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ABSTRACT

The theory of the measurement of the absolute
viscosity (the ratio of shearing stress to rate of
shear) of instantaneously thixotropic fluids from flow
along & tube and from flow between concentric cylinders
makes assumptions requiring criticel examination. An
instrument using flow along-a tube is suitable only for
instanteneously thixotropic fluids: 'an instrument
using flow between concentric cylinders is also
suitable for normelly thixotropic fluids. The design
of these instruments is particulearly related both to
the conditions necessary for the validity of the given
theory and to the characteristics of the fluids used.
The usually accepted treatment of the tube flow is in
error if the fluid heas a yield value. The fluids
used, ball-mill dispersions of solid particles in
liquid media, have static and dyneamic yield values that
are different, and this necessitates a special
measuring procedure in both instruments. The relation
between the rate of shear and the shearing siress
determined by either instrument is the same within the
limits of experimental error: this error is small so
that the validity of the methods of measurement is
demonstrated. The dynamic yield values of these
fluids are independent of temperature, but the absolute
viecosity at any given shearing stress (including the
limiting viscosity for high rates of shear measured in
another instrument of the concentric cylinder type)
varies as the viscosity of the medium. At low
shearing stresses the absolute viscosity.can be
represented as & function of shearing stress by a
simple empirical egquation. As the concentration of
particles is reduced, the limiting viscosity approaches
the viscosity of the medium more rapidly than predicted
by Einstein's equation. ,
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CHAPTER I

INTRODUCTION .

1. Viscosity.

The law of viscous resistance in liquids was
formulated by Newton, and may be stated as follows.
Suppose that the space between two unit parallel planes
at distance 5x apart, one at rest and the other moving
with velocity é6v in its own plane, be filled with a
liquid; then the tangential stress, f, on either plane
is proportional to the velocity gradient g = Sv/Sx in

the liquid. Thus, in the limit:-

av .
£ = T}g = T)ax— eselel

where n, the constant of proportionality, is the
coefficient of viscosity. The fluidity, #, is defined
as the reciprocal of the viscosity.

For the purposes of this thesis, a substance which
can undergo continﬁﬁus shear without irreversible
changes taking place in its flow properties is called a
fluid. A substance which, under certain conditions,
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behaves as a fluid will be said to be in its fluid

state under those conditions. A fluid which obeys

Newton's Le&w, equation 1.1, is called & normal flq;g:
a fluid which does not obey Newton's Law is said to
exhibit anomalous flow properties, and will be called

an anomalous fluid. The discussion will be restricted

to those anomalous fluids where the displacement takes
pleace only in the direction of the applied shearing
stress, that is, anisotropy and elasticity are not
considered.

If, in the case of an anomalous fluid, the
shearing stress and the velocity gredient aré known for.
a completely specified set of conditioﬁs at a point in
a fluid, the ratio of f to g is called the absolute
viscosity of the fluid under the conditions existing at
that point in the fluid. The term absolute viscosity
has been introduced in order to distinguiéh a measure
of the actual ratio f/g from an arbitrary measure of
viscoéity called the apparent viscesity. If an
enomalous fluid gives the same indication as does a
normal fluid when subjected to measurement in a
viscometer, the anomalous fluid is said to have an
apparent viscosity which is numerically equal to the

viscosity of the normal fluid. As the value of the



apparent viscosity depends on the type and dimensions
of the viscometer used, and on the method of
measurement, it has little significance; apparent
viscosities will not therefore be considered. Where
the term viscosity is used in this thesdis, it will mean

the ratio f/g, that is, the absolute viscosity.

2. Thixotropy.

If a substance is subjected to a continuous
shearing stress which causes a time-~dependent variation
in its flow properties, and if, on the removal of this
shearing stress, the substance after a time returns to

its original state, then the substance is s&id to be a

thixotropic_ fluid. Thie is the extreme case of an
anomalous fluid &s defined here. If a constant
shearing stress is spplied to such a fluid for a
sufficiently long time the raté of shear approaches a

constent value: +this is the equilibrium rate of shear

for the given shearing stress. The rate of shear has
an initial value depending on the applied siress and
the previous shear-history of the fluid, and, during
the time of application of the given shearing stress,

varies in a manner depending on the thixotropic



properties of the fluid, the applied stress, and its
previous history. If the initial state of the fluid
is an equilibrium rate of shear, then the previous
shear-history has been eliminated and the thixotropic
properties of the fluid can be examined by applying a
new shearing stress and measuring the rate of shear as
a function of time. A complete assessment of the
thixotropic properties of a fluid can be obtained by
measuring g as a function of time for different
initial equilibrium states and applied stresses.

In a similar way the rate of shear can be taken as
the iﬁdependent variable, and the ehange of shearing
stress observed.

It may be noted here that an instrument which is
used for the measurement of thixotropic propertiies must
be capable of bringing the fluid to an equilibrium rate
of shear. For this reason an instrument which makes
use of flow along a tube is useless for generél
thixotrepic measurements since the material entering
the tube cannot be conditioned to an equilibrium rate
of shear.

There is a special class of thixotropic fluids for
which the tube instrument is suitsable, and this case

will be of particular interest here: if the changes of



rate of shear (or shearing stress) are immediate, or
occur 80 quickly that the measuring instrument is
incapable of responding to them, then the fluid is se&id

to be an instantaneously thixotropic fluid.

3. The flow function.

The flow properties of an instantaneously
thixotropic fluid can be described using only the
fundamental quantities f and g in a relation of the
form F(f,g) = O, where F is an experimentally
determined functionj; this will be called the flow
function of the fluid. The absolute viscosity at any
shearing stress (or rate of shear) can be obtained from

this flow function.

In the case of normally thixotropic fluids, the
time, t, and the initial conditions must also be
included. If such a fluid has been brought to an
equilibrium rate of shear, characterised by the
equilibrium viscosilty nj, under the action of & 7
constant shearing stress, the behaviour of the fluid
under the action of a new constant shearing stress f
applied for a time t can be represented by

F(f,g,t;my) = O3 and the behaviour at a new constant



rate of shear g by G(f,g,t,n;) = 0. For each value
of the parameter m;, F or G gives a surface, with
coordinates f, g, and t, meeting the plane t = O in the
straeight line f = 7jg, end the plane t = 00 in the
curve Eo(f,g) = O, where F, is the flow function for
the equilibrium rates of shear. i and G are not the
same, but are the flow functions under the conditions
of constant applied shearing stress and constant
applied rate of shear respectively. The absolute
viscosity in each case can again be obtained from the
flow functions, and it is specified at & given shearing
stress (or rate of shear) and time.

If the flow function of an instantaneously

thixotropic fluid is of the form: -
(f - fo) ~Mg = 0, £2fo; g =0, £<1fo

then the fluid is a 'Bingham' fiuid, end the constent
np is the 'Bingham' viscosity of the fluid. This
viscosity, %, 1s not the same as the absolute
viscosity, N vWm 1s a constant of the fluid, but 7,
depends on the applied shearing stress for a 'Bingham'
fluid as well as for other anomalous fluids. The
instantaneously thixotropic fluids examined here were

found not to be 'Binghem' fluids.



4. Experimental method.

In the discussion above, it has been assumed that
the whole of the fluid is subjected to the same
shearing stress; in practice a sample of the fluid is
made to flow in a certain pattern, where the shearing
stress £ (or the rate of shear g) is a known function
of position, and the rate of shear (or the shearing
- stress) can be determined at a specified place. By
varying the magnitude of f (or g) at this place, g (or
f) can be determined as a function of f (or g) in the
case of instantaneously thixotropic fluids, and as a
function of the initial conditions and the time in the
case of normally thixotropic fluids.

The flow function of a fluid is a property of the
fluid alone: it does not depend on the method by which
it is determined. If two distinct methods of
measurement give the same flow function for a fluid,
then it may bé assumed that the flow function has been
determined correctly by both methods. - The prime
concern here is to show that the two most widely used
methods for the determination of viscosity can be made
to yield the same flow function for a given fluid.

The conditions for the validity of the theory of the



methods are examined critically, and it is shown that
care must be taken to provide the necessary conditions
in the instruments used and in the method of
measurement .

In Part I, the theory is given for the -
determination of g as a function of f from the
observable quantitiés involved in the production of two
well-defined flow patterns. These patterns are (a)
the flow along a cylindrical tube of circular cross-
section, the observable guantities being the pressure
difference over a length of the tube and the
corrééponding rate of flow along the tubej; and (b) the
flow between two coaxial cylindrical surfaces, one of
which is at rest and the other rotating about the -
common axis, the observable quantities being the
angular velocity of the moving cylinder and the
corresponding couple exerted on the cylinders. In the
former case, g can be found at the wall of the tube:
in the latter case, g can be found at the surface of
the inner cylinder.

The theory for the tuvbe flow shows that its use is
restricted to instantaneously thixotropic fluids. The
use of the flow between concentric cylinders is not

restricted in this way since it is possible in this



case to subject an element of the fluid to a known
shearing stress for any length of time. In order to
make the comparison outlined above, it is necessary
therefore to use instantaneously thixotropic fluids.
The extension of the use of the concentrie cylinder
flow to normally thixotropic fluids is not considered
here: ‘the theory of the method was given by Thornton
(1948) . ‘

The comparison based on the two flow patterns is
described in Part I and the results presented for a
number of fluids. Particular attention has been paid
to resolving any differences between the independently
derived flow functions for the arbitrary fluids used
rather than to a survey of the properties of
instantaneously thixotroepic fluids in general. The
investigations which led to the reduction of originally
large differences to within the limit of experimental
error brought to light deficiencies in the accepted
treatment of the tube flow; these deficiencies were
found to account for the original disagreement.  Some
of the properties of the fluids used in Part I are
presented in Part II: it is considered that these are
typical instantaneously thixotropic fluids, so that the

conclusions arrived at may well be of general
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application to this class of fluid.

Two instruments were developed. The first, the
Tube Instrument, uses the flow pattern (a), and the
second, the Rotary Instrument, uses the flow pattern
(b). The agreement between the flow functions
obtained shows that the methods developed for using
these instruments are satisfactbry. Since the method
for the rotary instrument can readily be extended to
normally thixotropic fluids, satisfactory results can
be expected for these fluids also, although no such
measurements will be presented here.

Suitable instantaneously thixotropic samples for
use in these experiments were produced by dispersing
titanium dioxide particles in paraffin oil. The lack
of time-dependence in the properties of these fluids
was demonstrated in the rotary instrument, where it was
seen that the application of a constant angular
velocity resulted in a cénstant shearing stress at the
inner cylinder at all times after its initial
application.

The two instruments were constructed so that
measurements in each could be made with comparable
accuracy over the same range of shearing stress. The

flow properties of the samples were controlled so that



n/

a large range of viscosity could be measured accurately

in this range of shearing stress.
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CHAPTER IT

THE TUBE_FLOW: THEORY AND ASSUMPTIONS .

1. Flow down a tube.

The theory of the determination of g and f at the
wall of a tube, gr, fr, in terms of the pressure
difference, p, across a length D of the tube, and ilhe
total rate of flow, q, was first given by Rabinowitsch

(1929) and may be put in the form:-

1 :

3 vee 2.1

gr = 3 (q+p ) 2
- - PR

fR ) P v»oot 2'2

where R is the radius of the tube. The derivation of
these formulse will be given here, special attention
being paid to the assumptions made in their deriveation.
Bquation 2.2 is derived by considering the
equilibrium of the forces acting on & thin cylinder, of
radius r, length D, thickness‘dr,‘andrwhgse.ax;s_ig_phe
axis of the tube. The tube is assumed to be a right
circular cylinder. Equating the force on the end of

the thin cylinder with the force on its curved surface
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gives: ~

p d(xr2) = d4(2rrdf) e 2.3

where f is the shearing stress on the curved surface.

If it is assumed that p is the same for all r, equation

2.3 can be integrated directly giving: -
f = pr/2D o;o 2-4

Equation 2.2 then gives the vaiue‘of f{gt‘thgwwall‘pf
the tube. In order that D mey take any value it is
assumed that the pressure gradient is constant along
the tube. | _ -
The totel rate of flow down the tube is given by:-
- R ) ' T
q = j 21TI’V dI‘ ' 2'5
- O . B
where v is the velocity of the fluic at distance r
from the axis. Integrating by parts:-
~ R R _ .. o
q = Errzv} - S rre 4V ar vee 2.6
0 0 ar

The first term is zero if it is assumed that the fluid
is at rest at the wall, i.e., that v = O when r = R.
As g = - dv/dr, by changing the variable to f by

equation 2.4, equation 2.6 becomes: -

P . . N fR . . . - . PO e
p3q = owD3 g g £2 ar cee 2.7
0
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£2
Iy

If g is an analytic function of f, i.e., is single-
valued in the range considered, then
, 3 ‘ S :
3 {7V | a3 g cer 2.9
~a(£g?)

From equation 2.2 this becomes: -

3 AP | 1B o ee 2410
a(p3)
or (3q + pg%) = 7R gr cee 2.11

which is equation 2.1.
It is sometimes convenient to use a variable q'

in the place of g, where:-
gq' = q/TrRB vee 2.12

and to use f instead of p. Equation 2.11 can then
be put in the form: -

g = 3q' + f g%' .e. 2.13
which now represents the flow properties of the fluid,
the right hand side of thevequation being_thgvflow
function when q' has been experimentally determined as

a function of f.
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2. The sample fluid.

Certain assumptions made in the above theory
limit the type of fluid whose flow function can be
determined by means of flow down a tube. In order
that the pressure gradient may be constant along the
tube it is necessary that the characteristics of the
fluid shall not change during its passage down the
tube: that is, the fluid must be instantaneously
thixotropic. Such a fluid was produced by dispersing
suitable solid particles in a suitable liquid medium.
The details of its production are given in Appendix I.

As it has peen found that the nature of the ‘
sample fluid determines, to some extent, the way in
which equations 2.1 and 2.2 are applied and some
details in the construction of instruments for
measuring the flow function, its main characteristics
will be given here. These are that it behaves as a

solid body for shearing stresses below a certain value

fy, the yield value, and as a fluid for which g is a

function of f for f greater than fy, and as f becomes
very large g becomes & proportion of f.

A peculiarity of the samples used in these
experiments is the existence of two disiinct yield:

values: & dynamic yield value, fg, and a static yield
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value, fg. If a portion of the material is‘subjected
to a gradually increasing shearing stress, it will not
flow until the stress has reached a certain value, the

static yield value: 1f a portion of the material is

flowing under the action of a shearing stress, it will
not cease to flow until the stress has been reduced ;q

a certain value, the dynamic yield value. It is found

that fg is greater than fg.

Thus, for such & fluid, the flow function is not
single~-valued at g = O. The values g = 0, £ = fg
belong to the flow function: the values g = 0,
fd<f‘s fs do not. As will be shown below, the second
set of values can be eliminated by adopting a suitable

experimental procedure.

3. Assumptions which govern instrument design.

The first assumption governing the design of the
tube instrument is that the tube shall be & right
circular cylinder. Accordingly, such a tube is used
in the instrument.

In deriving the expression f_g pr/2D, it is
assumed that the pressure over any plane perpendicular

to the axis of the tube is constant. TIn the case of

a sample with & yield value, there will be a central
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region of plug flqw down the whole length of the tube.
At r less than a certain value r;, determined by f&,
d, the sample will be in the solid state, and the
pressure over a plane perpendicular Lo thevaxis of
the tube may not be constant, as the material is
capable of“withstanding a certain pressure without
necessarily transmitting this pressure as it is
transmitted in a fluid.

The fundamental shape of a tube instrument is a
reservoir, containing a supply of the sample, and
connected to the tube, over the whole, or part of
which the pressure is measured. The other end of
 the tube is open to the atmospheric pressure. The
sample flows from the reservoir to the tube, and the
solid plug down the centre of the tubé will be driven
down the tube partly by the direct (solid) thrust on
it from the material coming from the reservoir. This
thrust will not necessarily be the theorética; force
on the plug, ﬁrfp, ‘&nd the value of r;; will not
necessarily be the value given theoretically by the
relation f&_: pry /2D. In order to remedy_this
improper pressure distribupipn‘i; is»nepessgr& to
bring the semple to the fluid state at all r at the

entry of the tube, so that there is no direct thrust
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on a solid plug, and so that the pressure can be
transmitted as in a fluid to all parts of a plane
perpendicular to the axis of the tube at this point.

| The pressure to be measured is the pressure
difference between two planes at a distance D apart:
i.e., it can be the pressure difference between a
point on the wall of the tube at the open end
(atmospheric pressure) and a point on the wall of the
tube at a distance D from the open end. If the whole
of the tube is longer than D, the sample can be
brought to the fluid condition at all r at some point
between the reservoir end of the tube and distance D
from the open end. By measuring p‘between two such
corresponding points, the pressure required to
accelerate the sample from the reservoir into the
tube, and the pressure required for the non-uniform
region of flow between reservoir and tube, are not
included in the measured pressure.

It is found that such a sample as is used in
 these experiments tends to 'slip' at a smooth wall.
The assumed mechanism is a layer of the_liqpid medium,
exuded from the sample, between the sample proper and
the wall, acting as a lubricant. This effect can be

observed most conveniently by containing the sample
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between two parallel plates, the existence of the
yield value maintaining the sample in position, and
applying a tangential force to one plate. ,With.stPth
plates it can be seen that movement of a plate can lake
place without any movement in the sample, and that that
plate is covered by a layer of the medium, and that no
‘-sample has adhered to it.

As the tube was to be of glass, the above
experiment was performed with glass plates. 1In order
to prevent this film of liquid acting as & lubricant,
the surfaces of the plates were roughened by scratches
perpendicular to the direction of the applied force,
to such a degree that no slipping took place. The -
tube wall was then treated in the same way. Thus it
can be assumed theat no slipping took plece in these

experiments: i.e., that v = 0 at r = R.

4. Assumption which governs measuring technigue.

The remaining assumption to be considered is that
the flow function is single-valued. The experimental
pro¢edure for excluding the unwanted values g = O,
fg<f<fg will now be described. -

If the tube is filled with sample at the maximum

rate of flow for an experiment, then since the sample



20

has all been brought to the fluid state before entering
the tube, the solid region is formed from fluid sample.
The shearing stress at the boundary between solid and
fluild regions is therefore fa, and the shearing siress
within the solid region is less thean fa. Hence no
part of the sample has g = 0, £>fg. If the rate of
flow, q, is now reduced, the radius of the solid”region
is increased. This increase is formed from fluid -
sample; hence the shearing stress at the boundery is
still fg, and within the solid region is less than fd.
If successively decreasing values of q are taken,
f&fy for g = 0, and the unwanted values ére therefore
excluded. »
If the tube is filled at a low rate of flow, the
unwanted values are again excluded, but.if the rate of
flow is then increased, these values will be iniroduced
into the sample in the tube at the time of the
increase. They will be introduced because an increase
in q will cause an iﬁcrease from fa in the shearing
stress at r', the position of the boundary: if the
increase brings the shearing stress at r' to a value
less than or equal to fg, the boundary will remain at
r' with g = 0, fg< f £fg for the solid regiomnj if

greater than fg, the boundary'will move to a value of
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T less than r', with the shearing stress at the
boundary equal to fg and the unwanted values again
included. However, sample supplied to the tube after
the iﬁcrease is made has been in the fluid state and
will, therefore, form a boundary where the shearing
stress is fg. This change in radius of the solid
region will travel down the tube until the whole of the
boundary suffers a shearing stress equal to fa, and the
unwanted vaiues are again excluded. |

In practice the method of decreasing values of g
was used, as the reservoir did not contain sufficient
sample to allow the shearing stress at the boundary to

be brought to f3 for each value of q.



CHAPTER IIT

THE ROTARY FLOW: THEORY AND ASSUMPTIONS .

1. Flow between concentric cylinders.

The theory of the determination of'g and £ at the
inner cylinder, ga, fa, in terms of the couple, C,
acting on a length H of the c¢ylinders, and the angular
velocity of the outer cylinder, W, was first given by

Thornton (1248) in the form: -

- _d'_w L2 I L]

a = 2C ac 3.1

fa = c ’ eee 3.2
2ralH

when it is assumed that the rate of shear at the outer
cylinder, gp, is zero, where a, b, are the radii of the
inner and outer cylinders respectively. The
derivation of these formulae will be given here,
special attention again being paid to the assumptions
made in their derivation.

If it is assumed that all forces are in
equilibrium, the couple exerted by the flowing fluid

on any cylindrical surface, of length H, within the
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fluid and coexial with the bounding cylinders, is the
same . Hence, if C is the couple on the inner cylinder

then the shearing stress f, at radius r, is given by:-~
C = 2nréH f cee 3.3

Equation 3.2 then gives the value of f at the inner
cylinder.

For rotational flow, g = r dw/dr, where w is the
angular velocity and g the rate of shear of the fluid

at radial distance r. Hence,
dw = g dr/r _ cee 344

If the inner cylinder is at rest, and the outer

cylinder has angular velocity W, integration gives:-
W b .
J d.W = X g-d.z e e 305
0 a T

As C is the same for all r, differentiation of equation

3.3 gives: -

dr/r = =% Af/f «ee 3.6
, fh )
Therefore W o= - J & 5%2 cer 3.7
fo

If g = O for £<fyHy, this can be written:-
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£
‘N - X a %gTdf L) 3-8
0o

If g is single-valued in the range considered, then

aw Za '
N e 39
From equation 3.2:-
afs /fa =

dC/C e o6 3-10

which on substitution in equation 3.9 gives equation
3.1.
In general, if fg is replaced by f and gy by &

in equation 3.9, the relation:-

g = 2f &F ees 3011

is obtained, which represents the flow properties of
the fluid, the right hand side being the flow function
when W has been experimentally determined as & function

of f.

2. The sample fluid.

In the case of the rotary instrument, a normally
thixotropic fluid can be used if it is brought to its

equilibrium rate of shear for each reading; but as the
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tube instrument requires an instantaneously thixotiropic
fluid, only this type of fluid, as described in |
Chapter II, 2, need be considered here. |

It has been assumed that the rate of shear at the
outer cylinder is zero: this will be so if the
shearing stress at the outer cylinder, fp, is less than
or equal to the yield value of the sample fluid, Ly

for the maximum couple attained in an experiment.

therefore £ (max) %2 fa(max) ce. 3.13

hence fp(max) can be made less than fy by meking &/b
sufficiently small. In the instrument to be described
be = 10 a% so that fa(max) cannot be greater than vlen

times the yield value.

3. AsSumptions which govern instrument design.

The instrument is so designed that the outer
cylinder, which contains the sample, rotates about a
vertical axis, and that the inner cylinder, which is
suspended in it, can be aligned on the same axis.
There will thus be a region round the lower end of the

inner cyvlinder in which the flow cannot be treated as
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that between concentric cylinders.  This region of
improper flow is inherent in the nature of the
instrument: the elimination of its effect will be
discussed below.

The considerations of slip at the boundary walls
for the tube instrument apply also to this instrument.
As the cylinders were to be of brass, the exﬁeriment
with parallel plates described in ChapterﬁII, 3 was
performed with brass plates, and the same remedy
applied. Tt can then be assumed that w = W at r = b,

and w =08t r = a.

4. Assumptions which govern measuring technique.

If the region of improper flow at the lower ends
of the instrument cylinders is considered to extend for
a distance y from the lower end of the inner cylinder,
then the flow pattern to which the theory.applies will
occur above this level. If the instrument is filled
first to one level, and then to another level, then
provided that the immersion of the inner cylinder is
greater than y in each case, and that the speed of the
outer cylinder is the same in each case, the difference

between the couples obtained corresponds to & region of
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proper flow, the height of which is the difference
between the two levels. In this way the effect of the
region of improper flow can be eliminated.

In obteining equation 3.9 it is assumed that g is
& single~valued function of f. As in the case of the
tube instrument, the unwanted values g = 0, f3<f<fg
can be excluded by a suitsable experimental procedure
which will now be described.

If the outer cylinder is rotated at the maximum
speed for an experiment, and the corresponding couple
is Cpaxs then that part of the sample for which r>r',
where r' is given by Cpax = enr'2H fg, does not suffer
a shearing stress greater than fg, and therefore does
not flow, and that part for which r<r' does flow.

Let the flow function be represented by the curve

OABD in Fig I, where the ordinate is g, and the
abscissa f, or r at a given C. For C = Cpgxy the
boundary between solid and fluic states is ét r',

i.e., where f = fg, so that the flow of the sample is
represented by the curves OE, BD in Fig I. Hence, as
ror' from r<r', g-»g', where g' is the value of g for
which £ = fg in the flow function, i.e., the point B in
Fig I3 &and as r-r' fromr>r'y, g = O. There is

therefore a discontinuity BE in the rate of shear at
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'the boundary, and the values g = 0, fg< £ & fg are

operative.

g
Fig I.
g - ¢ B
]
A B
0 fqa  fs £ —
! «— 1 8t Cmex
r! «— 1 at C!

If C is now reduced from Cpax, the boundary will
remain at r = r' until the shearing stress there is
reduced to fg, i.e., to the point A in Fig I, and then
f<fy for g = 0. Further reduction in C will then
move the boundary to smaller values of r, the shearing
stress at the boundary remeining at f3g, and within the
solid region at less then fg. When f = f3 at r = r',
let C = C'; then C' = 2nr'2H fg. Hence for C<C!
the unwanted values are excluded, as the flow of the
whole sample is then represented by the curve OABD in
Fig TI.

From the above, the relation between Cpax and C!

can be obtained, for:-
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Cmax = 2nr'2H fg ce. 3.14

and C' = 2rr'2H fg ce. 3.15
fa

therefore C‘ - Cmax F— ] 3c16
S

Hence if successively decreasing values of W are taken,
the unwanted values are excluded for C £ Cpgx(fg /fg)-
In the case of increasing values of W, Wg, the
boundary between solid and fluid regions is at f = fg,
since this shearing stress is required to increase thé
radius of the fluid region: for decreasing values of
W, Wg, the boundary is at f = fg for C<C'. Then,
since the lower limit of the integral in. equation 3.8

can be the greatest value of f for which g = O:-

fa df
Wd = J % i%"‘ e o a 3‘17
fa
fa df
and “‘VS - f % 'g-f-— ¢ o o 3.18
fs
Hence for a given value of fg,
fs . gdf
‘Nd - WS = -.f-— - W' o s 0 3019
fa

where W' is & constant, as the integral depends only
on the properties of the fluid.
Differentiation of equation 3.19 with respect to

C gives: -
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dig . s cve 3.20
ac ac
so that gz can be computed from either the Wy curve
for C<C', or the Wg curve.
In the transition region between Cpax &nd C' for
decreasing values of ¥, Wi, the boundary conditions
are w =Watr =71 end w = O at r = a, and equation
3.5 becomes: - |
!

gdr ... 3.21

Wt=§ =

&
In practice it was found that in teking an
increasing set of values the lower part of the Wg
curve did not correspond to a value of f = fg at the
boundary. For, in tsking an increasing set (of
values), the outer cylinder is initially at rest, eand
is then given a small anguler velocity. The sample is
&ll in the solid state, and the rotation of the outer
cylinder is given to the inner, until its deflection
against the restoring couple of its suspension
corresponds to a shearing stress fg at its surface.
Flow then takes place. The yield value is reduced to
fg, and this causes, in practice; a fairly reapid
decrease in the deflection. This decrease means that

the reading at this speed does not belong to the
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increasing set, owing to the rise and subsequent fall
in the relative angular velocity of the cylinders
during the decrease in the deflection. Subsequent
readings will~not belong to this set until the shearing
stress at the boundary between fluid and solid states
is again fg. As there appears to be no criterion for
determining the position of the boundary after the
initial decrease in the deflection, there must be some
doubt és to the validity of the readings for the lower

values of Wg.

Fig IT

fa

Fig II shows the results to be expected from the
above theory. The ordinate is W, and the abscissa
fa, which is proportional to the deflection. For the

curve ACD, the shearing stress at the boundary is fs
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(i.e., increasing values); for the curve EFH, it is
fg (i.e., decreasing values). If, for an increasing
set of values, the outer cylinder is given a small
angulear velocity; the deflection reaches A, where

fa = fg3- it then falls, as described, to some value
represented here by B. If W is now increaséd, the
corresponding values of f give the curve BC until the
shearing stiress at the boundary is fg, i.e., at the |
point C. Further increase gives the curve CD up to D,
where fg = fa(max)- A decrease in W now gives the
transition stage, the curve DF. Along this curve the
- shearing stress at the boundary falls, until at the
point F it reaches fg. Further decrease gives the
curve FH down to H, where fz = fg and W = O.

In order to calculate ga, the value of dW/dfy cean
be taken from the part CD of the experimental
increasing curve BCD, and from the part FH of the
experimental decreasing curve DFH. Within the range
of fg between C and F, the values of dW/df from both
curves are equal, as the separation of the curves, W',
is constant. If the point A has not been determined
experimentally, the value of fg can be found from the

separation.W', as fg = fg when Wg = W'.



CHAPTER IV

METHODS FOR COMPARING THE RESULTS FROM THE INSTRUMENTS-

1. Direct comparison.

In order to compare the flow functions as derived
from the two instruments separately it is necessary
. only to obtain from each the values of g for a set of
values of f, and display them on the same graph. If
all points lie on the same smooth curve (within the
limit of experimental error) then the flow functions
are said to agree. There is a disadvantage in this
method: it is that the direct procedure involves the
drawing of tangents to the experimental curves in order
to evaluate dq'/df &nd dW/df. This is not usually &
‘very accurate procedure, as small irregularities in the
curve may produce comparativély large_variationg in“the
estimated gradient. There is also some doubt as to
the direction that the curve is taking at the extreme
‘velues, particularly at the upper end. The position
of the discontinuity shown at F in Fig Ii is not .
immediately obvious from the plotted points and

attempts to fit the points in this region to a smooth
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curve again introduces errors in the value of the
gredient.

To overcome these objections methods have been
developed by which comparison can be made without
having to estimate the gradient of the experimental
curves. In one case the experimental g'-values can
be transformed into the corresponding W-values, which
can then be compared with the experimental W-values:
in the other case, the experimental W-values can be
transformed into the corresponding q'-valuég,

In these methods the flow function is not computed
from the experimental curves: their sole purpose is to
make & more accurate comparison between the results
from the two instruments. Both cases are given,
although only one is needed in practice. The choice
of method depends on the completeness of the
experimental curves at their lower ends. In the case
of the instruments to be described the W-f curves are
more complete in this respect than the q'-f curves.
Hence q'-values were derived from the W-f curve.

This case will, therefore, be considered first.
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2. Derivation of g'-values from the W-f curve.

For the tube instrument, from equation 2.13,

d'
gR o= Bq' + fR a—%R LI ] 4-1

For the rotary instrument, from equation 3.11,

ga = 2f, %%a cer 4.2
If £ o= fp = f, ce. 4.3
then ErR = Za : e 4.4
and 3g' + £ 92" o or QW e a5
ar ar

from equations 4.1 and 4.2. Equation 4.5 can be put
in the form:~

a(f"q') _ op3aw 4
df 2f -d-—f ¢ s -6

If, at a shearing stress f = fo, W has the value Wo
and the corresponding value of q' is g}, equation 4.6

can be integrated to give:-

ql : Wo -
030 o] .
J a(£3q') = 2 J 3 aw ver 4.7
o) 0
) W, o
Hence qé = 2 .[ 3 aw voe 4.8
310
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From the experimental results, W can be plotted
as a function of f° and the integral in equation 4.8
can be evéluated by counting squares or by some more
exact method. A value of fy is chosen and the
integral evaluated between the limits shown: the
value of qé thereby obtained is the value cqrresponding
to f5. In this way & number of values of g and fg,

can be obtained, and the graph relating them compared

with the experimental q'-f curve.

3. Derivation of W-values from the g'-f curve.

Alternatively, equation 4.5 may be written in the

form: -~

dW ql dq! ) ‘
2& = 3? + a‘? 000‘409

Integrating, as in 2., between limits represented by

the corresponding values Wo, qb, £y, equation 4.9

becoﬁes:-
2 JWO aw B/fo Qg f% ' '
= 2 ¥ dq® cee 4.1
0 o ¥ o ¢ ©
or oWy = 3]f° Q'ar + g 411
O f . qo o e .
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From the experimental résults'the}right‘hand side of
equation 4 .11 can be evaluated for any value of f,, and
hence the corresponding value of Wy obtained.  These
W-values can then be plotted as a function of f and the
curve obtained compared with the experimental W-f

curve.

4. Method for incomplete curves.

A less complete way of making the comparison, if
the lower ends of the éxperimental curves are in doubt,
or missing, is to select some value of f, fy, which
corresponds to a reliable point on the lower part of
the experimental curve under consideration, and to use
this value as the lower limit of integretion in
equation 4.8 or 4.11. If this is done, however, &n
arbitrary constant is introduced which can only be
evaluated from the experimental curve which it‘is*'
desired to obtain. For example, if the method of 3.
is being used, the right hand side of equation 4.10 can
be evaluated for any value of the lower limit. The
left hand side will, however, contain a term Wj (the
lower limit) which is the value of W at f = f;. »This

can only be found from the experimental W-f curve.
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However, the other points of Lhe derivedhcurve_shquld«
agree with the experimental curve for any chosen value
of the lower limit: thus non-agreement is
demonstrated,»but agreement is not completely

conclusive.



CHAPTER V¥

THE TUBE INSTRUMENT:

DESCRIPTION -

l. The essentials of the instrument.

The essentials of the tube instrument are shown in
Fig IIT.

The reservoir, A, is a cylindrical glass

tube down which a close-fitting plunger, B, can be

Fig TII.
. G
-] D : ( | l |
N E =
B A P
driven at a number of predetefmined rates.

The tube,
C, also of glass, is connected directly to the
reservoir.

Hence, if U is the velocity of the



plunger, and d the diameter of the reservoir, q will

be given by the relation:-
qQ = 4wd?vU cer 5.1

and a number of predetermined values of g will be
obtained. | ‘

The excess pressure, p, in the material, dge‘tqm
the flow, at a distance D from the end of the tube open
to the atmosphere, is equal to the pressure exgrped by
the wall of the tube on the material at this point.
Hence, if a small portion of the tube wall is removed
at this point, and an external air pressure, of
magnitude p, applied at the hole so made, the flow will
not be disturbed: the pressure in the material due to
the flow can then be found by measuring the applied
pressure. In the instrument, there is a hole, D,
bofed in the wall of the tube near ihe reservoir end.
This hole and a short portion of the tube containing it
are surrounded by‘é small closed chamber, E, which is
connected to a variable manometer, F G. This hole is
the pressure-measuring hole. v o

In order that the sample shall be in the fluid
state at all r at some point in the tube before the

pressure-measuring hole, a constriction, H, is
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introduced which causes the sample to be supplied to
the operative part of the tube through a narrow annulus
bordering the wall of the tube. As the material for
the flow down the axis of the tube has then to flow
from the wall to the axis, the sample must be in the
fluid state at all r in a small region immediately
following this constriction. , , w

The inner wall of the tube is roughened by
scratches in a direction perpendiculer to the direction
of flow. This was done by filling the tube with a
mixture of emery powder and water, and rotating in it a
short brass cylinder of diameter slightiy less than
that of the tube. The abrasive used was the same as
that used in the pilot experiment with the parallel
plates, and the same degree of roughening was applied.
This roughening removed a large part, but not all, of
the original surface of the wall: the original surface
remaining acts as a guide for the flow, and the =
depressions serve to anchor the material and lo prevent
the formation of a smooth film of the medium.

The basis of the experimental procedure is to set
q at its meximum value and to adjust the pressure in
the chamber, by means of the movable limb, G, of the

manometer, until the boundary between the material in
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the tube and the air in the chamber is stationary and
at the position formerly occupied by the tube wall at
the hole. This pressure can then bevmeasured_on»ar
manometer. q is now reduced to the next lower value
and the menometer F G readjusted for equilibrium at the
hole, and p again measured. In this way a value of p
is obtained for each value of q. From these values
of p and q, fy and Q' are calculated, and the graph

relating them drawn.

2. The plunger-driving mechanism.

The plunger-driving mechanism consists of a
constant speed motor driving a pulley system‘from_which
& number of speeds can be selected for application 1o
the gear box that changes the rotation of the drive
into the lateral motion of the rod carrying the
plunger. Fig IV shows the pulley system and Fig V
the gear box for driving the plunger rod. 7 o

The pulley system comprises three wheels: wheel
C is mounted on the motor spindle, wheel B on the gear
box, and wheel A idles. Wheels A and B each have six
grooves with radii, in decreasing megnitude, Al, Az, ..

.+« A6 Bl, B2,.... B6, respectively. . When the belt,
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D, connects grooves Al and B the meximum speed is
obtained. The next lower speed is obtained by -

slipping the belt from BE6 to BS5; the next by slipping

Fig IV.

- the belt from Al to A2; then from BS to B4; and so on.
In this way eleven speeds are obtained which are

numbered as shown in Table I.

Table T - Pulley system speed numbers.

Speed Yo. 6 5% 5 4% 4 3% 3 2y 2 13 1
‘Wheel A:- Al Al A2 A2 A3 A3 A4 A4 A5 A5 A6
Wheel B:- B6 B5 BS5 B4 B4 B3 B3 B2 B2 Bl Bl

This gives eleven values for n, the ratio of the speed

of B to that of A. The radii of the grooves are such
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that, if A rotates with constant speed, the speeds‘oﬁjB
are approximately in arithmetica; progression. Wheel
A has a seventh groove by which it is driven by a belt
from wheel C: three radii, Cl, C2, C3, are available
on C, allowing_a variation of the range of the eleven
speeds given by A and B. m is the ratio of the speed
of A to that of C, and has three values. S

The belt connecting A and C is kept at & suitable
tension by the position of the motor: that between A
and B by means of a weighted idling pulley E. Each
belt is made from a single length of thread wound round
the wheels about twelve times, each successive turm
being wound toroidally round thé turns already on.

The ends are then knotted. This gives a belt of the
required size and strength, and the small knot does not
cause aﬁy appreciable vibration as it meets the

grooves . » o 7 -

The spindle I on which the wheel B is mounted
rotates the cylinder J (see Fig V.) by means of a worm
drive . This cylinder has a tapped hole down its axis,
through which passes the screwed rod K, parryihg the
plunger B. This rod is prevented from rotating by the
guide L running along the slide M: hence the rotation

of I gives & translation to B along the reservoir.
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The gear‘boxrand the reservoir are mounted on the
'T'-section girder N. o
The plunger consists of a tapered rubber bung held

between brass washers: the larger end of this bung has

ey E;:mﬁ
I T

B )

=2

1= ——

& normael diameter slightly greater than the diameter of
the reservoir, and this ensures & leak-proof sliding

fit. The plunger can be dismounted from the rod K.

3. The reservoir and‘tube assembly .

The reservoir andktube assembly_is shownmin‘F;g~VI
and consists of the reservoir, the tube, the pressure
chamber, & fixed mercury manometer for measuring the

pressure, and the variable mercury manometer, one limb
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of which can be raised or lowered, for adjusting the
pressure in the chamber. The reservoir and the tube

have already been described.

Fig VI.
Z
A
L] ] E—i

Ir
"

aj

1=

The pressure chamber consists‘pf a bulb blown on
the end of a piece of wide ‘bore glass tube. Two
holes, of diameter slightly greater than the external
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diameter of the tube C, were made through the wall of
the bulb at opposite ends‘of a diameter perpendicularh
to the axis of the wide bore tube. By means of these
holes, the bulbvwas slipped over the‘pube>g so that the
hole in this tube was at the centre of the bulb. The
bulb was sealed in place on the tube by means of wax,
to avoid any deformation 6f the tube by glass-to-glass
sealing. | -
| A short length of the wide bore tube was lefi on_
the bulb to serve as & suitable exit through which any
material escaping into the bulb can be removed at the
end of an experiment. A removable seal was made in
this opening by means of a plug Q (see Fig VI) which is
a sliding fit in a brass insert P, sealed into the
glass tube. The plug is held in place by means of a
screw through the bridge Q which is suspended from the
insert P by means of two diametrically opposed pins.
By filling the narrow space between_plugrand insert
with the ssmple, snd by means of the rubber washer B,
an effective removable seal was made which rgquiresn
only a small couple to make or break it: thus there
is no danger of fracture to the glass assembly.

The hole through the wall of the tube C was made

by rotating on it a brass cylinder supplied with a



48

suitable abresive. This cylinder was of the same
diameter as the internal diameter of the tube, and was
held with itsvaxis perpendicular to the axiswcfAthg o

tube. This action produces a hole with bevelled'edges

which allow accurate observation of the alignment of
the surface of the sample with the tube wall. It also
gives a hole which is narrow in the direction of the
flow, so that there is a negligible pressure drop
across the hole, but the hole is large enough for the
purpose of measurement . (The diameter of the tubevis
about 5 mm. and the hole made is about 2 mm. wide in
the direction of the tube, and 3 mm.}perpendicular to

this direction.) The tube is mounted in the
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instrument so that the axis of the cylinder forming the
cut in the tube is inclined at about 60° to the B
vertical. This allows any materiasl escaping through
the hole during an experiment to fall away from the
hole, so that observation is not impeded. The shape
of the hole is indicated in Fig VII. o 7

The chamber is connected, by means of narrow-bore
glass‘tubing, to the two menometers. The fixed
manometer, shown at § in Fig VI, is used for measuring
the pressure in the chamber and has a millimelre scale
attached to it. The tube connecting the fixed limb,
F, of the variable manometer to the chamber makes the
uﬁward loop shown &t T, and includes a glass tep. The
purpose of the loop is to prevent mercury from F and G
overflowing into the chamber and contaminating tﬁe N
saemple, in the event of a sudden fall in the pressure
in the chambef owing to leakage or other causes. The
glass tap allows the chamber to be opened to
atmospheric pressure, or isolated from the variable
meénometer. The dimensions of the variable manometer
are such that, when the pressure in the chamber is &s
great as is required, the fixed limb, F, is full of
mercury: this gives the greatest sensitivity to the

pressure control.
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The constrictioh, H, is shown in detail in
Fig VII. It consists of a short cylinder, V, -
connected by a thin rod to the cross X. Three studs,
as at W, serve to locate the axis of V along the axis
of the tube. The constriction is kept in place by the
flow of the sample past it, as it brings‘the cross to
bear on the narrowing part of the reservoir. It is
then easily removed for cleaning purposes at the end of
an experiment. . ‘

The reservoir and tube are mounted on a light
rigid girder, U (shown in Fig VI), together with the
fixed menometer and the fixed limb of the variable
manometer. The variable limb is normally mounted
separately from this assembly, but it can be attached
to it. The whole assembly is then moﬁntedJon the
girder N of the plunger-driving mechaniem, and is
connected to it by means of four screws, as at Z,
through the wooden blocks that hold the reservoir to

the girder U.

4. The manometer 1ift.

The manometer 1lift is shown in Fig VIII. Tts

purpose is to raise or lower the limb G of the variable
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manometer so that the pressure in the chamber can be

adjusted. As this pressure
must be capable of fine
adjustment, the apparatus
described below was
constructed. The 1ift
consists of a vertical post,
Ay on which can slide,
without rotating, a carriage,
B, which carries the movable
limb G. The position of
the carriage is controlled
by a cord, C, which passes
over pulleys, D and F, at
the upper and lower ends of
the post A. This cord is
kept taut by a spring, E,
and is attached to the
carriage. The upper
pulley‘wheel idles, and the
lower is rotated by a

handle, H, through a worm

Fig VIII.

:

drive. This drive permits precise adjustment ofythe

carriage, and hence precise control of the pressure,
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and allows the carriage to remain in any position in
which it is set. The limb G is fixed to the carriage
by means of a single screw, 8o that it_can readily be
removed and attached to the reservoir and tube assembly

when the instrument is dismantled for filling or
cleaning as described in Chapter VII.

5. The complete instrument.

The plunger-driving mechanism and the reservoir
and tube assembly are mounted in.a constant temperature
air-bath which is in the form of a rectangular box.
The manometer 1lift and the pulley system are mounted
on the outside of this box. The driving motor is
mounted separately from the rest of the instrument in
order to minimise the effects due to any vibration
from it. |

The instrument is mounted‘along one side of the
- box. A glazed window permits observationrof the
pressure chamber and the fixed manometer, end a door
allows the reservoir and tube assembly to be removed
for filling. The disposition of the various parts is
shown diagrammatically in Fig IX. The driving motor
is shown at A, and the pulley system at B, the axle of



53

the gear box passing through the’air-bath wall. The
reservoir and tube assembly is shown at C, and the

positions of the window and door at W and D.

Air is circulated in the box by means of a fan, E.

Fig IX.

By means of the baffles, F, which reach from floor to
roof of the box, the air is made to circulate first
past a thermallregulator, G; then along the whole
length of the instrument; then past a heater, H, and
back to the fan. In this way all the air in the box
is kept moving, and at the correet temperature.

The temperature regulation is effected by means of




a mercury-toluene regulator operating a lOO-wattv_
electric lemp through a 'Sunvic! electropip relay.

In the case of the samples of the type used in
these experiments, a small change in shearing stress
may produce a large change in the rate of shear,
especially near the yield value. The minimisatipn of
vibration is therefore important, as vibration can
contribute to the shearing stress through the‘inertia
of the material. To this end the motor is mounted
separately, and the apparatus is designed so that the
rotating parts run at small speeds. The fan used for
speed, and is of & large size so that its effectiveness
is not impaired.

It was found, with the speeds used, that there was
no appreciable vibration at the lower speeds: at the
higher speeds some vibration could be felt,»but_in‘ﬁhis
region it would have the least effect on the rate of
flow. The effect of the vibratioh present was
examined with the tube full of the sample and the
plunger disconnected from the driving rod. “The
pressure in the chamber was increased until flow along
the tube from the hole commenced; the pressure was

then reduced until flow stopped, and then increased
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to within about one per cent of its former value.
Starting the driving motor end the fan motor did not
- cause the sample to flow, but & light tap on the tube
with a pencil did: it was therefore assumed that the
amount of vibration present in an experiment did not
have an appreciable effect. » '

The menometer lift is mounted on the outside of
the box in a position in which it can conveniently be
operated by one hand as the pressure-measuring hole is
observed. The pulley system is in a convenient
position for slipping the belt from one groove to
another with the other hand when the speed has to be

changed.




CHAPTER VI

THE ROTARY INSTRUMENT: DESCRIPTION .

1. Essentials and initial adjustment.

The essentials of the rotéry instrument are shown
in Fig X where the inner and outer cylinders are drawn
half their actual size. The outer cylinder, A,
contains the sample, and is &ble to rotate about a
vertical axis, B, in the bearings, C. These bearings
are mounted on the baseplate, which can be adjusted by
means of three levelling screws so that the axis B is
vertical. This position is determined by placing a
sensitive spirit-level across the upper rim of the
outer cylinder. This cylinder is driven from a
vériable speed motor, through & system of pulleys and
gears, of which the wdrm.drive, D, is a part. The
motor and pulley wheels are mounted separately from the
operative part of the instrument. The angular
velocity of the motor spindle is measured: that of the
outer cylinder is determinéd from a knowledge of the

various pulley and gear ratios.



The inner
cylinder, E, is
suspended from &
clamp, ¥, by means of
a torsion wire, G.
The‘position of this
clamp relative to a
rigid support, H,
also mounted on the
baSeplate, can be
adjusted by means of
screws so that the
inner cylinder can be
made coaxial with the
oute;. This
position is
determined by
inserting & plate, I,
in the top of ihe
outer cvlinder.

This plate has & hole,
concentric with its
outer edge, and of

diameter about 1 mm.
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grester than that of the inmer cylinder. The position
of the upper clamp is adjusted until the gap between
the plate and the cylinder appears to be of constant
width. A constant length of torsion wire is used.

If necessary, the clamp F can be moved up or down to.
adjust the gap between the lower ends of the cylinders.
This gap is usually kept at a fiied value .

The couple exerted on the inner cylinder by the
flowing material when the outer cylinder rotates is
measured by the angular deflection of the inner
cylinder against the restoring couple of the torsion
wire. A circular scale, K, graduated in degrees, is
mounted on the inner cylinder and is read by means of a
telescope.

When the inner cylinder was set coaxizl with the
outer cylinder, and the instrument then filled with the
sample, it was not found possible to set the inner
cylinder in sﬁch & position that the deflection
remained steady when the outer cylinder was rotated
at constant speed. The least variation from the mean
deflection was aboul + % degree . The reading
recorded was the mean deflection. It was found that
this meen reading was independent of the position of

the axis of the imnmer ecylinder with respect to the axis
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of the instrument, even for considerable maladjustment
of the inner cylinder (a variation of up to + &
degrees) . The small variations obtained were
thereforé not considered to introduce any error. This
property of the instrument arises from the use of a
long suspension wire: maladjustment of the inner
cylinder gives no appreciable change in the flow
pattern, only a precession of this pattern around ilhe
axis of rotation of the outer cylinder. An inner
cylinder constrained in its axis and not concentric
with the outer cylinder would appreciably alter the
flow pattern.

In order to prevent slipping, the inner cylinder
was roughened in the same way, and, as far as could be
Judged, to the same degree, as the brass parallel
plates used in the pilot experiment described in
Chapter II, 3. It was not found necessary to
roughen the outer cylinder as no slipping was observed
at this point.

The basis of the experimental procedure is to seﬁ
W at its initial value and to observe the scale
reading. W is then given other values, according to
the programme used, and the 3calé readings taken.

-Owing to the presence of a yield value, the zero on



the scale is determined from the mean of readings

taken at a given speed with opposite directions of
rotation. The actual deflections of the inner |
cylinder can then be determined. From the calibration
constant of the wire, from the depth of immersion, and
from the end correction, the shearing stress at the
inner cylinder, fg, can be found. W is then plotted
as a function of fz, and from the curve obtained the

flow function is determined.

2. The variable speed motor and drive.

The variable speed motor is a B.T.~H. 'Emotrol’
equipment . By means of & potentiometer, the speed
can be controlled continuously over the range 150 to
3 000 revolutions per minute. In order to increase
the range at the instrument, a pulley system which
will give a 1:1 or 20:1 speed ratio is included between
it and the motor. The design of the instrument proper
includes some geafing which gives a further reduction
in speed. The pulleys and belts were made in the same
way &s those described for the tube instrument.

The speed of the motor can be measured by iwo

different methods. It is found that the voltage
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across the armature of the motor is closely
proportional to its speed: thus a measure of the
armature voltage can be taken as a measure of the speed
of the motor. Calibration of this voltage at several
values is effected by means of a stroboscopic disc
attached to the motor spindle, and illuminated by &
neon lamp run from the supply mains. The advantage of
this method is that it uses the same standard of time
(the frequency of the supply mains) as does the tube
instrument: a disadvantage is that a certain amount

of drift occurs in the voltage readings and frequent
recalibration is mnecessary. A less fundamentel
method, but one that proves as accurate, is the use of
a mechanical tachometer which can be brought to bear
on the motor spindle, and the speed read off directly.
Tt is found that the two methods are in agreement, and
both have been used.

The pulley systemvis shown in Fig XI. The motor
spindle carries a pulley wheel, L, from which an idling
wheel, M, is driven: this gives a speed reduction of
V20:1. Wheel M has two grooves, the radii of which
are in the ratio of /20:1. The two grooves on wheel
N are exactly similar to those on wheel M. Thus the

belt connecting these wheels can be put in either of
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the positions O and P. The position O gives a step up
of V/20:1 in speed, and is called the fast setting: 1lhe
position P gives a step down of ,/20:1, and is called

the slow setting.

Fig XT.

As in the case of the tube instrument, the motor
and the pulley system are mounted separately frqm_the
rest of the apparatus in order to minimise any effects
due to their vibration. No such effects were

detected.

3. The instrument proper.

This part of the instrument is shown in Fig XII

and consists of the concentric cylinders; some gearing
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for driving the outer cylinder; the suspension for the
inner; and a constant temperature enclosure. The |
outer cylinder A is held in a cup, Q, from which it can
be removed for ease of filling and cleaning. This cup
is mounted in the bearings C, and is surrounded by a
constant temperature oil-bath. The drive from the
spindle R, on which the pulley N is mounted (see
Fig XI), is by means of the treain of gears shown at
S, T, and D. The outer cylinder, which is slightly
tapered on its outer surface, fits firmly into the
cup Q@ (shown shaded in the figure). This cylinder can
be withdrawn by attaching a handle to its upper rim.

The apparatus for keeping the temperature of the
oil-bath constant is mounted in the annular space
between the outer cylinder and the cylindrical
container, U. The oil is driven round this space by
means of a propeller so that it circulates continuously
past heater, mercury-toluene thermo-regulator,
thermometer, and propeller. = The samples used are poor
conductors»of»heat. In_order‘tg prevent'amtempergtgre
difference across the sample it is necessary to enclose
the non-immersed portion of the imner cylinder in an
air-bath at the same temperature as the oil-bath.

This is done by closing the top of the container U with
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an asbestos-sheet box, V, including a small heater,
fan, and thermo-regulator. The general principles of
its construction are the same &s for the box enclosing
the tube instrument.

The support for the inner cylinder (shown at H in
Fig X) is mounted on a tripod, the feet of which are
firmly attached to the baseplate W, and the legs of
which (one is shown at X in Fig XII) are blocked in,
as far as possible, with sheet metal in order to make
the structure rigid. The inner cylinder is suspended
from this support by means of a phosphor-bronze wire
of such a radius that the deflections of the cylinder
are of the order of 100° for the sample used. The
scale K is viewed through a window by means of the
telescope Y. The wire is attached to the cylinder by
means of & small chuck, Z, in order that the cylinder .
may be removed for cleaning. Provision is made for
ensuring that the same length of wire is again in

operation whenever the cylinder is replaced.



CHAPTER VII

EXPERIMENTAL PROCEDURES .

1. Filling the instruments.

It is essential that the samples in the
instruments should be free from included air bubbles.
A sample with an appreciable yield value will not
readily flow, under the action of gravitational forces
alone, into a tube such as is used for the reservoir of
the tube instrument. This instrument is therefore
filled by means of a supplementary reservoir, or
'filler', into which flow is caused by forces on the
sample greater than those due to gravity. In this way
air bubbles are not included, and the sample can then
be transferred to the reservoir. With the samples
used in these experiments it is possible to fill the
rotary instrument directly by pouring from a container.

If a small volume of the sample is placed on a
surface, it will retain its shepe by virtue of its
yield value: if the surface is accelerated, and the

acceleration is great enough, the inertia of the
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meterial will bring into play at the surface a force
which is greater than the yield value, and the greater

part of the materizl will then move relative to the

Fig XIIT.

9 Iz p i —
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surface. TIf the surface is now returned to its

original position with an acceleration less than the
amount required for flow, and this cycle is repeated,
the material will flow along the surface in a series
of steps: if this cycle is repeated rapidly, the flow
of a liquid under the action of gravity is simulated.
This principle is used in filling the filler.

The filler is shown in FPig XIII. It consists of
a wide glass tube A (length 18 cm. and diameter 3 cm.)
which can contain sufficient sample to f£ill the
reservoir (length 28 cm. and dismeter 2 cm.), and
which is connected to & narrower glass tube B (length
28 cm. and diameter 1 cm.) which can be inserted into

the reservoir to reach its Jjoin with the measuring
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tube . The wide tube is furnished with & plunger, C,
which has a brass centre,

Fig X1V,
D, with a threaded hole —_—
along its axis. The —

plunger is pushed down , =W/G

Il

the tube by a handle, E,

which can be screwed into

the hole in the brass centre, —A

et the same time sealing

this hole. ,\

1
el

For filling, the ' P

filler (see Fig XIV) is /

mounted on &a carrisge, F, /

described above along the

slides, G. The cam, H,

which is given the motion §

which is driven from a

motor at & speed of

100 r.p.m., drives the
carriage back against the
spring, I, and then releases it to be brought back
towards its original position by the action of the
spring: this is the period of low acceleration.

The carriage is then brought to a sudden standstill by
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a stop, J: this is the period of high acceleration
during which the sample moves some distance down the
wall of the filler. The carriage is mounted
vertically, and, as it oscillates, the sample is fed a
small amount at & time to the lip of the tube A. From
there it moves down the tube wall to the join with the
tube B. It is found difficult to fill the narrower
tube, B, in this way without including air bubbles, &nd
so a small bung is placed in this tube at the join: it
is shown at X.

When the filler has been filled in this manner,
the plunger C is inserted in the open end of A and
pushed in far enough for the sample to start escaping
from the hole in D. This ensures that there is no air
left in the filler: +the handle is now attached and the
pPlunger depressed, pushing the bung K down the tube B
until the material fills this tube: the bung can then
be removed. The whole of tube B is now inserted into
the reservoir and the plunger again depressed: the
material escapes into the reservoir. As the reservoir
is filled, the filler is withdrawn to keep pace with
the advancing material until the reservoir has been
filled completely. The plunger of the plunger-driving

mechanism is now inserted into the open end of the
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reservoir, care being taken not to entrap any air in
this process. The tube and reservoir assembly is then
attached to the plunger-driving mechanism in the
constant temperature air-bath.

Filling of the outer cylinder of the rotary
instrument can be achiéved by direct pouring, with the
cylinder in situ if the sample is 'fluid' enough. In
the cese of less 'fluid' samples the cylinder can be
removed from the instrument and filled again by

pouring, with & certain amount of extra agitation.

2. Procedure for comparative experiments.

The following procedure is adopted to ensure that
the parts of the sample in the two instruments have the
same properties. The sample is contained in an
airtight can and kept at 25°C.: before the experiment
it is thoroughly stirred to avoid sedimentation ‘
effects. All the other apparatus is also kept at the
same temperature. The filler is filled as described
above, and returned to the air-bath: the process of
filling takes a few minutes, and hence some cooling
occurs and some time in the air-bath is necessary to

bring the temperature to its former value. Meanwhile
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the rotary instrument is filled: this process can be
completed within a minute, so the cooling is less than
in the former case. The reservoir and tube assembly
is now removed from the air-bath, filled from the
filler, and then returned to the air-bath: this
process takes a few minutes, and again some cooling
occurs; also the sample in the filler may not yet have
reached temperature equilibrium with the airfbath. In
order to make good any temperature losses, both
instruments are left for & few hours before any
readings are taken. This time is long enough for
any temperature deficiency to be made up, but not long
’enough for any effects due to sedimentation or ageing
to become appreciable. Readings can then be taken.
The rotary instrument was first run at a constant
speed for about 30 minutes &and the deflection observed
in order to detect the presence of any normal
thixotropy. With the samples used here the deflection
remained constant. Readings were then taken on both
instruments as described below. At the end of the
experiments the temperature of the sample in each
instrument was measured, and found to be within 0.1°C.
of the nominal temperature, indicating that the &bove

precautions were sufficient.
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3. Readings on the tube instrument.

The method of filling given above ensures that the
- reservoir is filled as far as its join with the
measuring tube. The driving motor is now started and
the sample commences to flow down the tube: when it
reaches the pressure—meésuring hole the motor is
stopped and the instrument is then ready. Because of
the considerations given in Chapter II, gg,_decreasing
vaiues of the speed are usually taken in order to
determine the flow function, and hence this procedure
will be given here. The procedure for increasing
values is similar except that sufficient time must be
allowed betﬁeen readings for the proper conditions to
be established. _

'The motor is started with the pulley system set to
give the maximum rate of flow: sample then starts to
escape from the pressure-measuring hole. By means of
the manometer 1ift, the pressure at the hole is ,
increased to prevent this escape. As the length of
the tube filled by the sample increases,‘the pressure
required to prevent escape of the sample increases
until the whole of the tube has been filled: the

pressure required to align the boundary between air and



73

sample with the tube wall is now found by slight
variatioﬁ of the pressure. If the pressure is loo
great, the sample will\begin to disappear into the
hole: if the pressure is too small, the sample will
escape slowly from the hole. The pressures at which
these two effects become evident are found: wusually it
is difficult to determine any difference between them
on the fixed manometer (read to within &bout 0.1 mm. in
a few centimetres). When thewpregsure_has<been
balanced, the height of the mercury column in one limb
of the fixed manometer is read; this reading then
gives the value of p”for’the value of q given by the
setting of the pulley system.

In order to take a reading at the next lower
speed, the pressure in the chamber is reduced, and, as
the sample starts to escape through the pressure-
measuring hole, the belt of the pulley system is
moved to the appropriate groove for the new speed,
and the equilibrium at the hole re-established. The
-manometer is again fead, o o

If the speed is reduced before the pressure,
the reduced pressure in the sample causes the boundary
between air and sample at the hole to disappear into

the hole so that air enters the tube: the column of
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sample in the tube is therefore shortened, the pressure
in the chamber remaining sensibly constant, and hence
the tube tends to empty rapidly. With practice, it is
possible to judge the amount by which the pressure has
to be reduced hetween speeds, and to change the speed
as the pressure is being redﬁced so that there is
little chance of the above state of affairs ariéing.

By continuing in this manner, values of p can be
obtained for all values of q given by the pulley
system. As the time available for taking all these
readings is limited by the amount of the sample in the
reservoir, it is usually found possible to read only
one limb of the fixed manometer for each speed. The
value of p is therefore calculated by doubling the
difference between this reeding and the zero position
of the manometer. |

If some air does enter the tube during the speed
change, and the pressure can be reduced quickly enough
to establish the proper rate of flow, it is necessary
to walit until the air in the tube éscapes from the open
end of the tube. The distance that the plunger has to
travel in order to send an &ir bubble down the tube is
found to be about 2 cm.: a scale is thereforé placed

along the reservoir, and if an air bubble enters the
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tube, the plunger is allowed to travel this distance
before further readings are taken.

At the end of & set of readings, the pressure
chamber is opened to the atmosphere by means of the
glass tap; the menometer 1lift is returmed to its
lowest level; and the motor set in reverse to withdraw
the plunger.

The actual values of g, the total rate of flow,
are obtained by meaﬁs of & prior calibration from the
pulley grooves used: the values of p are determined
from the heigh§ of the fixed mercury manometer. | The
calibration of the instrument also gives the faclors
for converting p-values into fr-values, and g-values
inio q'-values. The relation between q' and fR can
thus bhe piotted, and from the curve obtained the flow

function can be determined.

4. Readings on the rotary iﬁstrument.

With this instrument it is first necessary to
determine the end correction to be applied in order to
eliminate the effect of the region of improper flow at
the lower end of the inner cylinder. The motor

spindle is therefore furnished with a stroboscopic
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disc which, when illuminated by means of a neon lamp
run from the supply mains, enables a number of
different speeds to be selected. The instrument is
filled to various levels and the defiection of the
inner cylinder read at each of the selected speeds
for each level of filling: these deflections are
plotted on a graph against the actual immersion for
each speed. Thus the nature of the end correction
can be investigated. It is found, with the samples
used here, that it is equivalent to an extra depth of
immersion which is sensibly independent of speed or
immersion.

The speeds given by the stroboscopic disc are
also used for finding the zero on the scale attached
to the inmer cylinder, as this cylinder is usuaily
inserted after the outer is fiiled. For each of these
speeds the values of the deflection are found with the
motor running forward and in reverse: the zero at each
speed is obtained and the mean taken.

A set of readings‘is now taken for increasing, or
for decreasing, values of the variables. For
increasing readings, the speed is set at a low value
with the pulley system in its slow setting. The speed

of the motor and the deflection of the inner cylinder
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are determined. For the next reading, the speed of
the motor is increased so slowly that the inertia of
the inner cylinder does not carry the deflection past
ite equilibrium value, otherwise the boundary between
the fluid and solid states of the material will not be
at the position given byvthe theory for increasing
values. Proceeding in this manner, values of the
defiection are obtained for & number of values\of the
speed for the slow setting of the pulley system: the
setting of the pulley system is now changed ané the
process continued. When the maximum speed is
attained, & set of readings for decreasing values can
be taken in a similar manner.

The values of the shearing stress at the inner
cylinder are obtained from the deflections by means of
the calibration of the suspension wire, the redius of
the cylinder and the corrected immersion. The values
of the speed of rotation of the outer cylinder are
obtained from the motor speeds by means of the
calibration of the pulley system and the value of the
reduction ratio of the instrument gearing. The
reletion between W and fz can thus be plotted, and from

the curve obtained the flow function can be determined.




CHAPTER VIII

CALIBRATIONS OF THE INSTRUMENTS.

1. Tube instrument: methgds.

Two distinct methods were used for this
instrument . In the first method, the speed, M, of the
‘driving motor was taken as 100 r.p.m.: the rate of
flow, q, was determined from this value by measuring
the pulley ratios, m and n; the distance the plunger
moves for one revolution of the spindle of the plunger-
driving mechanism, s; and the area of cross-section of
the reservoir, 4nd2. The velocity of the plunger, U,

is therefore given (with M in revs. pér sec.) by:-
U = anS oo e 8'1

and hence the rate of flow, from equation 5.1, is

given by: -
q = %’WdsznS . o e 842

The pressure; p, is calculated from the difference in

levels, h, of the mercury manometer by the relation:-
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p - heg LI 803

where o is the density of mercury at the temperature of
the air-bath, and g is the acceleration due to gravity.

The length of the tube, D, was measured directly:
the radius of the tube, R, was determined by direct
measurement, and also from the volume per unit length
of the tube. Using these values of R and D, the
coefficients relating q and q', and p and fp, can be
obtained from equations 2.l12 and 2.2 respectively.

In the second method an oil of known viscosity was

used in the instrument, and Poiseuille's Law:-

= TrpR4 . ® 0@ 8 .4

89D
applied to determine the value of R%/D. By weighing
the efflux in a given time, and using the density of
the oil, the efflux volume in unit time, q, was found.
p was determined from the height of a manometer
containing the oil. The viscosity of the oil, y, was
measured in a calibrated Ostwald Viscometer. D was
again measured directly, and from the value of R4/D
obtained from equation 8.4, R was calculated. The
coefficienﬁs relating q and q', p and Ry, were then

calculated as above.
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The set of values of q given by the pulley ratios
n, withm = 1, wére also determined by measuring the
velocity of the plunger and the cross-section of ihe
reservoir. The velocity of the plunger was found by
measuring the time taken for it to move through a
known distance: the area of cross-section of the
reservoir was calculated from the measured rates of
flow in the application of equation 8.4, and the
corresponding velocities of the plunger.

A comparison is made of the results of the two

methods .

2. Tube instrument: first method.

(a) The speed of the motor,

The driving motor is of the synchronous type, and
as, for the purpose of this calibration, the frequency
of the mains supply from which it is energised is taken
to be 50 ¢c.p.s., then the speed of the motor is

100 r.p -m.. Hence: -

M = ,g TeV. DEr sec.
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(b) The puliey‘ratios m,

To determine m, marks were made on the peripheries
of the wheels C and A of Fig IV and were aligned with
fixed pointers. Wheel A was taken through a number of
complete revolutions which brought the mark on C close
to its pointer. The whole number of revolutions of C
were counted. The fraction of a revolution is given
by e = x/2nX, where x is the distance between mark’and
pointer, and X is the distence of the mark from the
axis of the wheel: x was measured with a ruler, and
eight determinations were made.

The values of m for the two radii of C used (C2
and C3) are given in Table II. The distance X was

5.70 em., hence e = x/35.8.

Table YT - Values of m.
c2. | c3.
Revolutions of A:- 7 8
Revolutions of C: - 12 + e 39 - e
Mean values of x:- 0.74 + 0.17 0.65 + 0.25

Mean values of e:- 0.021 + 0.005 0.018 + 0.007

Values of m: - 0.5824 0.20562




The motor can also be connected directly to the wheel

A: this arrangement, for which m = 1, will be called

Co.

(c) The pulley ratios n.

82

The pulleys A and B were so constructed that their

ratios are approximately in arithmetical progression.

The values of n were determined in the same way as the

values of m. As in the sbove case, the spread of the

individual determinationé of X were small, and will not

be given. The values of n are given in Table IIT.

Table III
Speed No. Revs. of A.

6
5% 4
5 13
4% 13
4 9
3% 6
3 10
25 11
2 13
1% 12

1 38

- YValues of n,

40 .07
18.10
53.01
47.02
28.08
15.99
21.96
19 .04
16.04
92.00
10.00

5.001
4.525
4.077
3.617
3.120
2.665
2.196

1.731

l.234
0.750
0.263




() The movement of the plunger, S.

The tapped cylinder which drives the plunger rod
rotates at one-eighth of the speed of wheel B owing to
the worm drive in the plunger-driving mechanism.  The
plunger-driving rod has a 2 B.A. thread which is .
nominally 314 t.p.i.. The distance between 192
threads was measured to be 15.52 + 0.01 cm. (which
gives 31.42 + 0.02 t.p.i.), and hence, for one
revolution of the cylinder, the plunger will move

0.08083 + 0.00005 cm. Hence,

s = 0.01010 + 0.00001 cm. per rev.

(e) The cross-section of the reservoir, 2md<.

The diameter of the reservoir was det;rmined by
means of internal calipers: their separation, after
withdrawal, being measured with a micrometer.

Column A gives the readings near the open end, and B
the readings near the closed end for the vertical
directionj columns C and D give readings near the open
and closed ends respectively for the horizontal

direction.




A B ¢ D
1.894 1.900 1.899 1.903
1.895 1.902 1.899 1.903
1.896 1.901 1.900 1.903
1.897 1.902 1.898 1.904
1.894 1.900 1.901 1.905
1.896 1.899 1.902 1.903

Hence, the mean diameter = 1.900 # 0.001 cm.

Therefore: - }ma® = 2.835 + 0.003 cm®.

(£) The length of the tube, D.

The distance between the open end of the tube,
and the eenﬁre of the pressure-measuring hole was found
fo be 33.4 cm.. As the hole extends for about 0.2 cm.
in the direction of the tube, the value of D is given

as: -

D = 33.4 +0.1 cm.

(g) The radius of the tube, R,

The open end of the tube ﬁas fitted with a small
bung, and the tube and reservoir assembly set at about -
459 to the vertical. WMercury was then poured into the
tube, via the reservoir, until its level reached the
pressure-measuring hole. The iength of the column was
measured, the bung removed, and the mass of the mercury

determined: +the estimation of the length was to about
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0.1 cm. owing to the shape of the meniscus at the hole.

Pive determinations were made: -

Length of columm. Mass of Hg. Meass per cm.
33.2 cme. 83.80 grm. 2.524
33.1 83.31 2.517
33.0 83.23 2.523
33.1 83 .47 2.523
33.1 | 83.41 2.521

Hence, mean mass per cm. = 2.522 + 0.003

- The temperature of the mercury was &bout 22°C.,
hence its density was taken as 13.54. The value of
Rz obtained from the volume of 1 cm. of the tube is

then: -

1:5 0.05929 + 0.00007 cm<.

giving: - R 0.2435 + 0.0002 cm.

A cathetometer measurement of the open end of the
tube, before the tube was roughened, gave:-

R = 0.2423 + 0.0005 cm.

(h) The values of q'.

Equation 8.2 gives the value of g, and from

equation 2.12, the value of q' can be found. From
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these equations: -
a' = =Zxiwa®Mmns .e. 8.5
TR ~

From the value of R given in (g), 1/ﬂR3 = 22.05 + 0.03.
The value of 4nd2 is taken from (e), M from (&), and s
from (d). Ffom these vealues, q' = 1.052 m n. The
values of m and n are taken from Tables II and IIi, and

the values of q' given in Table IV.

Table IV - Values of g and‘qj.

q'. q', ql, q.

Speed No.  CO ce  ¢c3 co
6 5.264 3.069 1.079 02387
5% 4.762 2.776 0.976 0.2160
5 4.291 2.502 0.880 0.1946
4% 3.807 2.219 0.780 0.1726
a4 3.284 1.914 0.673  0.1489
3% 2.805 1.615 0.576  0.1272
3 2.311 1.348 0.474 0.1051
23 1.822 1.062 0.374 0.0826
2 1.299  0.757 0.266 0.0589
1% 0.789 0 +460 0.162 0.0358

1 0.278 0.161 0.0587 0.0126
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(1) The relation between h and fy.

For experiments carried out“at 250C., the relation
between h and p, from equation 8.3, is:-
p = 1.327 lO4 h dynes per cm2-

Since fg = pR/2D, the relation between h and fy is:-

fp = 48.4 h dynes permcm2.

The least accurate measurement in this determination is
the value of D, but this is known to within less than

1%, which is the accuracy desired in the calibration.

§- Tube instrument: second method.

(a) The density and viscosity of the oil.

The density of the oil was determined at two
temperatures iﬁ the range used in the experiments to be

described bhelow. The results can be represented by:-
density at t°C. = 0.9012 - 0.00065 t

The viscosity of the oil was determined by means
of an Ostwald Viscometer. This viscometer carries a
N.P.L. calibration, hence the viscosities at various
temperatures in the range used could be measured lto

within a few parts in a thousand. The details will



not be given here. From the kinematic viscosity
obtained and the density of the oil, the viscosities

calculated can be represented by: -

logio) = 1.451 - 0.0335 t

where t is the temperature in degrees centigrade, and

n is the viscosity in poise.

(b) The application of Poiseuille's Equation.

In order to use an oil in the instrument, a

modification is necessary:

Fig XV,
it is shown in Fig XV. -
The mercury menometers
were dispensed with, and - :::
the pressure was measured A
from the height of the oii
in the vertical —__A\
tube, A, which had a — WJC(Q

diameter of 1 cm.. The

tube A was joined to the pressure chamber by a
connection as wide and as short as possible, so that
equilibrium conditions were established without
undue delay- A speed was selected which brought

the level in A near to the upper end of the tube, and

88
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preliminary experiment was conducted to determine this
level. In this experiment, the reservoir was filled,
the driving motor started, and the oil ailowed Fo flood
the pressure chamber (which was opén to the atmosphere)
until it reached'some level above the pressure-
measuring hole. The chamber was then closed and the
0il allowed to flow along the measuring tube and also
up the vertical tube. When the measuring tube was
full, its open end was closed to allow the oil to fill
the vertical tube more quickly. After each few
millimetres rise in the level in A, the oil was allowed
to flow along the measuring tube also for a short time:
the level in A at which a fall first occured on
allowing this flow then gave an spproximate value of
the equilibrium level. The instrument was then
refilled under sufficient pressure to bring the oil in
the vertical tube up to this level, and the motor
started. By adopting this procedure, the equilibrium
conditions could be established before the plunger
reached the end of its traverse. The experiment was
then repeated at a different speed. If h is the
difference in the levels between the two speeds, which

were Nos. 3 and 1% with m = 1, then from equation 8.4:-
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4 47 p!
R ¢'hg
B NF = 5 ey

Thg -
—_—.—.—_.80 . @O 8'6

t:'l:g>

where @' is the density, and Vv the kinematic viscosity,
of the oil.

The values of h were measured by means of &
cathetometer. The values of qg and ql% were
determined by weighing the amount of efflux in a given
time, and using the density of the oil at the

appropriate temperature. These results are shown in

Teble V.
Table V - Values of g5 and 913 -
Speed Mass of oil Temp. Density Time in =~ g
No. in grms. OC.  of o0il. secs. ce/sec.
3 44 .52 19.2 0 .8887 480 0.1044
3 39 .09 18.2 0 .8894 420 0.1047
1% 22.96 19.5  0.8885 720 0.03590
1% 28.68 19.5 0.8885 900 0.03588
These results give: - Az = 0.1045; ql% = 0.0359

Hence, Qg - q1% = 0.0686 :\OQOOOl
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Five experimente to determine the value of h/A

were then carried out:

the details are given in i

Table VI, where hz and hjl are the cathetlometer

readings at the two speeds and

viscosity (see (a)).

Expt. B,
1. 35.45
2. 34.24
3. 34 .41
4, 34 .96
5. 34 .75

Table VI

hil.

22.03
21.63
21.59
21.72
21.58

Vv is the kinematic

Values of h/v .

b

13 .42
1z .61
12.82
13.24
13.17

Thus the mean value of hAN =

°c. V. bA

17.8 8.05 1.666
18.5 7.62 1.655
18.3 7.74 1.65%7
18.1 7.87 1.682
18.3 7.74 1.702

1.67 + 0.02.

Using equation 8.6, the value of R%/D is given by:-

/D =

9 wns‘

(1.065 + 0.01) 10" cm°.

(e) The radius of the tube.

Using the result of (b), and the length of the

tube given in 2.(f), the following result is obtained:-

R =

0.2443 + 0.0007 cm.
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(d) The relation between h and fR.

The values of R and D again give the relation

between h and fg as in 2.(1). The relation is: -~

ER‘ = 48.5 h dynes per cme.

(e) The velocity of the plunger.

The velocity of the plunger for the various. speed
numbers with m = 1 was found by determining the time
taken for the plunger to travel belween two fixed marks
on the reservoir. The results obtained ére included
in Table VII. Apart from the last result, that for
speed No. 1, the distance travelled was 13.10 cm.; for
the last result, the distance was 4.1l cm.. The
spread of the individual readings indicates that the

experimental error is about + 2%.

(£ The cross-section of the reservoir.

Using the values of the rate of flow for speeds
Nos. 13 and 3 given in (b), and the values of the
velocity of the plunger given in (e), the area of
cross-section of the reservoir can be found from the

relation:- q = -é’ﬁng.

Speed No. 3:- /U
Speed No. 1l#:- q/U

2.843; hence ¢ = 1.903.
2.8365 hence @ = 1.200.-
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Thus the mean value of d

1.901 + 0.002; and

the mean value of 4md< 2.840 + 0.004,

Table VII - The plunger velocity and values of q.

Time in secs.
Speed Reverse and Mean
No . Forward. Time.

e

Q(2), q(l).
6 157.2 156.4
156.8 156.4 156.7 0.08360 0.2374 0.2387

54 172.8 173.0
173.2 173.0 173.0 0.07573 0.2151 0.2160

5 193.0 192.6
103.4 193 .4 193 .4 0.06784 0.1927 0.1946

4%  218.2 217.6
218.0 217.4 217.8 0.06016 0.1711 0.1726

4 262.6 251 .4
- 252.4 251.2 251.9 0.05201 0.1477 0.1489

33 204.2 292.0 =
202.6 202.6 202.8 0.04474 0.1271 0.1272

3 356.2 3566.2
357.6 356.4 356.6 0.03675 0.1043 0.1051

25  451.6 450.6
450.8 448.0 450.3 0.02910 0.0826 0.0826

P 628.4 626 .4 :
630 .0 628.6 628.3 0.02084 0.0606 0.06&89

13 1037.5 1030.0 :
1035.0 1035.0 1034.4 0.01266 0.0360 0.0358

1 915.0 916.2
915.6 0.00449 0.0127 0.0126
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(g) The values of q.

From the values for the velocities 6f the pilunger
given in Teble VII, and the value for the ares of
cross-section of the reservoir from (f), the values
for the rates of flow for all speeds can be found.

They are given in Table VII under q(2).

4. Comparison of the two methods,

The values of q from the first method, q(l), and
the values from the second method, q(2), are thh given
" in Teble VIIX. Since no two corresponding values
differ by more than 1%, the values of q!' given in
Table IV can be taken’as correct.

The values for R, 4nd%, and fp/h also agree
between the two methods; Since the determination of R
was more accurate in the first method, the relation

between h and fp is taken from 2.(1). It is:-

fp = 48.4 h dynes per cm?.
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5. Rotary instrument: methods.

For this instrument the required relations are
that between the deflection @ of the inner cylinder and
the sheering stress fg at its surface, and that between
the speed S of the driving motor (r.p.m.) and the
angular velocity W of the outer cylinder. The first
relation dependé on the torsion constant ¢ of the
suspension wire (the couple per degree of deflection),
and the area of the inner cylinder in contact with the
sample (corrected for end effects). The second
relation depends on the pulley and gear reductions
between the driving motor and the outer cylinder.

The torsion constaht was determined by suspending
a body of known moment of inertia on the wire, and
measuring the period of torsional oscillations. The
radius of the inner cylinder was measured directlyi

°

the actual immersion was

Fig XVI.
determined at the end of an -
experiment by clipping a B ——oi—
pointer, shown at A in = A

Fig XVI, to the inner
cylinder B, and sliding

the pointer down until it




- 96

touched the surface of the sample. When the cylinder
was removed, the distance between the point and the
bottom of the cylinder was measured. The
experimentally determined end-correction was then
added to give the effective immersion for substitution
in the expression for fg.

In the case where the speed of the motor was
measured by means of a tachometer, it was necessary
only to calibrate the pulley wheel ratios és the
gearing reduction was known. In the case where the
speed was measured from the voltage across the armature
of the motor, it was necessary to calibrate this
voltage with reference to the mains freguency by means
of the stroboscopic disc on the motor spindle.

The calibration was checked by filling the
instrument with the oil used in the calibration of the
tube instrument, and determining its viscosity: the

result is compared with the value obtained in the

Ostwald Viscometer.

6. TRotary instrument: first method.

(a) The torsion constant of the suspension wire,

The moment of inertia, I, of the inmer cylinder
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was calculated from its dimensions and mass. These
quantities were measured to within one part in a

thousand: to three significant figures,
I = 78 c.g.8. units.
The times for five sets of 250 oscillations were:-
294 .6, 294 .8, 294 .8, 294 .8, '294.6, secs.

The clock used was corrected by reference to a standard
clock, and the corrected meen period, T, found. The

result wass: ~
T = 1.177 » 0.001 secs.

Using the relation T = 2w/ (I/c'), where c¢c' is the
torsion constant in dyne cm. per radian, the values of

c' and ¢ were found, giving:-

c'

2.25 104 dyne cm. per radian,

and o]

392.5 * 0.5 dyne cm. per degree.

(b) The expression for the shearing stress.

The shearing stress at the surface of the cylinder

is given by: -

f - -—-g—e———— s s s 8.7
a 21 aH
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The diameter of the inner cylinder was measured by
means of a micrometer: its value was 2.543 cm. at all

points. Hence, the radius,
a = 102715 cm.
Thus, from equation 8.7, and the above results:-

fqg = 38.6 % dynes per cm?.

o

where H is the corrected immersion, and the numerical

constant is given to three significant figures.

(3) The pulley and gear ratios,

The values of the pulley ratios were found in the
same manner as in the tube instrument calibration
(see 3 above), and to a similar degree of accuracy:

the details will not be given. The results are:-

Fast setting ratio:- 1:1.225

Slow setting ratio: - 1:23.4

These figures give the ratio between the speed of the
motor spindle and the input drive of the inStrument.
Within the instrument the following gear reductions
operate (see Fig XII):-

24:62, 24:62 (bevel gears), and 1l:16 (worm gear).




99

The total gear reduction is therefore  1:106.8.
Using the above values, the relations between W, the
angular velocity of the outer cylinder in radians per

sec., and 3, the speed of the motor in r.p.m., are:-

8.00 1073 g, eand

Fast setting:- W
Slow setting:- W 0.419 1073 s.

to three significant figures. Also, for a given S:=-
W-slow = 0.0524 W-fast.

(d)  The stroboscope.

This consists of a disc, mounted on the motor
shaft, and illuminated by a neon lamp run from the
supply mains of nominal freguency 50 C.pP.S.. There
are six rings of alternate black and white segménts on
the disc: tne number of black segments, N, with their
corresponding speeds are given in Teble VIII below.

The voltage across the armature, V, weas measured
on a three-range voltmeter: the ranges were selected
sé thet the speeds 2, 4, and 6 fell near the upper
ends, &nd 1, 3, and 5, therefore, near the middle, of
the three ranges respectively. The speed was
determined from the voltage by means of proportion from

the two calibration speeds in any range: the lower
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ends of the ranges, and the zeros, were not used.

Table VIII - Stroboscope speeds.

Ring No.  N. S. w-fast.  W-slow.
1. 32 187.5 0.150 0.0079
2. 16 375 0.300 0.0187
3. 12 500 0.400 0.0210
4. 6 1000 0.800 0.0419
5. 4 1500 1.200 0.0622
6. 2 3000 2.400 0.126

As the voltages corresponding to the speeds given
in the above table did not remain constant from one
experiment to another, their values cannot be given
here: they were determined for each experiment, and
the speeds calculated accordingly. These changes
were less than 2%. In one experimeni the speed of the
outer cylinder wés also measured for each reading by
timing a convenient number of revolutions: the
difference between the two values obtained was 1less
than 2% in each case.

Iﬁ later experiments, a tachometer was used to

me&asure the speed of the motor: this tachometer could
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be read to within 1% for the motor speeds used. The
readings on the tachometer agreed with the speeds-given

in Table VIII.

7. Rotary instrument: second method.

In order to check the above calibration, an oil of
known viscosity (see 3.(a)) was used in the
instrﬁment. The deflection of the inner cylinder was
measured by using a lamp, mirror, and scale. The

viscosity was determined from the formula:-

‘ = .__c.@.— ;- — _:L LI I 808
" % Fwm(ez " 52

where the various constants are as follows: -

Radius of inner cylinder: - a = 1.271 cm.
Radius of outer cylinder: - b = 4.440 cm.

Speed at Ring 5, hence W = 1.200 rad./sec.
Distance of mirror from scale:- L = 109.2 cm.
Torsion constant of thevwire:— ¢! = 2.25 10%

dyne cm./rad.

The deflection was measured for two immersions: -

AW UNIVE

Q"“\“ Scichce S/

}
J

STOT'ON #
LisiaRL
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Deflection: ~ Mean
Immersion. Left. Right. Deflection,
11.10 cm. 12.7 em. 13.0 cm. 12.85 cm.
3.25 4.6 4.6 4.60 cm.

where these readings were reproducible. Hence the
angular deflection per unit length of the inner
cylinder is given by the difference in the mean

deflections divided by the difference in the immersions

and twice the mirror-scale distance, giving:-
6/H = 0.00481 + 0.00003

Substituting the above values in equation 8.8, the

viscosity of the oil is given as:-
N = 4.11 ¥ 0.03 poise.

The viscosity of the o0il as determined in the Ostwald

Viscometer at the temperature of the above experiment,

25 OOOCO, iS:-
N = 4.12 poise.

Thus the correctness of the calibration is

demonstrated.



CHAPTER IX

FIRST COMPARATIVE EXPERIMENT - EXPERIMENT A.

1. The end correction in the rotary instrument.

The deflections at five of the calibration speeds
were measured for five depths of immersion of the inner
cylinder at a temperature of 25%. From these results
it is possible to determine the end correction at five
values of the angular velocity of the outer cylinder,
and thus examine its variation with this velocity.

The zero on the scale was the same for all
readings and was determined by taking the deflections
at five speeds with the rotation in the forward and

reverse directions. These results gave:-

Scale: -

Ring. Reverse, TForward, Zero,
5. | 245.5 10 307.7
4. 254 3 308.5
3. 263 .5 354 308.7
2. 267 350 .5 308.7

1. 272 346 309 .0
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The zero 1s the mean of the reverse and forward scale
readings: the mean zero = 308.5. This value was
subtracted from all readings to give the deflection €.
The actual immersion of the inner cylinder was
measured by means of the pointer (A in Fig XVI). The
following table gives the values of 6 (in degrees) at

the five speeds for the five values of y, the actual

immersion.
Values of v in cm.
Ring . 2.5 4.3 6.0 83 12.7
5. 1é,o 24.5  32.0 43.0  62.5
4. 4.0 21.5 28.5 37.5  55.5
3. 11.5 17.5 23.5 31.0 45.5
2. 11.0 16.5 22.0 29.0  42.5
1. ©.5 14.5 19.5 25.5  37.5

These values of @ are plotted against y on Graph I.
For each speed, the intercept on the y—ag;s of the best
straight line through the five points gives the end
correction for‘that speed . In order of decreasing
speed, these end corrections are:-

1.05, 0.98, 0.98, 1.06, 1.01 cm.
The end correction is therefore sénsibly independent

of speed so that it is permissible to add the mean
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end correction to the actual immersion to obtain H, the

effective immersion.

2. Results from the rotary instrument.

(2) Experimental results.

Two different inner cylinders, A and B, were used:
cylinder A (used in the calibration) was rough, as
described in Chapter III, 3.; cylinder B was smooth,
but had grooves 1 mm. wide and deep, cut parallel to
its generators, with a separation of 1 mm.. The two
cylinders had the seame radius. Two sets of réadings
were taken with cylinder A. It will be seen that
there is little difference between the values of the
shearing stress for cylinders A and B, and that the
second set of readings agrees with the first set.

‘The results are given in Table IX. The angular
velocity of the outer cylinder, W, was measured by the
voltage across the armature: this is given in
arbitrary units under V. R is the stroboscope ring
number (see Table VIII), © the deflection, and £ the
shearing stress at the inner cylinder. V was set to
the values given in the first column (apart from the

calibration speeds) and the values of © obtained.
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Table IX - Results from the rotary instrument.

v, R, ©(Al) 0(AZ) o(B) . £ (A) £,(B). W,
Fast setting:

7.5 - 20 88.5 87 250 246 2.85
7.0 - 87 &4 .5 85 240 240 2.66
6 .30 6 82.5 81 81 229 229 2.40
6.0 - 80.5 79 .5 78.5 24 222 2.29
5.5 - 78 76 76 .5 216 clé 2.10
4.5 - 71.5 69 .5 7C 127 198 1.72
4.0 - 68 66 66 .5 188 188 1.54
3.10 5] 61.5 60+ 61 171 172 1.20
2.5 - 57.5 57 57.5 160 162 . 0.98
6.0 - 56.5 56 56 1588 188 0.87
5.50 4 54 .5 54.5 54.5 152 154 0.80
5.0 - 53 53 52.5 148 148 0.73
4.5 - 51.5 51.5 52 144 147 Q.66
4.0 - 49 .5 50 50 139 141 0.59
3.5 - 48 48 48 134 136 0.51
3.0 - 46 - 46.5 46 130 130 0.443
2.70 3 45 .5 45 .5 45 .5 127 129 0 .400
7.30 2 42 42.5 42.5 118 120 0.300
6.5 - 41 41.5 41.5 1156 117 0.267
5.5 - 32.5 40 40 111 113  O.cz4
4.5 - 38.5 38,5 39 108 110 0.181
3.80 1 37.5 37.5 37.5 105 106 0.150
Slow setting:

- 6 36 36 37 101 105 0.126
4.5 - 34 34 34 98 96 0.090

5] 32.5 33 32 21 91 0.063
- 4 . 30.5 30.5 30 85 85 0.042
3 28.5 22 28.5 79 81 0.0el
- e 27.5 26 .5 27.5 76 78 0.018
- 1 24 .5 26 70 74 0.008

25.5
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The following data are used: -

Calibration equation:- f, = 38.6 ¢/H.
Immersion, cylinder A:- = 12.80 cm.
Tmmersion, cylinder B:- = 12.65 cm.

End correction: - = .1.00 cm.
Hence, for cylinder A:- fg = 2.8 ©.
for cylinder B:- f5; = 2.83 0.

W is calculated by proportion from the calibration

speeds .
For Voltmeter Range 1:- W = 0.375V +» 0.04
Range 2: - W = 0.143 V + 0.014
Range 3:- W = 0.0429 V - 0.013

The results in Table IX were tsken in the order
shown (i.e., decreasing values). fa(A) is calculated
from the mean of S(Al) and 6(A2). The whole W-f4
curve is plotted on Graph II: the lower part is
plotted on Grsph ITII in order to obtain the flow

function more accurately at these values.

(b) Determination of the flow function.

The flow function is given by: -

ggq = &fg %a
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Table X - Values of gg:.
fa. g2a(III) ga(II),
75 0.23
80 0.43
85 0.57
90 0.74
95 1.07

100 1.36 1.42

110 2.16 2.06

120 3.04 2.96

130 - 3.72  3.66

140 4 .48

150 5.25

160 6.15

170 7.00

180 7.49

190 8.10

200 8.52

210 9.04

220 9.46

230 9.89

240 10.31

250 10.75

Experiment A,

fo/8a. 8o/fa.

320 0.0031

188 0 .0053
149 0.0067
122 0.0082
89 0.0l1lle
72 0.0139
&2 0.0192
40 0.0250
35 - 0.0286

31.2 0.032l

28.5  0.0351

26.0 0.0385
A4 .2 0.0413
24 .0 0.0417
23.5 0.0425
23.5 0.0425
23.2 0.0430
23.2 0.0430

23.2 0.0430

23.2 0.0430
23.2 0.0430
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The values of gg at a number of values of f, are
obtained from Graphs II and III. For each value of fg4
a straight edge is laid against the curve, and the
value of aW/df, evaluated from its position. The
results are given in Table X, together with the
corresponding values of the viscosity (fa/ga), and the
fluidity (ga/fa). Above fg = 200 the W—f% curve
cannot be diétinguished from a straight line. The
values of gg are plotted on Graph IV; the viscoéity

and fluidity on Graph VII.

3. Results from the tube instrument.

(a) Experimental results.

Readings were taken for both increasing and
decreasing values of the varigbles. Pulley ratio C2
was used: the values of g' are taken from Table IV.
The values for h increasing, hg, and h decréasing, hg,
are obtained by doubling the difference between the
zero on the scale (17.85 cm.) and the manometer
readings. The results indicate & small, but
significant, difference between the increasing and
decreasing values. The values of fy are calculated

from h by the calibration equation:- fy = 48.4 h.
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The resulls are given in Table XI.

Both sets are

110

plotted on Gfaph V, but only the decreasing set is used

in the determination of gg.

- Results from the tube instrument.

Table XTI
Manometer
-readings .

S-N inec. dec .
6 20 .50
5%  20.38  20.37
5 20.24 20.21
4%  20.12 20.09
4 19.98 19.96
3% 19.85 19.80
3 19.70  19.65
24 19.55 19.46
2 19.39 19.31
14 19.18 19.10
1 18:89 18.88

(b) Determination of

hg

hg

5.30

5.07
4.78
4 .54
4 .26
4 .00
3.70
3.40
3.08
2.66
2.08

5.04
4.72
4 .48

4.22

3.90
3.60
3.22
2.92
2.50

2.06

q'
3.07
2.78
2.50
2.22
1.91
1.61
1.35
1.06
0.76
0.46
0.16

the flow function.

The flow function

The values of gr for a

gr

is given by: -
3q' + fR

set of vealues

ggt

afg

fr(s) fr(d)

of fR are

256

244
229
216
204

189

174
156
141
1zl
100




determined from Graph V.

are determined as above.

111

The values of the gradient

The values of gp are given

in Teble XII (together with the values of g, for

comparison), and are plotted on Graph IV. The

viscosity and fluidity are also given and are plotted

on Graph VII.

fR.
100
110
120
130
140

160
170
180
190
200
210
220
230
240

8a, (fg/gr) (gr/fR)

Table XII - Values of gp: Experiment A.

a'. 3. =y & 7 *
0.16 0.48 1.28 1.76 1.39 56.8 0.0176
0.30 0.90 1.53 2.43  2.11 45.3 0.0221
0.44 1.32 1.76 3.08  3.00 39.0 0.0256
0.59 1.77 1.97 3.74  3.69 34.8 0.0288
0.75 2.25 2.26 4.51 4.48 31.0 0.0323
0.92 2.76 2.50 5.26 5.25 28.5 0.0351
1.09 3.27 2.76 6.03 6.15 26.5 0.0377
1.26 3.78 3.06 6.8  7.00 24.9 0.0402
1.44 4.32 3.43  7.75  7.49 23.2  0.0430
1.64 4.92 3.8  8.76  8.10 21.7 0.0460
1.85 5.55 4.17  9.72  8.52 20.6 0.0486
2.06 6.18 4.42 10.60 9.04 19.8 0.0505
2.27 6.8l 4.63 11.44  9.46 19.2 0.0520
2.48 7.44 5.00 12.44  9.89 18.5 0.0541
2,71 8.13 5.46 13.59 10.31 17.7 0.0566
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4. Comparison of the results.

(a) Direct comparison.

The direct comparison of the flow functions as
derived from the two instruments is given by the two
sets of points on Graph IV.

Tt is estimated that tangents can be drawn to
these curves to give the value of the gradient to
within + 2%: a similer variation may be introduced in
drawing thé curves<through the experimental points.

At the extremities of the curves the inaccuracy in the
gradient of the drawn curves may be much grester,
especially in the case of the tube instrument where
there. are fewer experimental points. It is probable,
therefore, that the discrepancies between the gR and g
values for f = 100, 110 are due to this cause. If the
value 4% is taken to be the maximum difference that can
be calléd egreempent, then the values in Table XII agree
up to £ = 180. Above this the difference is due to
the existence of the static yield value in the rotary

instrument.

(b) Indirect comparison.

The W-f, values from the rotary instrument have

been transformed to q'-f values by the method of
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Chepter IV, 2: the values obtained are given in
Table XIII and are plotted on Graph V with the
experimental q'-fh values. The method of this
transformation will be illustrated in a later

experiment; the results only are gquoted in Table XITTI.

Table XIIT - g'-f values obtained from W-f, curve.
f. Uea1. exp. £. 9'031. UVexp.
109 0.27 0.28 191 l1.64 1.66
127 0.50 0.55 20l 1.78 -
140 0.72 0.75 clo 1.95 -
152 0.92 0.926 220 2.07 -
le2 1.12 1.12 229‘ 2.22 -
172 1.31 1.30 238 2.35 -
182 1.47 1.48 47 2.48 -

In drawing the W-f5 curve, the existence of the
discontinuity shown at P in Fig II is ignored, siﬁce
its position cannot be found with any certéinty from
the plotted points. This has a greater effect on the
gradient of the W-fg curve than on the value of the
integrel in equation 4.8, for shearing stresses in the

neighbourhood of the discontinuity, and hence the
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indirect method gives a more accurate measure of the
shearing stress at the discontinuity. The fact that
the values from the indirect method agree at the lower
end of the curve indicates that the disagreement here
in the direct method was due to incorrect curve
drawing .

Since the curve for the tube instrument is
correct, and the curve for the rotary instrument is
correct at its lower end, the transformation of
Chapter IV, 3. can be used to obtain the true W-f,4
curve above the discontinuity. Alternatively,
equation 3.8 can be used, and the value of W calculated
from the gp-fp curve: this method will be used. The
value £ = 150 is taken as the lower limit of '

integration, as the W-f, curve is correct at this

point. Values of W are calculated from the
expression: -
f 1 gaf
W - Wfa=l5o + Jlso 2 %— s 00 901

Values of g are taken from the tube results on Graph IV
and 3g/f calculated. This gs plotted as a function of
f on Graph VI: the integration is performed by

considering the area under the curve between successive

ordinates to be a trapezium. The results are given in
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Table XIV, where D(I) is the area under the curve
between ordinates 10 units (dymes per em=.) of f apart,
and I(W) is the value of the integral in egquation 9.1
which is added to Wfa=150 = 0.76 (radians per sec.) to

give the true value of W at the higher shearing

stresses. The results are plotted on Graph II.
Table XIV - Derivation of W from gp-fp curve,
£. g. e, D). IW. W

150 5.25  0.0175  0.000  0.00 0.76
160 5.05 0.0189 0.182 0.18 0.94
170 6.90  0.0203  0.196  0.38 1.14
180 7.75 0.0215 0.209 0.59 1.35
190 8.75 0.0230 0.221 0.81 1.57
200 9.65 0.0241 0.234 1.04 1.80
210 10.60 0.0252 0.246 1.29 2.086
220 11.50 0.0261 0.257 1.54 2.30
230 12.55 0.0273 0.267  1.81 2.57

240 +13.45 0.0280 0.277 2.09 2.85

The values of the viscosity and the fluidity
obtained from the two instruments are plotted on

Graph VIT. The measure of agreement is again shown.
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From the above results, the discontinuity in the
W-fg curve (where fy = fg') occurs at about fg' = 1903
from Table IX, fa(max) = 250; by extrapolation of the
fluidity-f, curve (Graph VII) to the fg-sxis, fg = “C.
Hence, since fa(mex) /fa' = f5 /f3, £f5 = 90. - These
values are only approximate, as the maximum value of fa
in Teble IX may not correspond to fg(max), but the

order of the difference between fg and fg is indicated.




CHAPTER X

SECOND COMPARATIVE EXPERIMENT - EXPERIMENT B.

1. Experiment B.

In this experiment, the W-fg curves from the
rotaryvinstrument for both decreasing and increasing
values were obtained and analysed. The sample used
was the same as in Experiment A, but as Experiment B
was performed six days later & small change in the
properties of the sample could be expected. The
methods for calculating the results are the same as in

the previous experiment.

2. Results from the rotary instrument,

(2) Experimental results.

The following data are used:

Calibration equation:- f, = 38.6 o/H.
Immersion: - = 1l2.4 cm.
End correction: - = 1.0 cm.
Hence:- fg = 2.88 9.
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Table XV -~ Results from the rotary instrument,
V. B. ©(a)-l ©(s) o(@)-2 fa(s) fa(a) w.
Fast setting:
7.5 - 82 84 83 edz2 238 2.85
7.0 - 79 82 80.5 236 230 2.66
6.5 - 76 .5 - 78 - 222 2.48
6.30 6 7.5 78.5 76 226 218 2.40
6.0 - 3.5 77 74 .5 222 213 2.29.
5.5 - 71.5 4.5 72 214 207 2.10
5.0 - 68.5 71.6 69 206 198 1.1
4.5 - 65.5 69 €6 .5 199 190 l.72
4.0 - 62.5 66 62 190 179 1.54
3.5 - €0 63 60 181 173 1.35
3.10 5 57 81 57 175 164 1.20
6.7 - 53 56.5 83.5 163 183 0.98
6.0 - 51.5 55.5 &1.5 160 148 0.87
5.50 4 50 4.5 50 157 144 0.80
5.0 - 48.5 53 48.5 153 140 Q.73
4.5 - 47 51.5 47 148 135 0.66
4.0 - 45.5 49.5 45.5 42 . 131 0.59
3.5 - 44 47.5 44 137 . 127 0.514
3.0 - 42 45 42 130 121 0 .443
2.7 3 41 43.5 41 126 118 0400
2.5 - 40.5 42.5 40 122 116 0.372
7.5 - 38.5 - 38.5 - 111 0.308
- 7.35 2 38.56 40 38.5 115 111 0.300
6.5 - 37.5 39.5 37.5 114 108 0.265
5.5 - 36 37.5 35.5 108 103 0.222
4.5 - 34.5 35.56  34.5 102 929 0.179
3.85 1 33.5 34.5 33.5 99 96 0.150
3.5 - 33 3l.5 32.5 91 94 0.136
Slow setting:
7.5 - 32 33.5 32 96 22 0.149
- 6 31.5 32.5 31.5 94 91 0.1l26
5 28.5 31 28.5 89 82 0.063
- 4 26.5 20.5 26.5 85 76 0.042
- 3 24 .5 26 24 .5 75 7L 0.0zl
2 A 26.5 24 73 69 0.016
1 22 22.5 22 65 63 0.008
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For Voltmeter Range 1:~ W = 0.375 V. + 0.04
Range 2:- W = 0.143 V + 0.014
, Range 3:- W = 0.0420 V - 0.015

The results are given in Table XV. Starting at

pa

the maximum speed, & set of decreasing results was
taken,}e(d)-l; then a set of increasing results was
taken, G(S); and finally a further set of decreasing
results, e(d)-z. The valﬁe of the zero on the scale
was deﬁermined as in Experiﬁent A, and subtracted from
the observed readings to give the values of 6 in the
Teble. fz(g) is calculated from the mean of the
decreasing sets. )

All the above results are plotted on Graph VIII,
and the lower decreasing values on Graph IX. The
increasing results cannot be as dependable as the
decreasing results, as any vibration will tend to

shift an increasing value towards the decreasing curve.

(b) Determination of the flow function.

The values of g, are found as in.the preVious
experiment, and are given in Table XVI, together with
the viscosity and fluidity. The values of gy are
plotted on Graph X; the viscosity and fluidiﬁy on

Graph XIT.























































































































































































































































