during the whole period in whioh
experiments were conducted. By élterins the resistance |
in a potential divider supplyimg the D.C. reference voltage

of the "Emotrol"™ to the recorder three different socales




were obtalned and an examination of the graphs from the
recorder suggests that, in general, the probable error in
reading the speed 'R' can be taken as less than one per
cent. There is aﬁ éxception to this in that the accuracy
falls off at the lowest speeds due to difficulty in main-
taining a normal control of the torque, but that regiom is

not of great importance in the results given in this thesis.

The viscometer was kept at a constant temperature
(usually 85 degrees Centigpade) by mounting the cup in an
oil bath and covering the top with am enclosure. Both the
0il and the air were kept in motion end the heat supplied
to them was thermostatically controlled. The temperature
fluctuated up to 0.2 degrees Centigrade, and from the
results of an experiment on the temperature variation of
flow properties it is known that this represents a fluctu-
ation of 'R' of rather less than one per ecent, The probable
error in a given value of 'R' must therefore be taken as

between one and one and a ﬁaif per cent.

Having established the inaccurecies in the
measured values of '©' and 'R' it is necessary to know
how these will affe&ththe aécﬁracy with whieh a curve
through several differemt points (6, R) may be drawn, for

the drawing of this curve is an eésential gtep in the
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calculation of the velocity gradient 'g'.

When-the experimental progreamme was being planned
this problem was considered and an estimate of the acour-
acy derived which set an upper limit to the errors involved.
It was hoped to improve upon the method for assessing the
error at a later date but in fact this has proved too
difficult. Hence the following calculations only indicata
the maximum error that might be involved and not an estimated
error, the actual results may be far better than these

"errors" suggest, they certainly are not worse.

The basic supposition is that the accuracy in the
gradient of a smooth curve drawn through several points
(6, R) will not be worse than the accuracy in the slope of
%ha chord joining two consecutive points. This supposition
is valid when the change in slope of the curve is small.
Expressed differently, with 'the aid of figure 8, it is
that the error in tﬁe gradient of the ocurve AB between
A and B is not greater than the error in the élope of the
chord AB, the errors arising from the uncertainty in the

precise values for the co-ordinates of A and B.

The probable error of the chord can be ealanated

since the iR' values of its end co-ordinates have a probable

36,
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error of (say) one per cent and the '6' values may be
considered oofrect to within one degree. It is conven-
ient to start by calculating the probable errors in an
apparent viscosity of the material.

Phen apparent viscosity, £/g, (Constant) (d0/dR) «

1}

Error in apparent viscosity Error in slope of (@, R)

) " curve '

£ Error in slope of chord to
" (e, R).

Let ends of chord AB be (0, , R, ) and (0., R.),

then slope of chord _ 0 -0z .

R, - Ba

Probable error of (6 - 0.):

' If the limiting error for either value of '@' is taken
as one degree, then (6 - 0.) is correct to within one
degree with about a 50 per cent probability. (If each
value of 'O' were supposed to lie between '0 +1' degrees
with a rectangular distribution thenm '@, - 0.' would lie
within & degrees of its mean value with a triangular
distribution and hence a more tham 50 per cent proba-
bility of lying within ome degree of the mean).

Probable error of (R, - R,):
" Each vaelue of 'R' has an estimated probable error of

one per cent, 80 that the probable error of the difference
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can be found in the usual way for statistical errors and is

A
_n%_.(nf + RI)%.

- .

Total exrroxr:

' The probable errors may be expressed as incremeants 'A' so

that the usual variance formnla gives

71.
el . 1, RuRE
™ (6-6,)F  loo* (R-Re}

16

The probable errors in 'n' caleoulated from thia
formula vaéy from three to ten pé; éent, being best when
differences between ', ' and '6,', and 'R,' and 'R,', are
large. Since O, - K.0; this is the condition that 'K’
shall not be near unity, but 1t will be seen later that
other factors affect the choice of a suitable value for
'K'. The calculation for the probable error is open to
%hé objéotion that if the interval between successive

readings on the (6, R) ourve is decreased the calculated

error is increased, since both (@, - ©,) amd (R; - Ry)
become smaller. In faot this is a reminder that this
asgessment gives oﬁly an upper limit to the possible

errox in the apparent visocosity.




It i3 clear that the basic assumption relating the
error in the gradient of the curve to the error in the slope
of the chord needs to be examined. It is obviously not
trus when the interval between sucoessive points 'AB' 1is
very large and the change in slope of the curve ocorrespond-
ingly great between them; and it clearly gives a false
suggestion of great inacocuracy when the two ends 'AB' are
very close together. ‘Two methods were used to check the
sultablility of the intervals chosen; one was worked out in
detail for one specimen only and is described at the emd of
this section, the other was applied to every sample for
which the results were thought to be significant and is

now desoribed.

Instead of drawing tangents to the (0, R) curve
and maasuring their slope an estimate of the éradient was
obtained by caloulating the slope of the chord joining two
guccessive (©, R) co-ordinates. A value for the apparent
viscosity wés obtained by aupposiné this to be the gradient
of the curve at a point mid-way between the chosen co-
ordinates with deflection (0, + 62)/2., This supposition
is valid under the same coﬁditiohs és the'suppositien from
which errors vere estimated, namsly that the change in
slope of the (0, R) ocurve shall not be large between the

~
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values chosen. Using the experimental values of '0' and
'R' and caloulating the slope between consecutive points
&é;e an arithmetical estimate of the apparent viscosity
Which was in very close agreement with the grap.hieally
deduced values. This confirmed the validity of the
arithmetical method of calculation and the suitability of
the intervals between succesaive valunes of ' ' and 'R'.
in meking the calculation; and thus justified the use of
these intervals in calculating the limits of error in the

apparent viscosity.

Thus far we have considered the error in the
apparent viscosity due to the error in drR/de. ‘The
velocity gradient is given by 20.dR/d6 and ‘@' - the
multiplying factor - includes another source of error.
However in plotting an equilibrium consistency curve the
velocity gradient is plotted against the shear stress,
and the shear stress is itself proportional to '0'. Hence
the estimated limits of error for the apparent viscosity
correspond to the error in the velocity gradient when 1t
is displayed against the shear stress in a consistency

curva.

The correction for 'g ' still has to be made
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but this 1s quite small. 'gv' is usually between one and
five per cent of 'g,', 80 tﬂatﬁany error in evaluating
'8, 1s small emough to be neglected. The errer in meas-
ﬁreﬁant of the apparatus constanté is smﬁll compared with
the errors in '©' and 'R' in its effect though -allowance
must be made for the eié&r in measuring the depth of
immegrsion and £he end correction for this depth. This
affects the f-scale in an equilibrium curve and is not
shown.on the graphs, the probable error is about one

per cent.

Having established the accuracy with which we
may expect to draw a ourve through a number of (€, R)
points it is still necessary to find how accurately the
gradient of this curve can be measured. To simply align
the curve with a rule introduces a risk of large errors
and it was decided to measure the gradient with an optical
device of high accuracy which is described in Appendix 8.
It is there shown that the errors in measuring the slope

of the curve are small enough to be neglected,

As a final check on accuracy the experimental
values of (®, R) were plotted for one experiment and the

extreme errors shown. A number of curves were drewn through
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CHAPTER §
PREPARATION OF SAMPLES

As indicated before this proved one of the
greatest experimental problems of the whole research pro-
Ject since very little information was avallable about
thizxotropic materials. Preliminary studies, intended to
test the suitability of the apparatus and of the measuring
technique, required materials that could be easily and
quickly prepared, and Bentonite suspensions in water were
used for this work. ':Ehese were unsatisfaotory in many
ways, though the results obtained agree with those later
gained with more stable materials. The Bentonites were
amkmard to use because their range of viséosity - from
infinite viscosity or false body at low values of shear
stress to a few centipoise at higher values - was too
large for acourate msasurements to be made by amy appar-
atus over the whole range. There were added difficulties
due to sedimentation (since the samples had to be between
five and ten per oent-of Bentonite by weight) and to
evaporation from the surface. A specimen of some 85
per cent by weight of Bentonite in glycerine proved more
satisfactory but this wes only used as a guide in the

search for better samples.
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At this point 1t will help to consider the
criteria by which we determine a good sample. These fall
into two groups, zepreducibility and anomaly.

It was essentia; that during the time taken to .
complete the experiments oi any one sample the irreversible
change in properties should be small. That 1s, for the
purpose of an initial test, thet the eqnilibrinm motor
speed at a given torque shonld not change appreciably
over a period of a week or more. In the Bentonite-in-
water suspensions 1t was diffioult to get near this
condition due to evaporation and sedimentation; using
plgment-in-oil dispersions it was found that some gave
good reproduecibility and others did not. ©No doubt in
some cases sedimentation was the cause of failure but in
others it seems that we must postulate some ageing effect
due to chemical reactivity between the pigment and the
medium. It was found with most of these samples that
after they had been allowed to age for, say, six months,
the reproducibility over a period of one week in the
viscometer would be good, suggesting that some form of
chemical equilibrium had been reached between the two

componants.‘
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The experiments were designed to measure thixo-
tropy and this task would obviously be eased by having the
effect as pronounced as possible. It would be easy to
get good reproducibility for a aimplé 'Newtonian' fluid but ;;..
1t was found diffioult to combine reproducibility with this
second condition of. a pronounced anomaly. In changing from
one value of ghear stress to another two thiﬁgs were required:
first that the ratio of shear stress to velocity gradient
at equilibrium shoﬁld be as different as possible, that is
there should be a large departure from the Newtonian con-
dition; secondly that this change should ocour over an
appreciable time $o that the form of the thixotropic relax-
ation could be investigated. Again it seemed as if the
two conditions were mutually opposed, thus a number of
specimens containing different concentrations of the same
yiémsnt-inroil dispersion showed almost Newtonian properties
at low concentrations and false-bodied properties at high
concentrations with normal time-dependent thixotropy in
_between. It was found convenient to use samples where the
relaxation process resulted in as 1Arse a total éhange in
cylinder speed as possible and where the system came close

to eqailibrium in between thirty minutes and four hours.




Figure 9.

Electron-Microgreph
of Titanium dioxide pigment,
Rutile CR.

Photo: British Titan Products Ltd.,
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Syatems with quicker relaxation processes led to inaccuracy
in measuring the important changes in the first part of the
relaxation; systems taking longer to reach equilibrium
.made a complete experiment excessively long amnd re-

introduced the problem of ageing and reproducibility.

Preliminary tests suggested that suspenslons of
Pitanium dioxide pigments in oils could have very stable
properties and still exhibit thizotropy. These had the
added advantage that they followed as a logicgl sequence
the work by Rae (1952) using instantaneously thixotropic
systéms containiﬁg similar pigments. The Research
Department of British Titan Products, Ltd., were consulted
and on their advice a rutile form of T4 tanium dioxide
was used. An electron micrograph of a typical pigment
is shown in figure 9, the mean particle diameter being about
0.2§/¢. From this micrograph it is evident that the
pigment is of almost rendom shape and the particles_teﬁn

to have smooth edges.

The oils used'differed for diftbrent‘groups
of samples being mixtures of alkali refined linseed oils
of about one poise (at 25.0°C) and linseed stand oils
prepared under nitregen of about thirty or sixty poise
at 25.0 C.
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Each sample was prepared by milling the pigment
and oil in a Ball Mill of the type described by Rae (1952)
for about three hours. Lonmger milling did not change the
flow properties so it was assumed that this time was suffi-~
clent to ensure a good dispersion. After preparation all
samples were stored for six months in a constant temperature
enclosure at 25.0 C. before use. The temperature at which

experiments were conducted in the viscometer was also 25.0 °C.

The suitability of some twent& samples was tested
by trial runs in the apparatus. At first this was done
soon after their preparation without allowing a period for
ageing, but it was later discovered that the ageing process
included an alteration in the flow properties of the
sample. In some cases samples which at first seemed suit-
able for uge in the apparatus were found after ageing to
have only slightly anomalous flow with whieh acecurate
measurements would have been impossible. Since the search
for appropriate specimens had to be guided by information
on the properties of those slready prepared the problem
of ageing delayed this search considaraﬁly. In the
preliminary tests the relaxation of cylinder speed with
time when a constant torque was maintained was used to

determine suitable thixotropic properties.
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CEAPTER 6
E;g@RIﬁENTAL #ESUIEQ
6.1 Introduction |

A full description of the flow properties of any
thixotropic material requires the investigation of both
equilibrium and instentaneous properties during relaxation.
The equilibrium properties can be described by a single
éonsistency curve but the relaxation properties need to be
represented by a range of curves having differing initial
and final values for the shear stress. If the form of the
relaxation curve is the same at any shear'stress, g0 that
different initial values for the equilibrium shear stress
only displace the time-origin of the relaxation curve,

(Figure 4) the problem is simplified.

- -

The  task of experiment thus becomes:-
(1) o obtain the equilibrium consistenocy curve
(2) To check how the relaxation depends upon the
‘ | initial shear stiress

(3) To compare relaxation curves for build-up and

breakdowun

(4) To find any regularities in the relaxation process.




For convenience in presentation the results under
equilibriuﬁ conditions and the time-~dependent phenomena are
grouped separately but these two groups of information on a
sample each come from the same experiments. Both equili-
brium and relaxation properties are given under three head-
ings. PFirst, a typical sample is gelected and the caleula~
tion performed in full; then the effect of varying the
temperature of a cﬁosen sample is given; <finally the
variation of properties with concentration is recorded.
Many different samples were tested and the results given
are typical of the properties discovered.

6.8 Equilibrium properties

The cup of the viscometer was fllled and after
the temperéture of the sample had risen to the 25.0 °C of
the apparatus-the moter was run so that the inner oylinder
wae deflected, When this deflection had brought one mirror
into the controlling position opposite the prisms and photo-
cells the motor speed was allowed to increase automatiocally
whilst the defleotion remained constant. After the motor
speed (which was displeyed on the chart of the recorder)
had be;n constant for a considerable time it was increased

by means of amn over-riding manual ocontrol until a second
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torque-control mirroxr took over. This was repeated for
all the mirrors mounted on the inner cylinder, usnally
five, and the motor speed was then reduced in the same way.
With the motor speed inoreasing the relaxation process was
one of breakdown, or thinning; with the motor speed
decreasing it was of build-up, or thiockening. The ratios

of the torques were 'K' and '1/K'.

It was found that with the motor speed both
inoreasing'and decreasing all the samples studied came to
equilibrium at the same values. It follows that the equi-
librium rate of strain at a given'shaar stress must be
independent of the prehistory of the material, that is to
say the veloocity gradient approaches the seme equilibrium
value after a long time under a given shear stress whether

the material was initially in a thicker or thinner state.
6.8l - -~ Equilibrium properties of a typiocal material

The properties here described are similar to those
found for all the pigment-0il dispersions studied and'hava
been worked out in some detail for eleven different samples.
The particular material chosen for this example 1is Tlé.
breparad by milling together 1840 gm of Rutile Titanium
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dioxide (in the "Rutiox CR" form) with 500 ml of linseed
stand oil (approx 30 poise) and 500 ml alkali refined
linseed oil (approx 1 poise). The speoific gravity of
Rutile is 4.26 so the sample has thus 30 per cent
concentration by volume of pigment. It was stored for

five months at 25°C before testing in the viscometer.

The equilibrium motor speed for different
deflections gives the (0, R) curve, figure 10. By
measuring the slope of this curve (8o - 8.,) was obtained.
The calculation of 'fa' depended uﬁon the depth'of

immersion of the 1nﬁerﬁcylinder and the nature of the
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end~effect. The results in figure 10, curve A, were obtained

with a depth of immersion 10.0 cm. The inner cylinder and
cup were then removed and some of the'sample emptied out
for a second experiment with a depth of immersion 4.0 cm.
Thig gave the results for curve B in figure 10. It was
argued that the difference between the two equilibrium
curves must be due to the difference in length of the
cylinder immersed, care having been taken to see that the
gap between the lower end of the inner coylinder and the
base 0f the cup was the same in this and in all experiments.
If it is assumed that any disturbance to the flow pattern

near the end of the lower cylinder does not extend as far'

~
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as 4.0 om up the cylinder then the difference between the
two equilibrium curves must be due to a length of cylinder
6.0 om (the difference between the two depths of immersion)

for which equations 4 and 1l are exactly true.

By proportion the effect of a true 1:0.0 cm
immersion ﬁas calculated and compared with the observed
(6, R) curve for that immersion. The difference between
them is shown in figure 10 as curve C. It was found that this
discrepanoy between the results for a true 10.0 cm immersion
and a measured 10 om immersion could be allowed for by
adding a simple end correction to the measured length

and that this correction was 1.0 + 0.1l cm.

Having now derived '£4' and (g. - g, these
values were plotted against each other as in figure 11,
To a first approximation 'g,' is the value 0f (ga - &)
at foa/10. This correction is very small and the consist-~
ency curve (fo, ga) is similar to figure 1ll. '

6.3% Variation with temperature

The sample used in this experiment was T17, a
30 per cent by volume concentration of Titanium diexide
("Rutiox" CR) in a 50-50 mixture of 30 poise linseed
stand oil and 2 poise alkall refined linseed oil. The
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apparatus wes maintained at 20, 25 ané 30 °C by means of

the heaters end thermostats and cooled with ice (together
with some solid carbon dioxide to help lower tha-temperature
initially) to give readings at reasonably steady temperatures

of 5 and 11 °C.

Curves were plotted of motor speed against
temperature for a given deflection and these were used to
obtain curveas of '®@' agalnst 'R' at different temperatures
and hence the equiiibrium conéiétenoy ourves at different
temperatures. These are shown in figure 12; the experi-
ment was repeated three times and these curves are typical.
In order to interpret these results (as in chapter-v) the
variation of the viscosity of the me&ium alone with
temperature was measured, this is shown in figure 13.

The measurement was made in a British Standard Specification
Ostwald type viscometer which ﬁas compared with a National
Physical Laboratory ocalibrated viscometer of the same type.
These viscometers were used in accord With the routine
prescribed in the British Standards Institution pamphlet,
B.3.3. 188:1937 (révised July 1953) for a number 4 size
instrument. A constant temperature was maintained to
within 0.1 % by mounting them in a water bath containing

a paddle, heater (or ice) and thermostat. The method
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gave the kinematic viscosity and the density of the medium
was measured with a Westphal balance and found to be 0.936
-3

gn om 3, the variation with temperature being less than
1

0.0003 gm om ™ ¢~ .
6.83 Variation with concentration

For this experiment three similar oil and pigment
systems wefe prepared, of 25, 30 and 35 per cent concentra-
tlén by volume. The constituents were the same as for
“917' in section 6.22, but the results for a concentration
of 30 per cent at 25°C are not strictly comparable since
different "batches™ of pigment and eil were used in the
manufacturé. Altﬂough nominally the same these were
often found to differ appreciably in meny properties. As

in all these experiments tests were made for reproducibility.

54,

Phe samples were stored for five or six months at 25 % before -

use and the observed irreversible chamges in the duration
of the experiment were well within the limits of experimental
error. The equilibrium consistency curves are shown in

figure 14.
6.3 Time-dependent properties

The curves on the Recorder chart showing the

relaxation of motor speed at constant torque were analysed
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to derive the curves for the relaxation of the velocity
gradient. The experiments were the same ones as those
from which the equilibrium consistency curves were

calculated by the method already described.

To ensure reasonable accuracy it was thought
that 'K', the ratio of final to initlal torques, should
pe large for breakdown and small for build-up. In the
first experiments two mirrors were set in position on
the inner cylinder, one at double the deflection of the
other, so that the values of 'K' were 2.0 and 0.5.
Several results were obtained in which it was noticed
that though there was pronounced relaxation of the motor
speed with time 'gs' was found, on analysis, to change
almost instantanéouély to 1ts new value. It was reasoned
that since the relaxation in cylinder speed and hence in
'R' was due to the total relaxation of all the sample in
the cup with a range of velocity gradients from 'g;' to
'84"', and sinoe it was found that 'go' hardly relaxed at
éll: relaxation phenomena must be horé pronounced at
velocity gradients lower than 'gao'. This auggesfion was
supported by several of the reiaxétion'curves for veloclity
gradient which showed for the breakdown process (occurring

. ov very small change in properties
at a large shear stress) a very rapid prooessAand for
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build-up (at smaller shear stress) a long-period relaxation.
It would be rash to assume that the relaxation times associ-
ated with breakdown and build-up should be the same but it
was thought that this observation lent force to the argument
already advanced for supposing the relaxation process to
depend upon the particular shéar stress (or veloclity

gradient) at which it was taking place.

It was necessary to investigate this by calculating
the relaxation of velocity gradient at different values of
equilibrium shear stress and the same value of 'K'. If
the deflections in the first experiment described above
were '0' and '20' it was now desirable to make the range
of toi&ﬁes 'é; 26, 40, 86...', but a range of 1:4 or 1:8
‘in the deflection required such a range in the cylinder
speed that the experiment became unwieldly and inacuurate.
Phe alternative was to choose values of 'K' nearer to unity
and most experiments were conduoted with five pre-get
mirrors on the inner cylinder giving forqne ratios between
adjacent settings of 0.8 for buiid-np and 1.85 for break-
down. Sometimes only three of these mirrors were used

giving 'K' equal to 0.64 and 1.56.

In this work we were measuring a small change

in flow prbperties, of a complex nature, which were super-
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imposed on a system for which the equilibriﬁm properties
-had already proved difficult to assess. By choosing
values of 'K' fairly close to unity the taék of obtaining
accurate results for the instantaneous values of the

velocity gradient became even more difficult. For this

reason it is considered that the experimental results
here presented are qualitative in nature. Although a
comparison of relaxation properties at a given shear atresa
for which 'K' was taken as 0.64 and 0.8 show similarities
similar to those predicted in section 8.4 (end figure 4)

'~ they are of insufficient accuracy to provide experimental

support for that suggestion.

6¢31 - - Time dependent properties of typiocal materials
[ ]

Typiocal relaxation curves for 'K' equal to 0.8
and 1.85 are shown in dlagrams 15 and 16, Figure 15
shows curves for sample T1l4, a 30 per cent by volume
concentration of "Rutiox HD" 1n'50/50 30 poise linseed
stand oil and 2 poise alkali refined linseed oil. Figure
16 shows some results on sample T13, it will be noticed
that the lower curves, showing build-up, are still not

very near equilibrium after 30 minutes.
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CHAPTER 7
DISCUSSION
7.1 Introduction

The results presented in the last chapter show
that it is possible to measure the equilibrium flow
behaviour of thixotropic materials and get some indication
about their relaxatiom properties. These were examined
in an attempt to find some pattern underlying them and

some possible explanation of their form.
7.2 Equilibrium properties
7.81 - - Equilibrium properties of a typical material

Figure 19 18 a skétch of typical equilibrium
consistency curves for Newtonian, ordinarily thixotropie
and false-bodied materials. It is seen that time-dependent
thixotropy is a property of fluids intermediate in behaviour
between the Newtonian and false-bodied; alternatively
thizotropy may be regarded as a general case for Wwhich
Rewtonian and false~bodied properties are limiting conditions.
Thixotropy is less pronounced at high rates of shear, where

the consistensy curve approaches linearity, suggesting that
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thixotropic properties are in some way connected with the

degree of curvature of the eguilibrium consistency curve.
7.22 - - Temperature dependence and the flow function

The temperature variation in the equilibrium flow
properties must be due in paft to changes in the viscosity
of the medium. To investigate this relationship the vari-
ation in the shear stress with temperature at selected
values of the velocity gradient was firast deduced from
figure 12, TUsing the known variation in the viscosity
of the medium with temperature (figure 13) a graph was
plotted showing the shear stresé required to maintain a
given velocity gradient in the sample against the viscosity
of the medium. This is shown in figure 18, the numbers by
each curve indicating the value of the velocity gradlent.

To a high degree of accuracy these curves are straight lines

and the equation for any one of them may be written as
£f = £+ B 1.8, ' 7

where 'fo' is the intercept and 'mq ' the s'l.ope.

This equation signifies that over the temperature
range from 5 to 30 °C (a range in the viscosity of the

medium of 3.4 to 15 poise) the shear stress required to
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maintain a given velocity gradient in the sample is given
by the sum of a constant term and a term proportional to
the viscosity of the medium. The values of both the
intercept and the slope vary with the velocity gradient

and figures 19 and 20 show this change of 'fo' and 'm' with
'g'. It is clear thaf at large velocity gradients 'fo!
and 'm' both tend towards constant values - this was the
raasonﬂfor choosing the slope as Hng' and not Jjust 'm'.
Thus at high rates of shear equation 173 with 'f£o' and

'm' as constants, describes the equilibrium flow broperties

of the material.

This flow funotion for high rates of shear
corresponds to the equations of flow suggested by Bingham
(1922), Buckinghem (1921) and Reiner (1926). The
deduction of the equation from experimental results
given here confirms that the first term is independent
of temperature and the second proportional to the viscosity
of the medium. Its importance lies in the extension of
this function to low rates of shear - that is to the curved
part of the equilibrium consisteney curve, Although in
this region 'f£,' and 'm' are no longer constants but
paremeters dépeﬁding anfthe rate of shear, it is evident

that the dependence on temperature takes the same form.
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Goodeve and Whitfield (1938) take 'f,' as a co-
efficient of thixotropy and Goodeve (1939) derives it
theoretically from a supposition of inter-action between
the particles and suggests that it 1s independent of
temperature. Rae (1952) also suggests that the effect
of inter~particle forces does not vary with temperature
and it is reasonable to suppose that the 'fo' term glves
the resistance to flow due to 1nter-partiéle“forces.

The 'mv],,g' term has the usual form for the hydrodynamic
viao&sity"of a system of non-interacting pa rticles. The
variation of 'm' and "f.! with velocity gradient may be
explained gualitatively in terms of a digruption of

structure at high rates of shear.

It was thought possible that the change in pigment
concentration as the liquid expanded with a rise in temp-
erature might affect the results. The change in concen-
tration was calculated and its contribution to the shear
stress at a constant veloclity gradient estimated by
comparison with the experimental curves for the variation
of equilibrium properties with concentration. The effect
was found to be very small and no correction was made for

it,.







Figure 21 summarizes the properties described by
the flow fﬁnction. It shows the separate contributions
from the temperature dependent and temperature independent

terms to the value of the shear stress in the consistency

curve for a specimen at 25 C. A similar analysis has now

been applied to some results given by Rae (1958) for the
temperature dependence of an instantaneously thixotrepic
but false-bodied material (10 per cent anatase Titanium
dioxide in oil of approx 2'poise). ' The suggested flow
function was found valid for this material; 'f,' and 'm'
varied with the rate of shear much as in figuies_19 and 20.
except that 'f.' started at the yleld value when the rate
of shear was‘zeio. Pigure 282 ghows the separate contri-

butions to the shear stress for this material.

It was concluded that the flow function given as
equation 17 is valid for a wide range of anomalous fluids.
It was derived for normally thixotropic materials - the
éeneral case - and found true foe an instantaneously
thixotropic sample exhibiting the complication of "false-
body"; 4t clearly covers Newtonian systems as the—apecial
case when 'fo' is zero and 'm' constant for all rates of

shear. I% weuld be valuabie-to check this equation by

68
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preparing and testing samples in media of differing
viscosity but it is doubtful if the results would be
conclusive. The flow properties of thixotropic systems
seem remarkably dependent on chemlcal reactivity between

the pigment and the medium and any change in this reactivity,
using media of different viscosities, would mask the viscous
effeot; Whilst the reactivity may also vary with temper-
ature the ﬁroperties of the samples tested did not suffer
any pgrmanent change when the temperature was altered for

a time and the method given above.would seem the one best

sulted to the derivation of a flow function from experiment.
7.23 - - Concentration effects and inter partiocle forces

In order to study the variation in equilibrium
flow properties with concentration it is easiest to start
by.considering the limiting form of the flow function at
high rates of shear. Then the parameters 'f,' and 'm' are
constants and the equilibrium consistency curve is a sfraight
line of slope 'm7,' which; when produced, makes an intercept
on the 'stress’ axis of 'fo'. Figure 23 shows the slope
14£/dg' of the equilibrium curves for three different
éoneenirations (shown in figure 1§) plotted against the
veloocity gradieﬁt 'g'e It is clear that these curves do
not all reach the iiﬁiting condition.within the range of
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values obtained for 'g' and the estimated limit of Hny%'
is necessarily approiiﬁate. The three values obtained»
for 'm' by this method are plotted against concentration
in fig&re 24, These results, shown as curve A, are -
compared with the theoretical line suggested by Einstein
(1906, 1911) for spherical particles at infinite dilution
for whioh the equation is "m = 1 + 2,5¢", where 'c' is
concentration. From the iimiting valués of 'm'.tﬁe
limiting values of 'f,' Wwere calculated. Théif variation

with concentration is éhown in figure 25.

We are now able to consider a qualitative plcture
of thizotropic flow. This is based on the model advanced
by Goodeve (1939) in which particles brought close to each
other link together. When flow occurs in a suspension,
particles in adjacent layers move over one another; links
are formed between them and then broken as the flow con-
tinues. The breaking of each link is sa1§g$0 impart an
impulse to each particle. Multiplying th; magnitude of
this impulse by the numbef affecting a unit area in unit
time gives the rate of change in momentum and hence the
shear stress required. The magnitude of the impulses is
found to be inversely proportional to the velooclty gradient
and the frequency with which they occur proportiomal to it.
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They thus give a contribution to the shear stress which is
independent of the velocity gradient, accounting for the
constant value of 'f£.,' in equation 17 at high rates of

shear.

| Vand (1948) suggests that at high concentrations
fairly permanan% links formed between particles make them
behave as "clots™ or "flocculates" and that at the highest
ooncentrations tﬁe stéucture mnst_be continuous throughout
the suspension. The disruption of this structure and the
subsequent reduction in mean size of the flocculates with
an increasing rate of. shear could account for the variation
in value of "f,' end 'm' with rate of shear. At low rates
of shear larée flooculates would necessarily have large
distances between them and eny contribution to shear duq

to their interaction would be small. They would glso
immobilise a proportion of the liquid thus increasing the
hydrodynamic viscosity. At high rates of shear when

'£,' and 'm' are constant the particles would be individually

&1sbérsedhiﬁ the medium.

In the materials used to obtain the results for
'thia thesis the concentratien of particles was usually
about 0.3 (by volume). This suggests that their separation

is small oémpared with their size end it might be expected




that they would form a closely linked structure. Despite
this an attempt was made to develop the Goodeve theory to
give a quantitative interpretation of the results and this

is now desc:ibed in outline.

Suppose that instead of forming links there is

an inverse nth power law of attraction between every particle
in the system. Then the effect of this would be greatest
when one particle passes over another in an adjacent layer.
As the particles approach one another the force between
them supports the existing vaélocity gradient, as they
separate 1t aots agalinst 1t; A conceptual difficulty
arises here, for it must be supposéd that inter-particle
forces eontribute‘to the shear stress only when acting
against the velocity gradient; (this corresponds to the

. supposition by Goodeve that an iﬁpulse“iﬁ gi@en when
particles are separated but not when a 'link' is formed).
It can be argued that when intar-particie forces act in
éupéort of the velocity gradient they do useful 'work' in
maintaining i1t, but that when they act against 1t energy
is dissipated. It was found possible to derive the same
equation for the ghear stress either by considering the.
transfer of momentum per unit area or the dissibation of

energy per unlt volume.
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Por this model the shear stress required to over-
come the iﬁter-particle forces is inversely proportional to
the (n + 2) th power of their mean separation. A comparison
between thias prediction (for an ideal model of discrete
spherical particles) and the variation in '£," with concen-
tration obtained experimentally would suggést‘that the
value of 'n' was about twelve. On modifying the theory
to allow for an inverse power law of force between particle
surfaces instead of particle centres the value of 'n'

beocame about 1l:8.

It is not suggested that this comparison between
the modified Goodeve model and experiment has any signif-
icance at present. But it suggests a possible extension
of the work in this field. Experimentally it is necessary
to work af high rates of shear, preferaply with suspensions
of chemically inactive spherical particles of uniform size.
Small glass or polystyrene sphéres suspended in an oil of
sultable density might satisfy this condition. An invest-
igation of the variation in flow properties with temperature
would confirm or disprove the validity of equation 17 and,
if valih, the change in 'f,' with differing concentrationa
could then be found. on tﬁa theoretical side it weuld be
necessary to justify the suppositions in calculating the

H
r ¥
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shear stress and select a suitable parameter (e.g. distance

between centres, least separation of snrfhces) to describe

the mean separation between the particles.
73 Time dependent properties.
7.31 - - Typical materials

Pigures 15 and 16 are typical of a great number
of curves 6bta1nad experimentally for the relaxation of
velocity gradient at constant shear stress. All of them
show a characteristic form - an Instantaneous change in
velocity gradient when the shear stress is changed (time
= 26r0 on graphs), followed by a slow relaxation towards

the equilibrium value.

The instantaneous change had been expected, for
even if the system retained momentarily its original
viscosity or "gtruoture” the velocity gradient would
change suddeniy with a ;udden change in the shear stress.
An examination of this change shows that neither the
apparent viscosity nor the value of the parameters
1f,' and 'm' remains momentarily constant: . Asguming the
validity of the f£low equation it follows that a change from

one value of shear stress to another is accompanied by a
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sudden change in both 'f,' and 'm' and then a gradunal

relaxation in these quéntities. "This must be interpreted

as a sudden change in "structure™ followed by a gradual one.

The relaxatlion process is thus seen to be very
complicated. To describe 1t at all we need two concepts; a
magnitude of thixotropic change - which can be considered
as the change in 'f,' and 'm' for a given change in shear
stress; and a relaxation time --which for curves combining
an instentaneous change with a slow relaxation is difficult
to define with any accuracy. Since 'f,' and 'm' both must
be determined by the "structure"™ of the éystem-they are not
independent constantsAand the cﬁange in either of them can
be taken to indicate the magnitude of the thixotropic
change involved. Possibly df,/df or df,/dg would be a
preferable "coefficient of thixzotropy" to the 'f,’

suggested b& Goodeve.

The results obtained &c not give genuinely
quantitafive information about relaxatien properties, but
they give a clear indication of the variation of thixotropic

effects with rate of shear (or shear stress) and with con-

centration.
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It was found that at high rates of shear thixzo-
tropic rel&xatidn could not be detected and this is attri-
buted to the very small changes in magnitude of 'fo' and
'm' in this range. As described in section 6.31 tﬁixotropic
iaiaxation was often more pronounced at velocity gradients
less than that at the inner cylinder, this beiﬁg the only
way to explain promounced relaxation of the cylinder speed
with negligible relaxation of 'g,’ obserqu in some experi-
ments. Pigure 26 is a sketchpahbwing the suggested relation
between mégnitnde of thixotropic change and velocity gradient.
If the relaxation time is defined as the time taken to reach
within a given percentage of the equilibrium position then
figure 27 shows the behaviour found in a number of experiments.
Then Newtonian flow is seen to be a particular case.of thixo-
tropic flow when the magnitude of change in the flow
properties is zero and the relaxation time infinite;
instantaneously thixotropic false-bodied materials show
large but very rapid changes in their properties.

In order to compare thixotropic properties between
one material and another it is necessary to specify the
velocity gradients qt which the comparison is to be made.
This led to difficulties in assessing the variation of time-

dependent properties with temperature and concentration and
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no experimental results are given for this. However ;t

was observed that increases in concentration increased the
deviation from normal flow towards false-bodied properties
and figures 28 and 29 show qualitatively the variation in

magnitude and "relaxation time" with concentration.

These diagrams show the faectors which determine
the suitability of a material for a gquantitative study of
thixotropy. Both the concentration of the specimen and
the range of vEIOcity gradients over which it is studled
must be such that the magnitude and time-variation of
changes in the flow properties are susceptible to accurate

measurement.




CHAPTER 8
CONCLUSION

It has been shown that the equilibrium properties
of a thixotropie suspension oam be measured with reasonable
accuracy and that they are completely represented by a
single consistency curve. From the observed variation in
these properties with temperature 1t was deduced that, at
any given velocity gradient, the shear stress is given by
the equation

£ = f£o+ m7n.g, 17
where 'f.'" and 'm' are constant in the temperature range
5to 30 T snd "7, 1s the viscosity of the medium. The
temperature depéndént component of the shear stress,
'm?,g' » 18 eomparable to the viscous effect of a system
of non-interacting particles; 'f.' is attributed to the

effect of inter-particle forces;

Both 'f % and 'm' vary with the velocity
gradient 'g’, ap;féroéchinsﬁl:‘lm:lting values when this is
large. At high velooity gradients, when 'fo' and 'm'
may be éons:l.dered constant, equation 17 reéneés %o the

familiar "Bingham" form. Its deviation from this form

78



at low velocity gradients may be explained gualitatively
in terms of a floeceulation of the particles. The extent
of this flococulation, or in more general. terms the
"structure™ of the system, is seen to depend on the
velooity gradient, since equation 17 describes the varia-
tion in shear stress with temperature at econstant veloecity
gradient (and not the variation in veloecity gradient with
temperatuie at constant shear stress). This is in agree-
ment with a suggestion made on theoretical grounds by
Goodeve (1939) that when flow occurs in a system of
particleé the number of interactions between them in unit
time is proportional to the veloeity gradient. Im its
general form, with 'f,' and 'm' as parameters whose value
depends on the veloéitj gradieﬁt. equation 17 represents
the flow properties of the thixotropic and 1nstahtaneon81y
thixotropiec false-bedied materials considered over the
whole range of veloeity gradients; it is also valid for
Hewtonian fluids. It shows that the shear stress has

two components, one proportional to the viscosity of the
medium and the other indepanﬂent of temperatuna. An .

experiment has been suggested which would use these conclu-
giong to0 gain information on the nature of inter-particle

forces from the measurement of eensistency curves at large
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veloelty gradients.

Experimental results indicate thal the relaxation
process is very complicated and that it depends upon the
range of velosity gradients (or shear stresses) considered.
Curves are given showing the'approximate relationship
between time-dependent properties and velocity gradiemnt,
and also their variation with concentration. These
indicate some of the considerations involved in designing
experiments end seeking materials for further work in this

fielad.

These results Were all obtained with suspensions
of Titanium dioxide pigment in oils and their application
to the behaviour of thixotropic materials in general might
be questioned. The suitability of the flow function, and
of the curves deseribing thixotropic relaxation, 1h eon-
sidering the properties of other materials must be the
subjeot of further experiment: The approximate results
obtained earlier for Bentonite suspensions are very
similar to those for the pigment-in-oil suspensions;
including consistenecy curves of the same form amd a
gimilar variation in thixotropioc relaxation time with
veloecity gradient and with comcentration. The Bentonlte
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in water suspensions were of six to eight per cemt
concentration of Bentonite by mass; they were normelly
thixotropiec but showed false bodied behaviour as well.

The Bentonite suspensions in glycerine were of twenty and
thirty per cent by mass and had normal thixotropie proper-
ties without false-body. Hence Bentomite particles, with
& plate-like structure differing-greatly from Titenium
dioxide pigments, give similar thixotropic ﬁropertiea when
suspended in varions.liqnids. It 1s therefore legitimate
to expect that the results hers given in some deteil for
Titanium dioxide suspemsions will be found typlical of

thixotropic behaviour.
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APPEEDIZX 1

TABLES OF RESULTS

Experimental resnits-a:e presented graphiscally
in the body of the thesis and the numerical values from

which these graphs were drawn are now given.

In these tables of results the gquantities

below have the dimensions noted:

£ schear stress dyne em -

g8 velocity gradient sec!

deflection angular degrees
R motor speed revolutions
per minute
t time minutes
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FABLE 1 Calibration curve for pen-recorder.

(Figure 7)

Motor Reading on scale of recorder
iigj_: Seale 1 Soale 2 geale 3
85 | 13,0
50 8.3 16,0
7 20.0
188 17.7 39.5
375 30.5 695
500 39.0 89.5
600 19.7 46.5
800 86i3 6145
1000 33.0 77.0

1300 49.6
2000 66.3
2500 83.5
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TABLE IX Plow ourves for sample T13
(Figure 10)
(1) n - 10.0 em (11) b = 4.0 om
o R o B
110 255 37 ' 55
180 320 48 214
130.5 4% 58 300
- 219 1750 57.5 "439
241 2900 8o 1000 -
26045 2630 98,5 1730
10745 2190
119 . 2650

(111) The difference between these curves gives the
eurve for a true immsrsion of 6.0 om and that for 10.0
em was oalculated. The diserepancy between this and
the curve already given for a measured 10.0 onm immersion

18 'A0' and is shown to be proportiomal to '®,'.

(cont.)
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B & 8 Qo '8 A0/0.X 10
10¢

200 46 93 9 1.0

600 146 66 133 13 0.98
1000 -176 80 160 16 1.00
1400 201 91 183 18 0.98
1800 822 01 208 20 0.99
8200 241 110 218 83 1.05

The last column gives the end correction, whieh was

faken as 1.0 £ 0.1 om.
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TABLE I1IX Equilibrium consistency curve for sample
- 3

(Pigure 11)

5 L dr/de 20dR/d0 BacBe 8¢

100 231 6.8 1840 0.99  0.08?

140 384 10.7 3000 z.'«m

180 417 15.0 - 5400 - 4.38

200 463 17.8 7180 5.70 0.04

220 510 19.5 8560 7.07

240 556 21.4 10272 8.82 0.10

For this caleulation *h' was taken as the
corrected value of 11.0 om, he‘née_&a 25.44 (0/h).
The correction for g, was very small and was'negleeted.
The errors in (g. - 8.) decrease as '@' inecrease, being

5% for © - 100, 4% for 0 - 140, then 3%.
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TABLE V Variation in viscosity of medium with

temperature
(Pigure 13)

Temp. Mo log 7°
°c poise

4.2 15.8 1.20
5.8 14.8 1.1%
18.5 9.20 04964
18.7 6:38 ©.801
85.2 4.39 0.642
26.1 4.17 0.620
29.8 3.43 0.535

29,9 3.4l 0.533




PABLE VI Variastion in equilibrium properties with
o concentration.

(Pigure 14)

Values of shear stress shown against veloelty gradient

and eoncentration

Concentration (proportion by volume)

of pigment.
0.25 0.30 0435
Vel 1 65 146 " 260
gr-ad 2 104 237 448
g 3 135 302 595
o 4 158 347 718
5 178 384 824

The shear stress of the medium alone
(concentration thms zero) rises linearly to 22.25

&yne em~* at g = 5




TABLE VII
(Pignre 15)
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Relaxation curves for sample Tl4

falues of veloeity gradient shown against shear stress

and time

Time

& © o

60
Equilibrium

&; E; @ N

60 .
Equilibrium

168

2.06
1.96
1.88
1.90
1.91
1.89
1.88

Probable errors in 'g'

g

Shear streéss, f

203

2.66
2.73
2.68
2.57
2,60
2.59
£2.60

2,27
2.31
2.41
2.42
8448
2,63
2.57

253

4.42
4.44
4.24
4.33
4.84
4.26
4.28

3480
3.96
3.97
4:11
4.21
4.28
4.27

316

6.08
6.19
6.88
6.17
6.19

6.14

4 per cent



TABLE ' 11 Relaxation curves for sample Tl4
(Fiéﬁre'ié) |

Values of velocity gradient shown against shear stress

and time
Time Shear stress, £
306 387 846 268
2 1.68 1.87 1.08 1,34
5 1.81 2.08 . 1,06 1l.24
10 1.86 2.18  1.03 1.81
15 1.98 2.80  1.08 1,81
20 1.94 2,85 1.00 1.18
30 1.96 8.87 0.98 1,12
Equilibrinm 2.04 2.28 0.88 1.04
Errors 3t 4 5 5

per cent
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LABLE IX Variation in shear stress at eonstant
(Figure 18) veloocity gradient as medium viscosity
'_ changes with temperature.

Values of shear stress shown against velocity gradient

and medium viscosity.

7o
- 15.0 11.0 8.0 5.8 4.45 3440
Values 0.5 166 180 106 9% 83 78

of 1 890 214 180 170 146 130

8 o5 397 895 248 820 185 178
3 - 366 205 862 837 307

5 - - 355 G0300 878 238

3 - - 397 335 3202 864

5 - - - 366 326 890

4 - - - 396 348 306

5 - - - 484 366 383

S - - - - 384 339
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TABLE X Variation of '£,', 'm' and 'f' and 'mng'
o with 'g'. ' -
(Figures 19 - 21)

'£', '£,' and 'm7g' are in dyme om™ and 'm' is a pure

number.
& Lo o B8 i S
0.5 50 14,8 31.6 | 83
1.0 20 12,4 55 146
5 117 11.8 79 195
2.0 137 10.5 93 337
o5 150 10.2 114 278
3.0 164 9.7 130 308
5 185 8.8 137 386
4.0 183 9.8 164 348
5 200 8.1 161 366

5.0 196 8.4 18% 384




, 24555___ Analysis of Rae's resulta, as Pable X. '

(Fisure "28)
A o a_ n%a i 4
0.0 70 - 0 0
0.5 78 1546 14 98
1.0 83 13,6 24 107
2 95 107 EY 138
3 100 9.9 58 158
4 101 9.8 67 168
5 107 9.0 78 185
6 118 8.5 89 201




ZABLE XIL Chenge in slope of equilibrium curves
(Fignne'éa) with velocity gradient at different

econcentrations.

Yalues of 'df/dg' shown against velocity gradient and

ooneentration.
Concentration
Vel 0.25 0.30 0.35
grad 0.5 77 146 368
g 1 59 106 218

a 35 76 167
3 86 56 155
4 22 38 118
S 19¢ 32 100




ey -

PABLE XIL:

it T e

éoncentration

(Pigures 24 & 25)

conc

0.25
0.30
0«35

0.00

3e8
6.7
19,6

1.0

The dependence of 'f£,' and 'm' on

90
190
386

o1



FIGURE 30

" SECTION IN  VERTICAW PLANE

"GYE OR LENS




APPEEDIX 8

GRADTENT OF A CURVE

As descoribed in Section 4.4 1t was necessary
to measure accurately the gradient at different points
on a curve drawn through several values of '€’ and 'R'.
The alignment of a gtraight edge tangentially to the
curve was found on inspection to give a large random

error and a more accurate method was sought.

The method eventually chosen employed a
right-angled prism. This rested on the curve
(figure 86) with the face opposite the right-angled
édge nppermost, s that the vertical face acted ms a
mirror. Viewed from above the portion of the curve
on which the prism rested was seen twice, once directly
.throngh the lower face of the prism and once reflected
in the vertical face. If the edge of the pfism was
normal to the curve the two images met at the edge
in one smooth line;  if the prism was at an angle "'
to the normal the objeet and ;mase eurves differed_by

an angle '2«' at the reflecfing surface.

98
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In order to measure the gradient at a given
point on the curve the prism was pleced with the
vertical surface above the point and 1ts edge approxi-
mately normal to the curvs. I¢% was rotated slowly
until the direct and reflected images of the curve
appeared to join in one smooth line, the edge of the
prism then was normal to the ocurve at the seleoted
point. The slope of the normal was measured and the

gradient calculated.

The aocuracy of measurement with this deviee
was tested by using it to determine the slope of a line
drawn at about 45 degrees to the two axes. The result
for thirty readings was 0,987 * 0.002 for the value of
the temgent, the root mean square deviation of indivi-
dual readings being 0.0l. Hence in any one reading
the value of the tangent was obtained with a probable
error of one per cent, a better accuracy than that

with which the (©, R) curves could be drawn.

Two modifications were tested for accuracy
in the way described above. In one a lems was mounted

above the prism and the curve and its reflected image

]
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viewed through this. The lens gave a linear but not

an angular magz;iﬂcation and, as would be expected, the
statistiocal accuracy was the same as for ordinaéy vision.
However eyestrain was decreased and this adaptation was
uged in practice. In the other modification, a long-
focus microscope was used in place of the lens; with
this the field of view was greatly restricted and it

was found that' the accuraoy was decreased.




APPENDIX 3
SLOSSARY

Much confusion has arisen in rheology dme to
inadequate definition of the terms used. The defini-
tions taken as a basis in this thesis are in accord

with most current European ussage.

Anomalous flow:
Any deviation from Normal flow - except that turbul-
ence at high rates of shear is sometimes regarded as

a "Normal" property.

Apparent viscosity:
The ratio of shear stress to rate of shear strain in

an element of fluid.

Breakdown:
Thixotropic breakdown 1s said to oecur when the
'épparent viscosity decreases, that is the material
“?hina". If the viscosity chamges are attributed
o "gtruoture" in the system "thinning" would

inrélve the bieakdown of this‘strncturé.

98
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Build-up:

The opposite process to breakdown; in this the

material "thickens".

- -

False-body:
" The absenee of flow at small shear stresses; hence

behavionr like a 80l1lid body in this region.

Instantaneous thixotropy:
A special case of thixotropy in which there are
instantaneous reversible changes in viscosity with

changing shear stress.

Normal flow:
Plow in which the velocity gradient is proportional

to the imposed shear atress.

Rheology:

The science of the deformation and flow of metter.

Thixotropy:
An isothermal reversible decrease of viscosity with
1ncreaéé of rate of shear involving relaxation time
of breakdown (hence also an inorease of viscosity
with deorease of rate of shear involving a relaxation

time of build-up). (Pollowing Goodeve, 1939).




Viscogity:
This is used in the above definitions in the sense

of "Apparent viscosity".
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APPENDIZX 4

LIST OF SYMBOIS USED

- 8ymbols of frequent ocourrence in the thesis

are listed here for convenience.

General usage:

concentration

shear stress

velocity gradient

time

viscosity or apparent viscosity

(equation 17) a temperature independent contri-

- bution to shear stress

(equation 17) a parameter determining the

- temperature dependent contribution to
shear stresa

(equation 17) the viscosity of the medium alone
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Rotating eylinder viscometer:

o p

%g.ﬁc.wcuwo

radius of inner ceylinder
radius of outer cylinder
torsion constant of wire

depth of immersion of the inner cylinder

radins of an "element" of liguid in the cup

couple aoting‘

speed of the driving motor

angular deflection ef the inner cy linder

angular velocity of the outer cylinder

angular velocity across an element of liquid 'dr!
difference in 'W' in two experiments with -

couples differing by 'do’
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