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A B S T R A C T 

The theory o f the measurement of the absolute 
v i s c o s i t y ( the r a t i o o f shearing s t r e s s t o r a t e of 
shear) of instantaneously t h i x o t r o p i c f l u i d s from f l o w 
along a tube and from f l o w between concentric c y l i n d e r s 
makes assumptions r e q u i r i n g c r i t i c a l examination. An 
instrument using f l o w along a tube i s s u i t a b l e only f o r 
instantaneously t h i x o t r o p i c f l u i d s : an instrument 
using f l o w between concentric c y l i n d e r s i s also 
s u i t a b l e f o r normally t h i x o t r o p i c f l u i d s . The design 
of these instruments i s p a r t i c u l a r l y r e l a t e d b o t h t o 
the c o n d i t i o n s necessary f o r the v a l i d i t y of the g i v e n 
t h e o r y and t o the c h a r a c t e r i s t i c s o f the f l u i d s used. 
The u s u a l l y accepted tre_atment of the tube f l o w i s i n 
e r r o r i f the f l u i d has a y i e l d value . The f l u i d s 
used, b a l l - m i l l dispersions o f s o l i d p a r t i c l e s i n 
l i q u i d media, have s t a t i c and dynamic y i e l d values t h a t 
are d i f f e r e n t , and t h i s necessitates a s p e c i a l 
measuring procedure i n both instruments. The r e l a t i o n 
between the r a t e of shear and the shearing s t r e s s 
determined by e i t h e r instrument i s the same w i t h i n the 
l i m i t s of experimental e r r o r : t h i s e r r o r i s small so 
t h a t the v a l i d i t y of the methods of measurement i s 
demonstrated • The dynamic y i e l d values o f these 
f l u i d s are independent of temperature, but the absolute 
v i s c o s i t y a t any given shearing s t r e s s ( i n c l u d i n g the 
l i m i t i n g v i s c o s i t y f o r high r a t e s of shear measured i n 
another instrument of the concentric c y l i n d e r type) 
v a r i e s as the v i s c o s i t y of the medium. At low 
shearing stresses the absolute v i s c o s i t y . c a n be 
represented as a f u n c t i o n of shearing s t r e s s by a 
simple e m p i r i c a l equation. As the c o n c e n t r a t i o n o f 
p a r t i c l e s i s reduced, the l i m i t i n g v i s c o s i t y approaches 
the v i s c o s i t y of the medium more r a p i d l y than p r e d i c t e d 
by E i n s t e i n ' s equation. 
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C H A P T E R I 

INTRODUCTION. 

1 . V i s c o s i t y . 

The law of viscous resistance i n li q u i d s was 
formulated by Newton, and may be stated as follows. 
Suppose that the space between two unit p a r a l l e l planes 
at distance 5x apart, one at r e s t and the other moving 
with v e l o c i t y 6v i n i t s own plane, be f i l l e d with a 
l i q u i d ; then the tangential s t r e s s , f, on either plane 
i s proportional to the v e l o c i t y gradient g s Sv/Sx i n 
the l i q u i d . Thus, i n the l i m i t : -

where n, the constant of proportionality, i s the 
co e f f i c i e n t of v i s c o s i t y . The f l u i d i t y , ^, i s defined 
as the r e c i p r o c a l of the v i s c o s i t y . 

For the purposes of t h i s t h e s i s , a substance which 
can undergo continuous shear without i r r e v e r s i b l e 
changes taking place i n i t s flow properties i s c a l l e d a 
f l u i d • A substance which, under c e r t a i n conditions, 

dv f • • • •1.1 

OCOTIOH 
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behaves as a f l u i d w i l l be said to be i n i t s f l u i d 
s t a te under those conditions . A f l u i d which obeys 
Newton's Law, equation 1.1, i s c a l l e d a normal f l u i d : 
a f l u i d which does not obey Newton's Law i s said to 
exhibit anomalous flow properties, and w i l l be c a l l e d 
an anomalous f l u i d . The discussion w i l l be r e s t r i c t e d 
to those anomalous f l u i d s where the displacement takes 
place only i n the direction of the applied shearing 
s t r e s s , that i s , anisotropy and e l a s t i c i t y are not 
considered. 

I f , i n the case of an anomalous f l u i d , the 
shearing s t r e s s and the v e l o c i t y gradient are known for 
a completely sp e c i f i e d set of conditions at a point i n 
a f l u i d , the r a t i o of f to g i s c a l l e d the absolute 
v i s c o s i t y of the f l u i d under the conditions existing at 
that point i n the f l u i d . The term absolute v i s c o s i t y 
has been introduced i n order to di s t i n g u i s h a measure 
of the actual r a t i o f/g from an a r b i t r a r y measure of 
v i s c o s i t y c a l l e d the apparent v i s c o s i t y . I f an 
anomalous f l u i d gives the same indication as does a 
normal f l u i d when subjected to measurement i n a 
viscometer, the anomalous f l u i d i s said to have an 
apparent v i s c o s i t y which i s numerically equal to the 
v i s c o s i t y of the normal f l u i d . As the value of the 
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apparent v i s c o s i t y depends on the type and dimensions 
of the viscometer used, and on the method of 
measurement, i t has l i t t l e s ignificance; apparent 
v i s c o s i t i e s w i l l not therefore be considered. Where 
the term v i s c o s i t y i s used i n t h i s t h e s i s , i t w i l l mean 
the r a t i o f/g, that i s , the absolute v i s c o s i t y . 

2. Thixotropy. 

I f a substance i s subjected to a continuous 
shearing s t r e s s which causes a time-dependent v a r i a t i o n 
i n i t s flow properties, and i f , on the removal of t h i s 
shearing s t r e s s , the substance a f t e r a time returns to 
i t s o r i g i n a l state, then the substance i s said to be a 
thixotropic f l u i d . This i s the extreme case of an 
anomalous f l u i d as defined here. I f a constant 
shearing s t r e s s i s applied to such a f l u i d f o r a 
s u f f i c i e n t l y long time the rate of shear approaches a 
constant value: t h i s i s the equilibrium rate of shear 
f o r the given shearing s t r e s s . The rate of shear has 
an i n i t i a l value depending on the applied s t r e s s and 
the previous shear-history of the f l u i d , and, during 
the time of application of the given shearing s t r e s s , 
v a r i e s i n a manner depending on the thixotropic 
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properties of the f l u i d , the applied s t r e s s , and i t s 
previous h i s t o r y . i f the i n i t i a l state of the f l u i d 
i s an equilibrium rate of shear, then the previous 
shear-history has been eliminated and the thixotropic 
properties of the f l u i d can be examined by applying a 
new shearing s t r e s s and measuring the rate of shear as 
a function of time. A complete assessment of the 
thixotropic properties of a f l u i d can be obtained by 
measuring g as a function of time for di f f e r e n t 
i n i t i a l equilibrium states and applied s t r e s s e s • 

I n a s i m i l a r way the rate of shear can be taken as 
the independent variable, and the change, of shearing 
s t r e s s observed. 

I t may be noted here that an instrument which i s 
used for the measurement of thixotropic properties must 
be capable of bringing the f l u i d to an equilibrium rate 
of shear. For t h i s reason an instrument which makes 
use of flow along a tube i s useless for general 
thixotropic measurements since the material entering 
the tube cannot be conditioned to an equilibrium rate 
of shear. 

There i s a s p e c i a l c l a s s of thixotropic f l u i d s for 
which the tube instrument i s suitable, and t h i s case 
w i l l be of p a r t i c u l a r i n t e r e s t here: i f the changes of 
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r a t e of shear ( o r shearing s t r e s s ) are immediate, or 
occur so q u i c k l y t h a t the measuring instrument i s 
incapable of responding t o them, then the f l u i d i s s a i d 
t o be an instantaneously t h i x o t r o p i c f l u i d . 

3. The f l o w f u n c t i o n . 

The f l o w p r o p e r t i e s o f an. instantaneously 
t h i x o t r o p i c f l u i d can be described using only the 
fundamental q u a n t i t i e s f and g i n a r e l a t i o n o f the 
form F ( f , g ) = 0, where F i s an experimentally 
determined f u n c t i o n ; t h i s w i l l be c a l l e d the f l o w 
f u n c t i o n o f the f l u i d . The absolute v i s c o s i t y at any 
shearing s t r e s s ( o r r a t e of shear) can be obtained from 
t h i s f l o w f u n c t i o n . 

I n the case of normally t h i x o t r o p i c f l u i d s , the 
t i m e , t , and the i n i t i a l c o n d i t i o n s must also be 
i n c l u d e d . I f such a f l u i d has been brought t o an 
e q u i l i b r i u m r a t e of shear, c h a r a c t e r i s e d by the 
e q u i l i b r i u m v i s c o s i t y n^, under the a c t i o n of a 
constant shearing s t r e s s , the behaviour o f the f l u i d 
under the a c t i o n of a new constant shearing s t r e s s f 
a p p l i e d f o r a time t can be represented by 
F ( f ,g,t,T7-j_) s 0; and the behaviour at a new constant 
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r a t e of shear g by G(f , g , t , % ) = 0 - For each value 
of the parameter r ^ , F or G gives a surface, w i t h 
coordinates f, g, and t , meeting the plane t = 0 i n the 
s t r a i g h t l i n e f = T } ± g , and the plane t = oo i n the 
curve F Q ( f , g ) = 0, where F 0 i s the f l o w f u n c t i o n f o r 
the e q u i l i b r i u m r a t e s o f shear. F and G are not the 
same, but are the f l o w f u n c t i o n s under the c o n d i t i o n s 
o f constant a p p l i e d shearing s t r e s s and constant 
a p p l i e d r a t e of shear r e s p e c t i v e l y . The absolute 
v i s c o s i t y i n each case can again be obtained from the 
f l o w f u n c t i o n s , and i t i s s p e c i f i e d a t a give n shearing 
s t r e s s ( o r r a t e of shear) and t i m e . 

I f the f l o w f u n c t i o n of an instantaneously 
t h i x o t r o p i c f l u i d i s of, the form: -

( f - f 0 ) - tjBg « 0, f >fo» g = 0, f < f 0 

t h e n the f l u i d i s a 'Bingham' f l u i d , and the constant 
T I b i s the 'Bingham' v i s c o s i t y o f the f l u i d . This 
v i s c o s i t y , tyg, i s not the same as the absolute 
v i s c o s i t y , yj: yjg, i s a constant o f the f l u i d , but * T J I 

depends on the a p p l i e d shearing s t r e s s f o r a 'Bingham1 

f l u i d as w e l l as f o r other anomalous f l u i d s . The 
instantaneously t h i x o t r o p i c f l u i d s examined here were 
found not t o be 'Bingham' f l u i d s . 
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4. Experimental method. 

I n the discussion above, i t has been assumed that 
the whole of the f l u i d i s subjected to the same 
shearing s t r e s s ; i n practice a sample of the f l u i d i s 
made to flow i n a certa i n pattern, where the shearing 
s t r e s s f (or the rate of shear g) i s a known function 
of position, and the rate of shear (or the shearing 
s t r e s s ) can be determined at a spe c i f i e d place. By 
varying the magnitude of f (or g) at t h i s place, g (or 
f ) can be determined as a function of f (or g) i n the 
case of instantaneously thixotropic f l u i d s , and as a 
function of the i n i t i a l conditions and the time in the 
case of normally thixotropic f l u i d s . 

The flow function of a f l u i d i s a property of the 
f l u i d alone: i t does not depend on the method by which 
i t i s determined. I f two d i s t i n c t methods of 
measurement give the same flow function for a f l u i d , 
then i t may be assumed that the flow function has been 
determined correc t l y by both methods. The prime 
concern here i s to show that the two most widely used 
methods for the determination of v i s c o s i t y can be made 
to y i e l d the same flow function for a given f l u i d . 
The conditions for the v a l i d i t y of the theory of the 
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methods are examined c r i t i c a l l y , and i t i s shown that 
care must be taken to provide the necessary conditions 
i n the instruments used and i n the method of 
measurement. 

I n Part I , the theory i s given for the 
determination of g as a function of f from the 
observable quantities involved i n the production of two 
well-defined flow patterns. These patterns are (a) 
the flow along a c y l i n d r i c a l tube of c i r c u l a r cross-
section, the observable quantities being the pressure 
difference over a length of the tube and the 
corresponding rate of flow along the tube; and (b) the 
flow between two coaxial c y l i n d r i c a l surfaces, one of 
which i s at r e s t and the other rotating about the • 
common axis, the observable quantities being the 
angular v e l o c i t y of the moving cylinder and the 
corresponding couple exerted on the cy l i n d e r s . I n the 
former case, g.can be found at the w a l l of the tube: 
i n the l a t t e r case, g can be found at the surface of 
the inner cylinder. 

The theory for the tube flow shows that i t s use i s 
r e s t r i c t e d to instantaneously thixotropic f l u i d s . The 
use of the flow between concentric cylinders i s not 
r e s t r i c t e d in t h i s way since i t i s possible i n t h i s 
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case to subject an element of the f l u i d to a known 
shearing s t r e s s for any length of time. I n order to 
make the comparison outlined above, i t i s necessary 
therefore to use instantaneously thixotropic f l u i d s . 
The extension of the use of the concentric cylinder 
flow to normally thixotropic f l u i d s i s not considered 
here: the theory of the method was given by Thornton 
(1948) . 

The comparison based on the two flow patterns i s 
described i n Part I and the r e s u l t s presented for a 
number of f l u i d s . P a r t i c u l a r attention has been paid 
to resolving any differences between the independently 
derived flow functions for the a r b i t r a r y f l u i d s used 
rather than to a survey of the properties of 
instantaneously thixotropic f l u i d s i n general. The 
investigations which led to the reduction of o r i g i n a l l y 
large differences to within the l i m i t of experimental 
error brought to l i g h t d e f i c i e n c i e s i n the accepted 
treatment of the tube flow; these d e f i c i e n c i e s were 
found to account for the o r i g i n a l disagreement.' Some 
of the properties of the f l u i d s used i n Part I are 
presented i n Part I I : i t i s considered that these are 
t y p i c a l instantaneously thixotropic f l u i d s , so that the 
conclusions arrived at may w e l l be of general 
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application to t h i s c l a s s of f l u i d . 
Two instruments were developed. The f i r s t , 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 s a t i s f a c t o r y . Since the method 
for the rotary instrument can readily be extended to 
normally thixotropic f l u i d s , s a t i s f a c t o r y r e s u l t s can 
be expected for these f l u i d s also, although no such 
measurements w i l l be presented here. 

Suitable instantaneously thixotropic samples for 
use i n these experiments were produced by dispersing 
titanium dioxide p a r t i c l e s i n p a r a f f i n o i l . The lack 
of time-dependence i n the properties of these f l u i d s 
was demonstrated i n the rotary instrument, where i t was 
seen that the application of a constant angular 
v e l o c i t y resulted i n a constant shearing s t r e s s at the 
inner cylinder at a l l times a f t e r i t s i n i t i a l 
a pplication. 

The two instruments were constructed so that 
measurements i n each could be made with comparable 
accuracy over the same range of shearing s t r e s s . The 
flow properties of the samples were controlled so that 
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a lar g e range of v i s c o s i t y could be measured a c c u r a t e l y 
i n t h i s range o f shearing s t r e s s . 
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C H A P T E R I I 

THE TUBE FLOW: THEORY AND ASSUMPTIONS . 

1. Flow down a tube • 

The theory o f the det e r m i n a t i o n of g and f a t the 
w a l l of a tube, gp>, f ^ , i n terms o f the pressure 
d i f f e r e n c e , p, across a l e n g t h D o f the tube, and the 
t o t a l r a t e of f l o w , q, was f i r s t given by Rabinowitsch 
(1929) and may be put i n the form:-

f p = S5 ... 2.2 
K 2D 

where R i s the radius o f the tube. The d e r i v a t i o n o f 
these formulae w i l l be given here, s p e c i a l a t t e n t i o n 
being p a i d t o the assumptions made i n t h e i r d e r i v a t i o n . 

Equation 2.2 i s de r i v e d by con s i d e r i n g the 
e q u i l i b r i u m o f the for c e s a c t i n g on a t h i n c y l i n d e r , of 
radius r , l e n g t h D, thickness d r , and whose a x i s i s the 
ax i s o f the tube • The tube i s assumed t o be a r i g h t 
c i r c u l a r c y l i n d e r . Equating the forc e on the end of 
the t h i n c y l i n d e r w i t h the fo r c e on i t s curved surface 
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gives: -
p d(-rrr 2) = d(27TrDf) 2.3 

where f i s the shearing s t r e s s on the curved s u r f a c e . 
I f i t i s assumed t h a t p i s the same f o r a l l r , equation 
2.3 can be i n t e g r a t e d d i r e c t l y g i v i n g : -

f = pr/2D ... 2.4 

Equation 2.2 then gives the value o f f a t the w a l l of 
the tube. I n order t h a t D may take any value i t i s 
assumed t h a t the pressure g r a d i e n t i s constant along 
the tube. 

The t o t a l r a t e of f l o w down the tube i s giv e n by:-
(R 

q s 1 27Trv d r ... 2.5 
Jo 

where v i s the v e l o c i t y of the f l u i d a t distance r 
from the a x i s . I n t e g r a t i n g by p a r t s : -

'R 
TXT2 §v d r . . . 2.6 
0 d r 

The f i r s t term i s zero i f i t i s assumed t h a t the f l u i d 
i s a t r e s t a t the w a l l , i . e . , t h a t v = 0 when r = R. 
As g » - dv/dr, by changing the v a r i a b l e t o f by 
equation 2.4, equation 2.6 becomes:-

f f R 

p 3 q - 8irD 3 g f 2 d f ... 2.7 
0 

R » 

q = 
0 1 
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or 3p Jq = BrrD^ 
f 3 , 

S R - d ( f 3 ) ... 2.8 
0 

I f g i s an a n a l y t i c f u n c t i o n o f f , i . e . , i s s i n g l e -
valued i n the range considered, then 

3 - 8TTD3 g R ... 2.9 
d ( f R

3 ) K 

From equation 2.2 t h i s becomes:-

3 d l £ ^ ) - TTH 3 gR ... 2.10 
d ( P 3 ) S R 

or (3q + p ^ ) s i r R 3 gR ... 2-11 

which i s equation 2.1. 
I t i s sometimes convenient t o use a v a r i a b l e q' 

i n the place o f q, where:-

q' = q /TCR3 .. • 2 «12 

and t o use f i n s t e a d o f p. Equation 2.11 can then 
be put i n the form:-

g = 3q' + f ... 2.13 

which now represents the f l o w p r o p e r t i e s o f the f l u i d , 
the r i g h t hand side of the equation being the f l o w 
f u n c t i o n when q' has been expe r i m e n t a l l y determined as 
a f u n c t i o n of f . 
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2. The sample f l u i d . 

C e r t a i n assumptions made i n the above theory-
l i m i t the type o f f l u i d whose f l o w f u n c t i o n can be 
determined by means o f f l o w down a tube. I n order 
t h a t the pressure g r a d i e n t may be constant along the 
tube i t i s necessary t h a t the c h a r a c t e r i s t i c s o f the 
f l u i d s h a l l not change d u r i n g i t s passage down the 
tube: t h a t i s , the f l u i d must be instantaneously 
t h i x o t r o p i c . Such a f l u i d was produced by d i s p e r s i n g 
s u i t a b l e s o l i d p a r t i c l e s i n a s u i t a b l e l i q u i d medium. 
The d e t a i l s o f i t s p r o d u c t i o n are give n i n Appendix I . 

As i t has been found t h a t the nature o f the 
sample f l u i d determines, t o some e x t e n t , the way i n 
which equations 2.1 and 2.2 are a p p l i e d and some 
d e t a i l s i n the c o n s t r u c t i o n o f instruments f o r 
measuring the f l o w f u n c t i o n , i t s main c h a r a c t e r i s t i c s 
w i l l be giv e n here. These are t h a t i t behaves as a 
s o l i d body f o r shearing stresses below a c e r t a i n value 
f y , the y i e l d value, and as a f l u i d f o r which g i s a 
f u n c t i o n of f f o r f g r e a t e r than f y , and as f becomes 
v e r y l a r g e g becomes a p r o p o r t i o n o f f • 

A p e c u l i a r i t y of the samples used i n these 
experiments i s the existence o f two d i s t i n c t y i e l d 
values: a dynamic y i e l d value, fa, and a s t a t i c y i e l d 
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value, f g . I f a p o r t i o n of the m a t e r i a l i s subjected 
t o a g r a d u a l l y i n c r e a s i n g shearing s t r e s s , i t w i l l not 
f l o w u n t i l the s t r e s s has reached a c e r t a i n value, the 
s t a t i c y i e l d value: i f a p o r t i o n of the m a t e r i a l i s 
f l o w i n g under the a c t i o n of a shearing s t r e s s , i t w i l l 
n o t cease t o f l o w u n t i l the s t r e s s has been reduced t o 
a c e r t a i n value, the dynamic y i e l d v a l u e . I t i s found 
t h a t f s i s g r e a t e r than f ^ . 

Thus, f o r such a f l u i d , the f l o w f u n c t i o n i s not 
s i n g l e - v a l u e d a t g = 0. The values g = 0, f = f d 
belong t o the f l o w f u n c t i o n : the values g = 0, 
f d < f ^ f s &° n o t . As w i l l be shown below, the second 
set of values can be e l i m i n a t e d by adopting a s u i t a b l e 
experimental procedure. 

3. Assumptions which govern instrument design. 

The f i r s t assumption governing the design of the 
tube instrument i s t h a t the tube s h a l l be a r i g h t 
c i r c u l a r c y l i n d e r . Accordingly, such a tube i s used 
i n the instrument• 

I n d e r i v i n g the expression f = pr/2D, i t i s 
assumed t h a t the pressure over any plane perpendicular 
t o the axis of the tube i s constant. I n the case of 
a sample w i t h a y i e l d value, there w i l l be a c e n t r a l 



r e g i o n of p l u g f l o w down the whole l e n g t h of the tube. 
At r less than a c e r t a i n value r v , determined by f v , 
q, the sample w i l l be i n the s o l i d s t a t e , and the 
pressure over a plane perpendicular t o the axis of 
the tube may not be constant, as the m a t e r i a l i s 
capable o f w i t h s t a n d i n g a c e r t a i n pressure w i t h o u t 
n e c e s s a r i l y t r a n s m i t t i n g t h i s pressure as i t i s 
t r a n s m i t t e d i n a f l u i d . ' 

The fundamental shape of a tube instrument i s a 
r e s e r v o i r , c o n t a i n i n g a supply of the sample, and 
connected t o the tube, over the whole, or p a r t of 
which the pressure i s measured. The other end of 
the tube i s open t o the atmospheric pressure. The 
sample flows from the r e s e r v o i r t o the tube, and the 
s o l i d p l u g down the centre o f the tube w i l l be d r i v e n 
down the tube p a r t l y by the d i r e c t ( s o l i d ) t h r u s t on 
i t from the m a t e r i a l coming from the r e s e r v o i r . This 
t h r u s t w i l l not n e c e s s a r i l y be the t h e o r e t i c a l f o r c e 
on the p l u g , -nvj^p, and the value of r y w i l l not 
n e c e s s a r i l y be the value given t h e o r e t i c a l l y by the 
r e l a t i o n f y = p r y /2D. I n order t o remedy t h i s 
improper pressure d i s t r i b u t i o n i t i s necessary t o 
b r i n g the sample t o the f l u i d s t a t e a t a l l r a t the 
e n t r y o f the tube, so t h a t t h e r e i s no d i r e c t t h r u s t 
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on a s o l i d p l u g , and so t h a t the pressure can be 
t r a n s m i t t e d as i n a f l u i d t o a l l p a r t s o f a plane 
perpendicular t o the a x i s of the tube a t t h i s p o i n t . 

The pressure t o be measured i s the pressure 
d i f f e r e n c e between two planes a t a distance D apart: 
i . e . , i t can be the pressure d i f f e r e n c e between a 
p o i n t on the w a l l o f the tube a t the open end 
(atmospheric pressure) and a p o i n t on the w a l l of the 
tube a t a distance D from the open end. I f the whole 
of the tube i s longer than D, the sample can be 
brought t o the f l u i d c o n d i t i o n a t a l l r a t some p o i n t 
between the r e s e r v o i r end o f the tube and distance D 
from the open end. By measuring p between two such 
corresponding p o i n t s , the pressure r e q u i r e d t o 
accelerate the sample from the r e s e r v o i r i n t o the 
tube, and the pressure r e q u i r e d f o r the non-uniform 
region of f l o w between r e s e r v o i r and tube, are not 
incl u d e d i n the measured pressure . 

I t i s found t h a t such a sample as i s used i n 
these experiments tends t o ' s l i p ' a t a smooth w a l l . 
The assumed mechanism i s a l a y e r of the l i q u i d medium, 
exuded from the sample, between the sample proper and 
the w a l l , a c t i n g as a l u b r i c a n t . This e f f e c t can be 
observed most conveniently by c o n t a i n i n g the sample 
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between two p a r a l l e l p l a t e s , the existence o f the 
y i e l d value m a i n t a i n i n g the sample i n p o s i t i o n , and 
a p p l y i n g a t a n g e n t i a l f o r c e t o one p l a t e . With smooth 
p l a t e s i t can be seen t h a t movement o f a p l a t e can take 
place w i t h o u t any movement i n the sample, and t h a t t h a t 
p l a t e i s covered by a l a y e r o f the medium, and t h a t no 
sample has adhered t o i t . 

As the tube was t o be o f g l a s s , the above 
experiment was performed w i t h glass p l a t e s . I n order-
t o prevent t h i s f i l m o f l i q u i d a c t i n g as a l u b r i c a n t , 
the surfaces o f the p l a t e s were roughened by scratches 
p e r p e n d i c u l a r t o the d i r e c t i o n o f the a p p l i e d f o r c e , 
t o such a degree t h a t no s l i p p i n g t o o k p l a c e . The 
tube w a l l was then t r e a t e d i n the same way. Thus i t 
can be assumed t h a t no s l i p p i n g took place i n these 
experiments: i . e . , t h a t v s O at r s R. 

4 . Assumption which governs measuring technique. 

The remaining assumption t o be considered i s t h a t 
the f l o w f u n c t i o n i s s i n g l e - v a l u e d . The experimental 
procedure f o r excluding the unwanted values g » 0, 
f c [ < f ^ f s w i l l now be described. 

I f the tube i s f i l l e d w i t h sample at the maximum 
r a t e of f l o w f o r an experiment, then since t h e sample 
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has a l l "been brought t o the f l u i d s t a t e before e n t e r i n g 
the tube, the s o l i d r e g i o n i s formed from f l u i d sample. 
The shearing s t r e s s a t the boundary between s o l i d and 
f l u i d regions i s t h e r e f o r e f ^ , and the shearing s t r e s s 
w i t h i n the s o l i d r e g i o n i s less than f ^ . Hence no 
p a r t o f the sample has g a 0, f >fd« I f "the r a t e o f 
f l o w , q, i s now reduced, the rad i u s o f the s o l i d r e g i o n 
i s increased. This increase i s formed from f l u i d 
sample; hence the shearing s t r e s s at the boundary i s 
s t i l l and w i t h i n the s o l i d r e g i o n i s less than f ^ . 
I f successively decreasing values o f q are taken, 
f i f ^ f o r g = 0, and the unwanted values are t h e r e f o r e 
excluded• 

I f the tube i s f i l l e d a t a low r a t e o f f l o w , the 
unwanted values are again excluded, but i f the r a t e o f 
f l o w i s then increased, these values w i l l be introduced 
i n t o t he sample i n the tube at the time of the 
increase. They w i l l be introduced because an increase 
i n q w i l l cause an increase from f ^ i n the shearing 
s t r e s s a t r ' , the p o s i t i o n of the boundary: i f the 
increase b r i n g s the shearing s t r e s s a t r ' t o a value 
less than or equal t o f s , the boundary w i l l remain a t 
r ' w i t h g = O, f d < f i f s f o r the s o l i d r e g i o n ; i f 
g r e a t e r than f s , the boundary w i l l move t o a value o f 
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r less than r ' , w i t h the shearing s t r e s s a t the 
boundary equal t o f s and the unwanted values again 
i n c l u d e d . However, sample supp l i e d t o the tube a f t e r 
the increase i s made has been i n the f l u i d s t a t e and 
w i l l , t h e r e f o r e , form a boundary where the shearing 
s t r e s s i s f ^ . This change i n radius o f the s o l i d 
r e g i o n w i l l t r a v e l down the tube u n t i l the whole of the 
boundary s u f f e r s a shearing s t r e s s equal t o f ^ , and the 
unwanted values are again excluded. 

I n p r a c t i c e the method of decreasing values o f q 
was used, as the r e s e r v o i r d i d not c o n t a i n s u f f i c i e n t 
sample t o al l o w the shearing s t r e s s a t the boundary t o 
be brought t o f ^ f o r each value o f q. 



C H A P T E R I I I 

THE ROTARY FLOW: THEORY AND ASSUMPTIONS • 

1. Flow between concentric c y l i n d e r s . 

The t h e o r y of the d e t e r m i n a t i o n o f g and f a t the 
inn e r c y l i n d e r , g a , fa> i n terms of the couple, C, 
a c t i n g on a l e n g t h H o f the c y l i n d e r s , and the angular 
v e l o c i t y of the outer c y l i n d e r , W, was f i r s t g iven by 
Thornton (1948) i n the f orm:-

^ a = 2 G f i f . . . 3 . 1 

when i t i s assumed t h a t the r a t e o f shear a t the outer 
c y l i n d e r , g^, i s zero, where a, b, are the r a d i i o f the 
i n n e r and outer c y l i n d e r s r e s p e c t i v e l y . The 
d e r i v a t i o n o f these formulae w i l l be give n here, 
s p e c i a l a t t e n t i o n again being p a i d t o the assumptions 
made i n t h e i r d e r i v a t i o n . 

I f i t i s assumed t h a t a l l f o r c e s are i n 
e q u i l i b r i u m , the couple exerted by the f l o w i n g f l u i d 
on any c y l i n d r i c a l surface, o f l e n g t h H, w i t h i n the 
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f l u i d and c o a x i a l w i t h the bounding c y l i n d e r s , i s the 
same. Hence, i f C i s the couple on the i n n e r c y l i n d e r 
t h e n the shearing s t r e s s f , a t radius r , i s giv e n by:~ 

C * f ... 3.3 

Equation 3.2 then gives the value o f f a t the i n n e r 
c y l i n d e r . 

For r o t a t i o n a l f l o w , g = r dw/dr, where w i s the 
angular v e l o c i t y and g the r a t e o f shear o f the f l u i d 
a t r a d i a l distance r . Hence, 

dw = g d r / r ... 3.4 

I f the i n n e r c y l i n d e r i s a t r e s t , and the outer 
c y l i n d e r has angular v e l o c i t y W, i n t e g r a t i o n g i v e s : -

dw . IrE ... 3.5 
0 Ja f 

As C i s the same f o r a l l r , d i f f e r e n t i a t i o n of equation 
3.3 g i v e s : -

d r / r . -i d f / f ... 3.6 
'fb 

J f a 

I f g = 0 f o r f ^ f t > , t h i s can be w r i t t e n : -

Therefore W = -
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W st \ ^ — • • • 3 • 8 

I f g i s s i n g l e - v a l u e d i n the range considered, then 

dW l S& 
dT a

 = * l a 
dW l o Q 

From equation 3.2:-

d f a / f a = cLC/C ... 3.10 

which on s u b s t i t u t i o n i n equation 3.9 gives equation 
3 . 1 . 

I n g e n e r al, i f f a i s replaced by f and g a by g 
i n equation 3.9, the r e l a t i o n : -

g - 2 f H ... 3.11 

i s obtained, which represents the f l o w p r o p e r t i e s o f 
the f l u i d , the r i g h t hand side being the f l o w f u n c t i o n 
when W has been expe r i m e n t a l l y determined as a f u n c t i o n 
o f f . 

2. The sample f l u i d . 

I n the case o f the r o t a r y instrument, a normally 
t h i x o t r o p i c f l u i d can be used i f i t i s brought t o i t s 
e q u i l i b r i u m r a t e o f shear f o r each reading; but as the 
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tube instrument r e q u i r e s an instantaneously t h i x o t r o p i c 
f l u i d , only t h i s type o f f l u i d , as described i n 
Chapter I I , 2, need be considered here. 

I t has been assumed t h a t the r a t e of shear at the 
oute r c y l i n d e r i s zero: t h i s v / i l l be so i f the 
shearing s t r e s s a t the outer c y l i n d e r , ft>, i s less than 
or equal t o the y i e l d value o f the sample f l u i d , f v , 
f o r the maximum couple a t t a i n e d i n an experiment• 

Now C m a x = 27X8% f a ( m a x ) = 2 ^ 2 H f b ( m a x ) ...3.12 

t h e r e f o r e 3b(max) = f2
 fa(max) 3 - 1 3 

hence fb(max) can be made less than f y by making a/b 
s u f f i c i e n t l y s m a l l . I n the instrument t o be described 
b 2 = 10 a 2 so t h a t f a(max) cannot be g r e a t e r than t e n 
times the y i e l d v a l u e . 

3. Assumptions which govern instrument design. 

The instrument i s so designed t h a t the outer 
c y l i n d e r , which contains the sample, r o t a t e s about a 
v e r t i c a l a x i s , and t h a t the inner c y l i n d e r , which i s 
suspended i n i t , can be a l i g n e d on the same a x i s . 
There w i l l thus be a re g i o n round the lower end o f the 
inn e r c y l i n d e r i n which the f l o w cannot be t r e a t e d as 
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that between concentric cy l i n d e r s . This region of 
improper flow i s inherent i n the nature of the 
instrument: the elimination of i t s effect w i l l he 
discussed "below • 

The considerations of s l i p at the boundary walls 
for the tube instrument apply also to t h i s instrument. 
As the cylinders were to be of brass, the experiment 
with p a r a l l e l plates described i n Chapter I I , 3 was 
performed with brass plates, and the same remedy 
applied. I t can then be assumed that w = W at r = b, 
and w = 0 at r = a. 

4. Assumptions which govern measuring technique. 

I f the region of improper flow at the lower ends 
of the instrument cylinders i s considered to extend for 
a distance y from the lower end of the inner cylinder, 
then the flow pattern to which the theory applies w i l l 
occur above t h i s l e v e l . I f the instrument i s f i l l e d 
f i r s t to one l e v e l , and then to another l e v e l , then 
provided that the immersion of the inner cylinder i s 
greater than y i n each case, and that the speed of the 
outer cylinder i s the same i n each case, the difference 
between the couples obtained corresponds to a region of 
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proper flow, the height of which i s the difference 
between the two l e v e l s . I n t h i s way the eff e c t of the 
region of improper flow can be eliminated. 

I n obtaining equation 3.9 i t i s assumed that g i s 
a single-valued function of f . As i n the case of the 
tube instrument, the unwanted values g = O, f ^ < f 4 f s 

can be excluded by a suitable experimental procedure 
which w i l l now be described. 

I f the outer cylinder i s rotated at the maximum 
speed for an experiment, and the corresponding couple 
i s C m a x , then that part of the sample for which r > r ' , 
where r' i s given by G m a x = 2irr , 2H f s , does not su f f e r 
a shearing s t r e s s greater than f s , and therefore does 
not flow, and that part for which r < r ' does flow. 
Let the flow function be represented by the curve 
OABD i n F i g I , where the ordinate i s g, and the 
abscissa f, or r at a given G• For C = C m a x , the 
boundarjr between s o l i d and f l u i d states i s at r' , 
i . e . , where f = f s , so that the flow of the sample i s 
represented by the curves OE, BD i n F i g I . Hence, as 
r-»r' from r < r ' , g-»g', where g* i s the value of g for 
which f = f s i n the flow function, i . e . , the point B i n 
F i g I ; and as r->r' from r > r ' , g » 0. There i s 
therefore a discontinuity BE i n the rate of shear at 
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'the boundary, and the values g = 0, f ^ < f ^ f s are 
operative. 

g D 

F i g ^ 
B g 

i 

0 s r at Cmax 
r at C 

I f C i s now reduced from Cmax> "the boundary w i l l 
remain at r = r' u n t i l the shearing s t r e s s there i s 
reduced to f^, i . e . , to the point A i n F i g I , and then 
f 4 f ^ for g = 0. Further reduction i n C w i l l then 
move the boundary to smaller values of r, the shearing 
s t r e s s at the boundary remaining at f^, and within the 
s o l i d region at l e s s than f<j. When f = f ^ at r = r ' , 
l e t G = G' j then C' = 2-*r,2H Hence for C<G' 
the unwanted values are excluded, as the flow of the 
whole sample i s then represented by the curve OABD i n 
F i g I . 

From the above, the r e l a t i o n between Cmax and- C' 
can be obtained, for:-
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G m a x = 2irr'?H f s ... 3.14 

and c • 2 T r r ' % fd ... 3.15 

therefore C' = C max 3= ... 3.16 
is 

Hence i f successively decreasing values of W are taken, 
the unwanted values are excluded for C £ Cmax (fd / f s ) -

In the case of increasing values of W, Ws, the 
boundary between s o l i d and f l u i d regions i s at f = f s , 
since t h i s shearing s t r e s s i s required to increase the 
radius of the f l u i d region: for decreasing values of 
W, Wa, the boundary i s at f = fa for C 4 C 1 . Then, 
since the lower l i m i t of the in t e g r a l in-equation 3.8 
can be the greatest value of f for which g = 0:-

' f a i gdf 
fd 

... 3.17 

and Ws = [ ^3— ... 3.18 

Hence for a given value of f a , 

-h =ar- = W ... 3.19 
fd 

where W i s a constant, as the in t e g r a l depends only 
on the properties of the f l u i d . 

D i f f e r e n t i a t i o n of equation 3.19 with respect to 
C gives:-
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dW<a _ dffs dC " dC 3 .20 

so that g a can be computed from either the curve 
for C ^ C , or the Ws curve. 

I n the t r a n s i t i o n region between Cmax and C for 
decreasing values of W, Wt» the boundary conditions 
are w = ¥/ at r = r' and w = 0 at r = a, and equation 
3 .5 becomes: -

In practice i t was found that in taking an 
increasing set of values the lower part of the Ws 

curve did not correspond to a value of f = f s at the 
boundary. For, in taking an increasing set (of 
val u e s ) , the outer cylinder i s i n i t i a l l y at r e s t , and 
i s then given a small angular v e l o c i t y . The sample i s 
a l l i n the s o l i d state, and the rotation of the outer 
cylinder i s given to the inner, u n t i l i t s deflection 
against the restoring couple of i t s suspension 
corresponds to a shearing s t r e s s f s at i t s surface. 
Flow then takes place. The y i e l d value i s reduced to 
f^ , and t h i s causes, i n practice, a f a i r l y rapid 
decrease i n the deflection. This decrease means that 
the reading at t h i s speed does not belong to the 

a 
gdr 
r 3.21 
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increasing set, owing to the r i s e and subsequent f a l l 
i n the r e l a t i v e angular v e l o c i t y of the cylinders 
during the decrease i n the deflection. Subsequent 
readings w i l l not belong to t h i s set u n t i l the shearing 
s t r e s s at the boundary between f l u i d and s o l i d states 
i s again f s . As there appears to be no c r i t e r i o n for 
determining the position of the boundary a f t e r the 
i n i t i a l decrease i n the deflection, there must be some 
doubt as to the v a l i d i t y of the readings for the lower 
values of Ws. 

Fi g I I 

W 

0 f d f s f a 

F i g I I shows the r e s u l t s to be expected from the 
above theory. The ordinate i s W, and the abscissa 
f§., which i s proportional to the deflection. For the 
curve ACD, the shearing s t r e s s at the boundary i s f g 
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( i . e . , increasing values); for the curve EFH, i t i s 
fc[ ( i . e . , decreasing v a l u e s ) . I f , for an increasing 
set of values, the outer cylinder i s given a small 
angular v e l o c i t y , the deflection reaches A, where 
^a = ^ s i ' i t then f a l l s , as described, to some value 
represented here by B. I f W i s now increased, the 
corresponding values of f give the curve BG u n t i l the 
shearing s t r e s s at the boundary i s f s , i . e . , at the 
point C. Further increase gives the curve CD up to D, 
where f a = fa(max)» A. decrease i n w now gives the 
t r a n s i t i o n stage, the curve DF. Along t h i s curve the 
shearing s t r e s s at the boundary f a l l s , u n t i l at the 
point F i t reaches f ^ . Further decrease gives the 
curve FH down to H, where f a = fd and W • 0. 

In order to calculate ga, the value of dW/dfa can 
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 f a between C and F, the values of dW/dfa from both 
curves are equal, as the separation of the curves, w1, 
i s constant. I f the point A has not been determined 
experimentally, the value of f s can be found from the 
separation W', as f a = f s when Wa. » W . 



C H A P T E R IV 

METHODS FOR COMPARING THE RESULTS FROM THE INSTRUMENTS • 

1. Direct comparison. 

I n order to compare the flow functions as derived 
from the two instruments separately i t i s necessary 
only to obtain from each the values of g for a set of 
values of f, and display them on the same graph. I f 
a l l points l i e on the same smooth curve (within the 
l i m i t of experimental error) then the flow functions 
are sai d to agree. There i s a disadvantage i n t h i s 
method: i t i s that the d i r e c t procedure involves the 
drawing of tangents to the experimental curves i n order 
to evaluate dq'/df and dW/df. This i s not usually a 
very accurate procedure, as small i r r e g u l a r i t i e s i n the 
curve may produce comparatively large variations i n the 
estimated gradient. There i s also some doubt as to 
the direction that the curve i s taking at the extreme 
values, p a r t i c u l a r l y at the upper end. The position 
of the discontinuity shown at F i n F i g I I i s not . 
immediately obvious from the plotted points and 
attempts to f i t the points in t h i s region to a smooth 
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curve again introduces errors i n the value of the 
gradient. 

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

I n these methods the flow function i s not computed 
from the experimental curves: t h e i r sole purpose i s to 
make a more accurate comparison between the r e s u l t s 
from the two instruments. Both cases are given, 
although only one i s needed i n p r a c t i c e . The choice 
of method depends on the completeness of the 
experimental curves at t h e i r lower ends. I n the case 
of the instruments to be described the W-f curves are 
more complete i n t h i s respect than the q'-f curves. 
Hence q'-values were derived from the W-f curve. 
This case w i l l , therefore, be considered f i r s t . 
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2. Derivation of q'-values from the W-f curve. 

For the tube instrument, from equation 2.13, 

For the rotary instrument, from equation 3 

I f 

then 

and 

a 
f = f R = f a 

3q» + f 2i* a 2f ^| 
df df 

.. 4.1 

11, 

. . 4.2 

. . 4 .3 

. . 4 .4 

..4-5 

from equations 4.1 and 4-2. Equation 4.5 can be put 
i n the form: -

d(f 3q«) 
df 

Pf.3dW 
d t df ... 4 .6 

I f , at a shearing s t r e s s f = f 0 , W has the value W0 

and the corresponding value of q' i s q 0, equation 4.6 
can be integrated to give:-

f 
Jo 

d ( f 3 q ' ) = 2 
•W, O Q 

f 5 : 5 dW ... 4.7 
0 

Hence 2 f W , 

0 
f 3 dW ... 4.8 
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From the experimental r e s u l t s , W can be plotted 
as a function of f 3 and the i n t e g r a l i n equation 4.8 
can be evaluated by counting squares or by some more 
exact method. A value of f 0 i s chosen and the 
in t e g r a l evaluated between the l i m i t s shown: the 
value of q^ thereby obtained i s the value corresponding 
to f 0 . I n t h i s way a number of values of q Q and f Q 

can be obtained, and the graph r e l a t i n g them compared 
with the experimental q'-f curve. 

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

Alternatively, equation 4.5 may be written i n the 
form:-

p dw o q' dq' A Q 2 37 = 3 7 + a? ... 4.9 
Integrating, as i n 2., between l i m i t s represented by 
the- corresponding values W0, q^, f 0 , equation 4.9 
becomes:-

2 Jo d W = 3Jo ? d f M o d q ' •••4-10 

0 r 2ffo - 3 J f J |'df . + q. ... 4.11 
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From the experimental r e s u l t s the right hand side of 
equation 4 .11 can be evaluated for any value of f 0 , and 
hence the corresponding value of W0 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 l e s s complete way of making the comparison, i f 
the lower ends of the experimental curves are i n doubt, 
or missing, i s to s e l e c t some value of f, f 1 ? which 
corresponds to a r e l i a b l e point on the lower part of 
the experimental curve under consideration, and to use 
t h i s value as the lower l i m i t of integration i n 
equation 4.8 or 4.11. I f t h i s i s done, however, an 
a r b i t r a r y constant i s introduced which can only be 
evaluated from the experimental curve which i t i s 
desired to obtain. For example, i f the method of 3. 
i s being used, the right hand side of equation 4.10 can 
be evaluated for any value of the lower l i m i t . The 
l e f t hand side w i l l , however, contain a term W]_ (the 
lower l i m i t ) which i s the value of f at f s f 1 : . This 
can only be found from the. experimental W-f curve. 
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However, the other points of the derived curve should 
agree with the experimental curve for any chosen value 
of the lower l i m i t : thus non-agreement i s 
demonstrated, but agreement i s not completely 
conclusive. 



C H A P T E R V 

THE TUBE INSTRUMENT: DESCRIPTION . 

1• The es s e n t i a l s of the instrument. 

The e s s e n t i a l s of the tube instrument are shown i n 
F i g I I I . The reservoir, A, i s a c y l i n d r i c a l glass 
tube down which a c l o s e - f i t t i n g plunger, B, can be 

F i g I I I . 

A 
E 

driven at a number of predetermined r a t e s . The tube, 
C, also of glass, i s connected d i r e c t l y to the 
re s e r v o i r . Hence, i f U i s the v e l o c i t y of the 
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plunger, and d the diameter of the reservoir, q w i l l 
be given by the r e l a t i o n : -

q = "4 IT d 2 U ... 5.1 

and a number of predetermined values of q w i l l be 
obtained. 

The excess pressure, p, i n the material, due to 
the flow, at a distance D from the end of the tube open 
to the atmosphere, i s equal to the pressure exerted by 
the w a l l of the tube on the material at t h i s point. 
Hence, i f a small portion of the tube w a l l i s removed 
at t h i s point, and an external a i r pressure, of 
magnitude p, applied at the hole so made, the flow w i l l 
not be disturbed: the pressure i n the material due to 
the flow can then be found by measuring the applied 
pressure. I n the instrument, there i s a hole, D, 
bored i n the w a l l of the tube near the r e s e r v o i r end. 
This hole and a short portion of the tube containing i t 
are surrounded by a small closed chamber, E, which i s 
connected to a variable manometer, F G. This hole i s 
the pressure-measuring hole. 

I n order that the sample s h a l l be i n the f l u i d 
state at a l l r at some point i n the tube before the 
pressure-measuring hole, a constriction, H, i s 
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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 w a l l of the tube. As the material for 
the flow down the axis of the tube has then to flow 
from the w a l l to the ax i s , the sample must be i n the 
f l u i d state at a l l r i n a small region immediately 
following t h i s c o n s t r i c t i o n . 

The inner w a l l of the tube i s roughened by 
scratches i n a di r e c t i o n perpendicular to the d i r e c t i o n 
of flow. This was done by f i l l i n g the tube with a 
mixture of emery powder and water, and rotating i n i t a 
short brass cylinder of diameter s l i g h t l y l e s s than 
that of the tube. The abrasive used was the same as 
that used i n the p i l o t experiment with the p a r a l l e l 
p l a tes, and the same degree of roughening was applied. 
This roughening removed a large part, but not a l l , of 
the o r i g i n a l surface of the wall: the o r i g i n a l surface 
remaining acts as a guide for the flow, and the 
depressions serve to anchor the material and to prevent 
the formation of a smooth f i l m of the medium. 

The basis of the experimental procedure i s to set 
q at i t s maximum value and to adjust the pressure i n 
the chamber, by means of the movable limb, G, of the 
manometer, u n t i l the boundary between the material i n 



42 

the tube and the a i r i n the chamber i s stationary and 
at the position formerly occupied by the tube wall at 
the hole. This pressure can then be measured on a 
manometer. q i s now reduced to the next lower value 
and the manometer F G readjusted for equilibrium at the 
hole, and p again measured. I n t h i s way a value of p 
i s obtained for each value of q. From these values 
of p and q, f R and q' are calculated, and the graph . 
r e l a t i n g them drawn. 

2. The plunger-driving mechanism. 

The plunger-driving mechanism consists of a 
constant speed motor driving a pulley system from which 
a number of speeds can be selected f o r application to 
the gear box that changes the rotation of the drive 
into the l a t e r a l motion of the rod carrying the 
plunger. F i g IV shows the pulley system and F i g V 
the gear box for driving the plunger rod. 

The pulley system comprises three wheels: wheel 
C i s mounted on the motor spindle, wheel B on the gear 
box, and wheel A i d l e s . Wheels A and B each have s i x 
grooves with r a d i i , i n decreasing magnitude, Al, A2, .. 
.. A6; B l , B2, .... B6, respectively. When the b e l t , 
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D, connects grooves A l and B6 the maximum speed i s 
obtained. The next lower speed i s obtained by-
sli p p i n g the b e l t from B6 to B5; the next by slipping 

F i g IV. 

E 

B 

the b e l t from A l to A2; then from B5 to B4; and so on. 
I n t h i s way eleven speeds are obtained which are 
numbered as shown i n Table I . 

Table I - Pulley system speed numbers. 

Speed No. 6 5^-5 4-^4 3^ 3 2& 2 

Wheel A: - A l A l A2 A2 A3 A3 A4 A4 A5 
Wheel B: - B6 B5 BS B4 B4 B3 B3 B2 B2 

l£ 1 
A5 A6 
B l B l 

This gives eleven values for n, the r a t i o of the speed 
of B to that of A. The r a d i i of the grooves are such 
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that, i f A rotates with constant speed, the speeds of B 
are approximately i n arithmetical progression. Wheel 
A has a seventh groove by which i t i s driven by a b e l t 
from wheel C: three r a d i i , CI, C2, C3, are available 
on C, allowing a v a r i a t i o n of the range of the eleven 
speeds given by A and B. m i s the r a t i o of the speed 
of A to that of C, and has three values. 

The b e l t connecting A and C i s kept at a suitable 
tension by the position of the motor: that between A 
and B by means of a weighted i d l i n g pulley E. Each 
b e l t i s made from a single length of thread wound round 
the wheels about twelve times, each successive turn 
being wound t o r o i d a l l y round the turns already on. 
The ends are then knotted. This gives a b e l t of the 
required s i z e and strength, and the small knot does not 
cause any appreciable vibration as i t meets the 
grooves . 

The spindle I on which the wheel B i s mounted 
rotates the cylinder J (see F i g V.) by means of a worm 
drive . This cylinder has a tapped hole down i t s a x i s , 
through which passes the screwed rod K, carrying the 
plunger B. This rod i s prevented from rotating by the 
guide L running along the s l i d e M: hence the rotation 
of I gives a t r a n s l a t i o n to B along the r e s e r v o i r . 
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The gear box and the reservoir are mounted on the 
'T'-section girder F . 

The plunger consists of a tapered rubber bung held 
between brass washers: the larger end of t h i s bung has 

F i g V 

K K 

J 

T I N 

a normal diameter s l i g h t l y greater than the diameter of 
the reservoir, and t h i s ensures a leak-proof s l i d i n g 
f i t . The plunger can be dismounted from the rod K. 

-* The re s e r v o i r and tube assembly. 

The r e s e r v o i r and tube assembly i s shown i n F i g VT 
and consists of the reservoir, the tube, the pressure 
chamber, a fixed mercury manometer for measuring the 
pressure, and the variable mercury manometer, one limb 



of which can he raised or lowered, f o r adjusting the 
pressure i n the chamber. The rese r v o i r and the tube 
have already been described. 

F i g VI 

•1 
11 U 

K 
B 1 

n 
i i 

0 -P 

S~5 

The pressure chamber consists of a bulb blown on 
the end of a piece of wide bore glass tube . Two 
holes, of diameter s l i g h t l y greater than the external 
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diameter of the tube C, were made through the w a l l of 
the bulb at opposite ends of a diameter perpendicular 
to the axis of the wide bore tube. By means of these 
holes, the bulb was slipped over the tube C so that the 
hole i n t h i s tube was at the centre of the bulb• The 
bulb was sealed i n place on the tube by means of wax, 
to avoid any deformation of the tube by glass-to-glass 
s e a l i n g . 

A short length of the wide bore tube was l e f t on 
the bulb to serve as a suitable e x i t through which any 
material escaping into the bulb can be removed at the 
end of an experiment. A removable s e a l was made i n 
t h i s opening by means of a plug 0 (see F i g VT) which i s 
a s l i d i n g f i t i n a brass i n s e r t P, sealed into the 
glass tube. The plug i s held i n place by means of a 
screw through the bridge £ which i s suspended from the 
in s e r t P by means of two diametrically opposed pi n s . 
By f i l l i n g the narrow space between plug and i n s e r t 
with the sample, and by means of the rubber washer R, 
an eff e c t i v e removable s e a l was made which requires 
only a small couple to make or break i t : thus there 
i s no danger of fracture to the glass assembly. 

The hole through the w a l l of the tube G was made 
by rotating on i t a brass cylinder supplied with a 
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suitable abrasive. This cylinder was of the same 
diameter as the i n t e r n a l diameter of the tube, and was 
held with i t s axis perpendicular to the axis of the 
tube. This action produces a hole with bevelled edges 

Pig V I I . 
\ 

\ 
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which allow accurate observation of the alignment of 
the surface of the sample with the tube w a l l . I t also 
gives a hole which i s narrow i n the d i r e c t i o n of the 
flow, so that there i s a negligible pressure drop 
across the hole, but the hole i s large enough for the 
purpose of measurement. (The diameter of the tube i s 
about 5 mm. and the hole made i s about 2 mm. wide in 
the d i r e c t i o n of the tube, and 3 mm. perpendicular to 
t h i s d i rection.) The tube i s mounted i n the 
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instrument so that the axis of the cylinder forming the 
cut i n the tube i s inclined at about 60° to the 
v e r t i c a l . This allows any material escaping through 
the hole during an experiment to f a l l away from the 
hole, so that observation i s not impeded. The shape 
of the hole i s indicated i n F i g VTI. 

The chamber i s connected, by means of narrow-bore 
glass tubing, to the two manometers. The fixed 
manometer, shown at S i n F i g VI, i s used for measuring 
the pressure i n the chamber and has a millimetre scale 
attached to i t . The tube connecting the fixed limb, 
F, of the variable manometer to the chamber makes the 
upward loop shown at T, and includes a glass tap. The 
purpose of the loop i s to prevent mercury from F and G 
overflowing into the chamber and contaminating the 
sample, i n the event of a sudden f a l l i n the pressure 
i n the chamber owing to leakage or other causes. The 
glass tap allows the chamber to be opened to 
atmospheric pressure, or isolated from the variable 
manometer. The dimensions of the variable manometer 
are such that, when the pressure i n the chamber i s as 
great as i s required, the fixed limb, F, i s f u l l of 
mercury: t h i s gives the greatest s e n s i t i v i t y to the 
pressure control. 
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The constriction, H, i s shown i n d e t a i l i n 
Pig VTI. I t consists of a short cylinder, V, 
connected "by a t h i n rod to the cross X. Three studs, 
as at W, serve to locate the axis of V along the axis 
of the tube. The constric t i o n i s kept i n place by the 
flow of the sample past i t , as i t brings the cross to 
bear on the narrowing part of the re s e r v o i r . I t i s 
then e a s i l y removed for cleaning purposes at the end of 
an experiment. 

The r e s e r v o i r and tube are mounted on a l i g h t 
r i g i d girder, U (shown i n F i g V I ) , together with the 
fixed manometer and the fixed limb of the variable 
manometer. The variable limb i s normally mounted 
separately from t h i s assembly, but i t can be attached 
to i t . The whole assembly i s then mounted on the 
girder N of the plunger-driving mechanism, and i s 
connected to i t by means of four screws, as at Z, 
through the wooden blocks that hold the reservoir to 
the girder U. 

4 . The manometer l i f t . 

The manometer l i f t i s shown i n F i g V I I I . I t s 
purpose i s to r a i s e or lower the limb G of the variable 
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F i g V I I I 

manometer so that the pressure i n the chamber can be 
adjusted. As t h i s pressure 
must be capable of fine 
adjustment, the apparatus 
described below was 
constructed. The l i f t 
c onsists of a v e r t i c a l post, 
A,- on which can s l i d e , 
without rotating, a carriage, 
B, which c a r r i e s the movable 
limb G• The position of 
the carriage i s controlled 
by a cord, C, which passes 
over pulleys, D and F, at 
the upper and lower ends of 
the post A. This cord i s 
kept taut by a spring, E, 
and i s attached to the 
carriage. The upper 
pulley wheel i d l e s , and the 
lower i s rotated by a 
handle, H, through a worm 

dri v e . This drive permits precise adjustment of the 
carriage, and hence precise control of the pressure, 
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and allows the carriage to remain i n any position i n 
which i t i s s e t . The limb G i s fixed to the carriage 
"by means of a single screw, so that i t can rea d i l y be 
removed and attached to the reser v o i r and tube assembly 
when the instrument i s dismantled for f i l l i n g or 
cleaning as described i n Chapter V I I . 

5. The complete instrument. 

The plunger-driving mechanism and the re s e r v o i r 
and tube assembly are mounted i n a constant temperature 
air-bath which i s i n the form of a rectangular box. 
The manometer l i f t and the pulley system are mounted 
on the outside of t h i s box. The driving motor i s 
mounted separately from the r e s t of the instrument i n 
order to minimise the eff e c t s due to any vibration 
from i t . 

The instrument i s mounted along one side of the 
box. A glazed window permits observation of the 
pressure chamber and the fixed manometer, and a door 
allows the reser v o i r and tube assembly to be removed 
for f i l l i n g . The disposition of the various parts i s 
shown diagrammatically i n Pig IX. The driving motor 
i s shown at A, and the pulley system at B, the axle of 
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the gear box passing through the air-bath w a l l . The 
re s e r v o i r and tube assembly i s shown at C, and the 
positions of the window and door at W and D• 

A i r i s cir c u l a t e d i n the box by means of a fan, E. 

F i g IX. 
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By means of the b a f f l e s , F, which reach from fl o o r to 
roof of the box, the a i r i s made to c i r c u l a t e f i r s t 
past a thermal regulator, G; then along the whole 
length of the instrument; then past a heater, H, and 
back to the fan. I n t h i s way a l l the a i r i n the box 
i s kept moving, and at the correct temperature. 

The temperature regulation i s effected by means of 
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a mercury-toluene regulator operating a 100-watt 
e l e c t r i c lamp through a 'Sunvic' electronic r e l a y . 

I n the case of the samples of the type used i n 
these experiments, a small change i n shearing s t r e s s 
may produce a large change i n the rate of shear, 
e s p e c i a l l y near the y i e l d value. The minimisation of 
vibration i s therefore important, as vibration can 
contribute to the shearing s t r e s s through the i n e r t i a 
of the material. To t h i s end the motor i s mounted 
separately, and the apparatus i s designed so that the 
rotating parts run at small speeds. The fan used for 
c i r c u l a t i n g the a i r i n the box i s also run at a low 
speed, and i s of a large s i z e so that i t s effectiveness 
i s not impaired. 

I t was found, with the speeds used, that there was 
no appreciable vibration at the lower speeds: at the 
higher speeds some vibration could be f e l t , but i n t h i s 
region i t would have the l e a s t e f f e c t on the rate of 
flow. The effect of the vibration present was 
examined with the tube f u l l of the sample and the 
plunger disconnected from the driving rod. The 
pressure i n the chamber was increased u n t i l flow along 
the tube from the hole commenced; the pressure was 
then reduced u n t i l flow stopped, and then increased 
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to within about one per cent of i t s former value. 
Star t i n g the driving motor and the fan motor did not 
cause the sample to flow, but a l i g h t tap on the tube 
with a p e n c i l did: i t was therefore assumed that the 
amount of vibration present i n an experiment did not 
have an appreciable e f f e c t . 

The manometer l i f t i s mounted on the outside of 
the box i n a position i n which i t can conveniently be 
operated by one hand as the pressure-measuring hole i s 
observed. The pulley system i s i n a convenient 
position for slipping the bel t from one groove to 
another with the other hand when the speed has to be 
changed. 



C H A P T E R VI 

THE ROTARY INSTRUMENT: DESCRIPTION . 

1. E s s e n t i a l s and i n i t i a l adjustment. 

The e s s e n t i a l s of the rotary instrument are shown 
i n F i g X where the inner and outer cylinders are drawn 
h a l f t h e i r actual s i z e . The outer cylinder, A, 
contains the sample, and i s able to rotate about a 
v e r t i c a l a x i s , B, i n the bearings, C. These bearings 
are mounted on the baseplate, which can be adjusted by 
means of three l e v e l l i n g screws so that the axis B i s 
v e r t i c a l . This position i s determined by placing a 
sen s i t i v e s p i r i t - l e v e l across the upper rim of the 
outer cylinder. This cylinder i s driven from a 
variable speed motor, through a system of pulleys and 
gears, of which the worm drive, D, i s a part. The 
motor and pulley wheels are mounted separately from the 
operative part of the instrument. The angular 
v e l o c i t y of the motor spindle i s measured: that of the 
outer cylinder i s determined from a knowledge of the 
various pulley and gear r a t i o s . 



The i n n e r 
c y l i n d e r , E, i s 
suspended from a 
clamp, F, by means of 
a t o r s i o n w i r e , G« 
The p o s i t i o n of t h i s " 
clamp r e l a t i v e t o a 
r i g i d support, H, 
also mounted on the 
baseplate, can be 
adjusted by means o f 
screws so t h a t the 
in n e r c y l i n d e r can be 

made c o a x i a l w i t h the 
i 

o u t e r . This 
p o s i t i o n i s 
determined by 
i n s e r t i n g a p l a t e , I , 
i n the top o f the 
o u t e r , c y l i n d e r . 
This p l a t e has a hole, 
concentric w i t h i t s 
o uter edge, and o f 
diameter about 1 mm. 
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g r e a t e r than t h a t of the in n e r c y l i n d e r . The p o s i t i o n 
o f the upper clamp i s adjusted u n t i l the gap between 
the p l a t e and the cy l i n d e r ' appears t o be of constant 
w i d t h . A constant l e n g t h of t o r s i o n w i r e i s used. 
I f necessary, the clamp P can be moved up or down t o 
a d j u s t the gap between the lower ends of the c y l i n d e r s . 
This gap i s u s u a l l y kept at a f i x e d v a l u e . 

The couple exerted on the in n e r c y l i n d e r by the 
f lovring m a t e r i a l when the outer c y l i n d e r r o t a t e s i s 
measured by the angular d e f l e c t i o n of the inner 
c y l i n d e r against the r e s t o r i n g couple of the t o r s i o n 
w i r e . A c i r c u l a r scale, K, graduated i n degrees, i s 
mounted on the inner c y l i n d e r and i s read by means of a 
tele s c o p e . 

When the in n e r c y l i n d e r was set c o a x i a l w i t h the 
outer c y l i n d e r , and the instrument then f i l l e d w i t h the 
sample, i t was not found p o s s i b l e t o set the in n e r 
c y l i n d e r i n such a p o s i t i o n t h a t the d e f l e c t i o n 
remained steady when the outer cylinder'was r o t a t e d 
a t constant speed. The l e a s t v a r i a t i o n from the mean 
d e f l e c t i o n was about + % degree. The reading 
recorded was the mean d e f l e c t i o n . I t was found t h a t 
t h i s mean reading was independent o f the p o s i t i o n o f 
the axis of the inner c y l i n d e r w i t h respect t o the a x i s 
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of the instrument, even f o r considerable maladjustment 
of the i n n e r c y l i n d e r (a v a r i a t i o n of up t o + 5 
degrees) . The small v a r i a t i o n s obtained were 
t h e r e f o r e not considered t o introduce any e r r o r . This 
p r o p e r t y of the instrument a r i s e s from the use of a 
long suspension w i r e : maladjustment of the inner 
c y l i n d e r gives no appreciable change i n the f l o w 
p a t t e r n , only a precession of t h i s p a t t e r n around the 
a x i s of r o t a t i o n of the outer c y l i n d e r . An inner 
c y l i n d e r constrained i n i t s axis and not concentric 
w i t h the outer c y l i n d e r would appreciably a l t e r the 
f l o w p a t t e r n • 

I n order t o prevent s l i p p i n g , the inner c y l i n d e r 
was roughened i n the same way, and, as f a r as could be 
judged, t o the same degree, as the brass p a r a l l e l 
p l a t e s used i n the p i l o t experiment described i n 
Chapter I I , 3. I t was not found necessary t o 
roughen the outer c y l i n d e r as no s l i p p i n g was observed 
a t t h i s p o i n t . 

The basis of the experimental procedure i s t o set 
W a t i t s i n i t i a l value and t o observe the scale 
r e a d i n g . w i s then given other values, according t o 
the programme used, and the scale readings taken. 
Owing t o the presence of a y i e l d value, the zero on 
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the scale i s determined from the mean of readings 
taken a t a given speed w i t h opposite d i r e c t i o n s of 
r o t a t i o n . The a c t u a l d e f l e c t i o n s o f the inner 
c y l i n d e r can then be determined. From the c a l i b r a t i o n 
constant of the w i r e , from the depth of immersion, and 
from the end c o r r e c t i o n , the shearing s t r e s s a t the 
in n e r c y l i n d e r , f a , can be found. W i s then p l o t t e d 
as a f u n c t i o n of f a , and from the curve obtained the 
f l o w f u n c t i o n i s determined. 

2. The v a r i a b l e speed motor and d r i v e . 

The v a r i a b l e speed motor i s a B.T.-H. 'Emotrol' 
equipment• By means of a potentiometer, the speed 
can be c o n t r o l l e d continuously over the range 150 t o 
3 000 r e v o l u t i o n s per minute. I n order t o increase 
the range a t the instrument, a p u l l e y system which 
w i l l g i v e a 1:1 or 20:1 speed r a t i o i s included between 
i t and the motor. The design o f the instrument proper 
includes some gearing which gives a f u r t h e r r e d u c t i o n 
i n speed. The p u l l e y s and b e l t s were made i n the same 
way as those described f o r the tube instrument. 

The speed o f the motor can be measured by two 
d i f f e r e n t methods. I t i s found t h a t the voltag e 
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across the armature of the motor i s closely-
p r o p o r t i o n a l t o i t s speed: thus a measure o f the 
armature v o l t a g e can "be taken as a measure o f the speed 
of the motor. C a l i b r a t i o n of t h i s v o l t a g e at se v e r a l 
values i s e f f e c t e d by means o f a stroboscopic d i s c 
attached t o the motor s p i n d l e , and i l l u m i n a t e d by a 
neon lamp run from the supply mains. The advantage of 
t h i s method i s t h a t i t uses the same standard of time 
(the frequency o f the supply mains) as does the tube 
instrument: ' a disadvantage i s t h a t a c e r t a i n amount 
of d r i f t occurs i n the voltage readings and frequent 
r e c a l i b r a t i o n i s necessary. A less fundamental 
method, but one t h a t proves as accurate, i s the use of 
a mechanical tachometer which can be brought t o bear 
on the motor s p i n d l e , and the speed read o f f d i r e c t l y . 
I t i s found t h a t the two methods are i n agreement, and 
b o t h have been used. 

The p u l l e y system i s shown i n F i g X I . The motor 
sp i n d l e c a r r i e s a p u l l e y wheel, L, from which an i d l i n g 
wheel, M, i s d r i v e n : t h i s gives a speed r e d u c t i o n o f 
/20 : 1 . Wheel M has two grooves, the r a d i i o f which 
are i n the r a t i o o f v / S O : l . The two grooves on wheel 
IT are e x a c t l y s i m i l a r t o those on wheel M- Thus the 
b e l t connecting these wheels can be put i n e i t h e r of 
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the p o s i t i o n s 0 and P. The p o s i t i o n 0 gives a step up 
ofs/20:1 i n speed, and i s c a l l e d the f a s t s e t t i n g : the 
p o s i t i o n P gives a step down o f % / 2 0 : l , and i s c a l l e d 
the slow s e t t i n g • 

F i g X I . 

As i n the case of the tube instrument, the motor 
and the p u l l e y system are mounted separately from the 
r e s t of the apparatus i n order t o minimise any e f f e c t s 
due t o t h e i r v i b r a t i o n . No such e f f e c t s were 
dete c t e d . 

3 . The instrument proper. 

This p a r t o f the instrument i s shown i n F i g X I I 
and c o n s i s t s of the concentric c y l i n d e r s ; some gearing 
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f o r d r i v i n g the outer c y l i n d e r ; the suspension f o r the 
inner -, and a constant temperature enclosure. The 
oute r c y l i n d e r A i s hel d i n a cup, Q, from which i t can 
be removed f o r ease of f i l l i n g and c l e a n i n g . This cup 
i s mounted i n the bearings C, and i s surrounded by a 
constant temperature o i l - b a t h - . The d r i v e from the 
spi n d l e R, on which the p u l l e y N i s mounted (see 
F i g X I ) , i s by means o f the t r a i n of gears shown at 
S, T, and D• The outer c y l i n d e r , which i s s l i g h t l y 
tapered on i t s outer surface, f i t s f i r m l y i n t o the 
cup Q (shown shaded i n the f i g u r e ) . This c y l i n d e r can 
be withdrawn by a t t a c h i n g a handle t o i t s upper rim.. 

The apparatus f o r keeping the temperature of the 
o i l - b a t h constant i s mounted i n the annular space 
between the outer c y l i n d e r and the c y l i n d r i c a l 
c o n t a i n e r , TJ. The o i l i s d r i v e n round t h i s space by 
means of a p r o p e l l e r so t h a t i t c i r c u l a t e s c ontinuously 
past heater, mercury-toluene thermo-regulator, 
thermometer, and p r o p e l l e r . The samples used are poor 
conductors o f heat. I n order t o prevent a temperature 
d i f f e r e n c e across the sample i t i s necessary t o enclose 
the non-immersed p o r t i o n of the in n e r c y l i n d e r i n an 
a i r - b a t h a t the same temperature as the o i l - b a t h . 
This i s done by c l o s i n g the top o f the container U w i t h 



65 

an asbestos-sheet box, V, i n c l u d i n g a small heater, 
f a n , and thermo-regulator. The general p r i n c i p l e s o f 
i t s c o n s t r u c t i o n are the same as f o r the box enclosing 
the tube instrument. 

The support f o r the in n e r c y l i n d e r (shown a t H i n 
F i g X) i s mounted on a t r i p o d , the f e e t o f which are 
f i r m l y attached t o the baseplate W, and the legs o f 
which (one i s shown a t X i n F i g X I I ) are blocked in,' 
as f a r as p o s s i b l e , w i t h sheet metal i n order t o make 
the s t r u c t u r e r i g i d • The in n e r c y l i n d e r i s suspended 
from t h i s support by means o f a phosphor-bronze w i r e 
o f such a radius t h a t the d e f l e c t i o n s o f the c y l i n d e r 
are of the order o f 100° f o r the sample used. The 
scale K i s viewed through a window by means o f the 
telescope Y. The w i r e i s attached t o the c y l i n d e r by 
means o f a small chuck, Z, i n order t h a t the c y l i n d e r . 
may be removed f o r c l e a n i n g . P r o v i s i o n i s made f o r 
ensuring t h a t the same l e n g t h o f wi r e i s again i n 
ope r a t i o n whenever the c y l i n d e r i s replaced. 



C H A P T E R V I I 

EXPERIMENTAL PROCEDURES . 

1. F i l l i n g the instruments. 

I t i s e s s e n t i a l t h a t the samples i n the 
instruments should be f r e e from included a i r bubbles. 
A sample w i t h an appreciable y i e l d value w i l l not 
r e a d i l y f l o w , under the a c t i o n o f g r a v i t a t i o n a l forces 
alone, i n t o a tube such as i s used f o r the r e s e r v o i r o f 
the tube instrument. This instrument i s t h e r e f o r e 
f i l l e d by means o f a supplementary r e s e r v o i r , or 
' f i l l e r 1 , i n t o which f l o w i s caused by forces on the 
sample g r e a t e r than those due t o g r a v i t y . I n t h i s way 
a i r bubbles are not included, and the sample can then 
be t r a n s f e r r e d t o the r e s e r v o i r . With the samples 
used i n these experiments i t i s p o s s i b l e t o f i l l the 
r o t a r y instrument d i r e c t l y by pouring from a c o n t a i n e r . 

I f a small volume o f the sample i s placed on a 
surface, i t w i l l r e t a i n i t s shape by v i r t u e o f i t s 
y i e l d value: i f the surface i s accelerated, and the 
a c c e l e r a t i o n i s great enough, the i n e r t i a o f the 
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m a t e r i a l w i l l b r i n g i n t o p l a y a t the surface a f o r c e 
which i s g r e a t e r than the y i e l d value, and the g r e a t e r 
p a r t of the m a t e r i a l w i l l then move r e l a t i v e t o the 

F i g X I I I . 

D y E 
A C B 

surface . I f the surface i s now r e t u r n e d t o i t s 
o r i g i n a l p o s i t i o n w i t h an a c c e l e r a t i o n less than the 
amount r e q u i r e d f o r f l o w , and t h i s cycle i s repeated, 
the m a t e r i a l w i l l f l o w along the surface i n a s e r i e s 
o f steps: i f t h i s cycle i s repeated r a p i d l y , the f l o w 
o f a l i q u i d under the a c t i o n o f g r a v i t y i s simulated. 
This p r i n c i p l e i s used i n f i l l i n g the f i l l e r . 

The f i l l e r i s shown i n F i g X I I I . I t c o n s i s t s of, 
a wide glass tube A ( l e n g t h 18 cm. and diameter 3 cm.) 
which can c o n t a i n s u f f i c i e n t sample t o f i l l the 
r e s e r v o i r ( l e n g t h 28 cm. and diameter 2 cm.), and 
which i s connected t o a narrower glass tube B ( l e n g t h 
28 cm. and diameter 1 cm.) which can be i n s e r t e d i n t o 
the r e s e r v o i r t o reach i t s j o i n w i t h the measuring 
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tube. The wide tube i s f u r n i s h e d w i t h a plunger, C, 
which has a brass centre, 

F i g XIV. 
D, w i t h a threaded hole 
along i t s a x i s . The 
plunger i s pushed down 
the tube by a handle, E, 
which can be screwed i n t o 
the hole i n the brass centre, 
a t the same time s e a l i n g 
t h i s h o l e . 

For f i l l i n g , the 
f i l l e r (see F i g XIV) i s 
mounted on a c a r r i a g e , F, 
which i s given the motion 
described above along the 
s l i d e s , G. The cam, H, 
which i s d r i v e n from a 
motor a t a speed o f 
100 r.p.m., d r i v e s the 
carr i a g e back against the 
s p r i n g , I , and then releases i t t o be brought back 
towards i t s o r i g i n a l p o s i t i o n by the a c t i o n o f the 
s p r i n g : t h i s i s the p e r i o d o f low a c c e l e r a t i o n . 
The carriage i s then brought t o a sudden s t a n d s t i l l by 
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a stop, J: t h i s i s the p e r i o d o f h i g h a c c e l e r a t i o n 
d u r i n g which the sample moves some distance down the 
w a l l o f the f i l l e r . The carriage i s mounted 
v e r t i c a l l y , and, as i t o s c i l l a t e s , the sample i s f e d a 
s m a l l amount a t a time t o the l i p of the tube A. From 
t h e r e i t moves down the tube w a l l t o the j o i n -with the 
tube B. I t i s found d i f f i c u l t t o f i l l the narrower 
tube, B, i n t h i s way w i t h o u t i n c l u d i n g a i r bubbles, and 
so a small bung i s placed i n t h i s tube at the j o i n : i t 
i s shown at K. 

When the f i l l e r has been f i l l e d i n t h i s manner, 
the plunger C i s i n s e r t e d i n the open end o f A and 
pushed i n f a r enough f o r the sample t o s t a r t escaping 
from the hole i n D• This ensures t h a t t h e r e i s no a i r 
l e f t i n the f i l l e r : the handle i s now attached and the 
plunger depressed, pushing the bung K down the tube B 
u n t i l the m a t e r i a l f i l l s t h i s tube: the bung can then 
be removed. The whole of tube B i s now i n s e r t e d i n t o 
t h e r e s e r v o i r and the plunger again depressed: the 
m a t e r i a l escapes i n t o the r e s e r v o i r . As the r e s e r v o i r 
i s f i l l e d , the f i l l e r i s withdrawn t o keep pace w i t h 
th e advancing m a t e r i a l u n t i l t he r e s e r v o i r has been 
f i l l e d completely. The plunger o f the p l u n g e r - d r i v i n g 
mechanism i s now i n s e r t e d i n t o the open end of the 
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r e s e r v o i r , care being taken not t o entrap any a i r i n 
t h i s process. The tube and r e s e r v o i r assembly i s then 
attached t o the p l u n g e r - d r i v i n g mechanism i n the 
constant temperature a i r - b a t h . 

F i l l i n g of the outer c y l i n d e r of the r o t a r y 
instrument can be achieved by d i r e c t p o uring, w i t h the 
c y l i n d e r i n s i t u i f the sample i s ' f l u i d ' enough. I n 
the case of less ' f l u i d ' samples the c y l i n d e r can be 
removed from the instrument and f i l l e d again by 
pouring, w i t h a c e r t a i n amount of e x t r a a g i t a t i o n . 

5• Procedure f o r comparative experiments. 

The f o l l o w i n g procedure i s adopted t o ensure t h a t 
the p a r t s of the sample i n the two instruments have the 
same p r o p e r t i e s . The sample i s contained i n an 
a i r t i g h t can and kept at 25°C: before the experiment 
i t i s thoroughly s t i r r e d t o avoid sedimentation 
e f f e c t s • A l l the other apparatus i s also kept at the 
same temperature. The f i l l e r i s f i l l e d as described 
above, and re t u r n e d t o the a i r - b a t h : the process of 
f i l l i n g takes a few minutes, and hence some c o o l i n g 
occurs and some time i n the a i r - b a t h i s necessary t o 
b r i n g the temperature t o i t s former value. Meanwhile 
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the r o t a r y instrument i s f i l l e d : t h i s process can he 
completed w i t h i n a minute, so the c o o l i n g i s less than 
i n the former case. The r e s e r v o i r and tube assembly 
i s now removed from the a i r - b a t h , f i l l e d from the 
f i l l e r , and then r e t u r n e d t o the a i r - b a t h : t h i s 
process takes a few minutes, and again some c o o l i n g 
occurs; also the sample i n the f i l l e r may not yet have 
reached temperature e q u i l i b r i u m w i t h the a i r - b a t h . I n 
order t o make good any temperature losses, both 
instruments are l e f t f o r a few hours before any 
readings are taken. This time i s long enough f o r 
any temperature d e f i c i e n c y t o be made up, but not long 
enough f o r any e f f e c t s due t o sedimentation or ageing 
t o become appreciable. Readings can then be taken. 

The r o t a r y instrument was f i r s t run at a constant 
speed f o r about 30 minutes and the d e f l e c t i o n observed 
i n order t o de t e c t the presence o f any normal 
t h i x o t r o p y . With the samples used here the d e f l e c t i o n 
remained constant. Readings were then taken on bot h 
instruments as described below. At the end of the 
experiments the temperature of the sample i n each 
instrument was measured, and found t o be w i t h i n 0.1°C. 
of the nominal temperature, i n d i c a t i n g t h a t the above 
precautions were s u f f i c i e n t . 
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3. Readings on the tube instrument• 

The method o f f i l l i n g g iven above ensures t h a t the 
r e s e r v o i r i s f i l l e d as f a r as i t s j o i n w i t h the 
measuring tube. The d r i v i n g motor i s now s t a r t e d and 
the sample commences t o f l o w down the tube: when i t 
reaches the pressure-measuring hole the motor i s 
stopped and the instrument i s then ready. Because of 
the considerations given i n Chapter I I , 4., decreasing 
values o f the speed are u s u a l l y taken i n order t o 
determine the f l o w f u n c t i o n , and hence t h i s procedure 
w i l l be giv e n here. The procedure f o r i n c r e a s i n g 
values i s s i m i l a r except t h a t s u f f i c i e n t time must be 
allowed between readings f o r the proper c o n d i t i o n s t o 
be e s t a b l i s h e d . 

The motor i s s t a r t e d w i t h the p u l l e y system set t o 
gi v e the maximum r a t e o f flow : sample then s t a r t s t o 
escape from the pressure-measuring h o l e . By means of 
the manometer l i f t , the pressure at the hole i s 
increased t o prevent t h i s escape. As the l e n g t h o f 
the tube f i l l e d by the sample increases, the pressure 
r e q u i r e d t o prevent escape o f the sample increases 
u n t i l the whole of the tube has been f i l l e d : the 
pressure r e q u i r e d t o a l i g n the boundary between a i r and 
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sample w i t h the tube w a l l i s now found by s l i g h t 
v a r i a t i o n of the pressure. I f the pressure i s too 
g r e a t , the sample w i l l begin t o disappear i n t o the 
hole: i f the pressure i s too s m a l l , the sample w i l l 
escape s l o w l y from the h o l e . The pressures a t which 
these two e f f e c t s become evident are found: u s u a l l y i t 
i s d i f f i c u l t t o determine any d i f f e r e n c e between them 
on the f i x e d manometer (read t o w i t h i n about 0.1 mm. i n 
a few c e n t i m e t r e s ) . When the pressure has been 
balanced, the height o f the mercury column i n one limb 
of the f i x e d manometer i s read; t h i s reading then 
gives the value o f p f o r the value o f q g i v e n by the 
s e t t i n g of the p u l l e y system. 

I n order t o take a reading a t the next lower 
speed, the pressure i n the chamber i s reduced, and, as 
the sample s t a r t s t o escape through the pressure-
measuring hole, the b e l t o f the p u l l e y system i s 
moved t o the a p p r o p r i a t e groove f o r the new speed, 
and the e q u i l i b r i u m a t the hole r e - e s t a b l i s h e d . The 
manometer i s again read. 

I f the speed i s reduced before the pressure, 
the reduced pressure i n the sample causes the boundary 
between a i r and sample a t the hole t o disappear i n t o 
the hole so t h a t a i r enters the tube: the column o f 
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sample i n the tube i s t h e r e f o r e shortened, the pressure 
i n the chamber remaining s e n s i b l y constant, and hence 
the tube tends t o empty r a p i d l y . With p r a c t i c e , i t i s 
p o s s i b l e t o judge the amoiint by which the pressure has 
t o be reduced between speeds, and t o change the speed 
as the pressure i s being reduced so t h a t t here i s 
l i t t l e chance o f the above s t a t e of a f f a i r s a r i s i n g . 

By c o n t i n u i n g i n t h i s manner, values of p can be 
obtained f o r a l l values of q given by t h e p u l l e y 
system. As the time a v a i l a b l e f o r t a k i n g a l l these 
readings i s l i m i t e d by the amount o f the sample i n the 
r e s e r v o i r , i t i s u s u a l l y found p o s s i b l e t o read only 
one limb o f the f i x e d manometer f o r each speed. The 
value of p i s t h e r e f o r e c a l c u l a t e d by doubling the 
d i f f e r e n c e between t h i s reading and the zero p o s i t i o n 
o f the manometer. 

I f some a i r does enter the tube d u r i n g the speed 
change, and the pressure can be reduced q u i c k l y enough 
t o e s t a b l i s h the proper r a t e of f l o w , i t i s necessary 
t o w a i t u n t i l the a i r i n the tube escapes from the open 
end o f the tube. The distance t h a t the plunger has t o 
t r a v e l i n order t o send an a i r bubble down the tube i s 
found t o be about 2 cm.: a scale i s t h e r e f o r e placed 
along the r e s e r v o i r , and i f an a i r bubble enters the 
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tube, the plunger i s allowed t o t r a v e l t h i s distance 
before f u r t h e r readings are take n . 

At the end o f a set o f readings, the pressure 
chamber i s opened t o the atmosphere by means o f the 
glass t a p ; the manometer l i f t i s r e t u r n e d t o i t s 
lowest l e v e l ; and the motor set i n reverse xo withdraw 
the plunger. 

The a c t u a l values o f q, the t o t a l r a t e o f f l o w , 
are obtained by means o f a p r i o r c a l i b r a t i o n from the 
p u l l e y grooves used: the values o f p are determined 
from the height o f the f i x e d mercury manometer. The 
c a l i b r a t i o n o f the instrument also gives the f a c t o r s 
f o r c o n v e r t i n g p-values i n t o f ^ - v a l u e s , and q-values 
i n t o q'-values. The r e l a t i o n between q' and f ^ can 
thus be p l o t t e d , and from the curve obtained the f l o w 
f u n c t i o n can be determined. 

4. Headings on the r o t a r y instrument. 

With t h i s instrument i t i s f i r s t necessary t o 
determine t h e end c o r r e c t i o n t o be a p p l i e d i n order t o 
e l i m i n a t e the e f f e c t of the r e g i o n o f improper f l o w at 
the lower end of the in n e r c y l i n d e r . The motor 
sp i n d l e i s t h e r e f o r e f u r n i s h e d w i t h a stroboscopic 
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di s c which, when i l l u m i n a t e d by means o f a neon lamp 
run from the supply mains, enables a number of 
d i f f e r e n t speeds t o be s e l e c t e d • The instrument i s 
f i l l e d t o various l e v e l s and the d e f l e c t i o n o f the 
i n n e r c y l i n d e r read a t each o f the sele c t e d speeds 
f o r each l e v e l o f f i l l i n g : these d e f l e c t i o n s are 
p l o t t e d on a graph against the a c t u a l immersion f o r 
each speed. Thus the nature o f the end c o r r e c t i o n 
can be i n v e s t i g a t e d . I t i s found, w i t h the samples 
used here, t h a t i t i s equivalent t o an e x t r a depth of 
immersion which i s s e n s i b l y independent o f speed or 
immersion. 

The speeds given by the stroboscopic di s c are 
also used f o r f i n d i n g the zero on the scale attached 
t o the i n n e r c y l i n d e r , as t h i s c y l i n d e r i s u s u a l l y 
i n s e r t e d a f t e r the outer i s f i l l e d . For each o f these 
speeds the values o f the d e f l e c t i o n are found w i t h the 
motor running forward and i n reverse: the zero at each 
speed.is obtained and the mean taken. 

A set o f readings i s now taken f o r i n c r e a s i n g , or 
f o r decreasing, values o f the v a r i a b l e s . For 
i n c r e a s i n g readings, the speed i s set at a low value 
w i t h the p u l l e y system i n i t s slow s e t t i n g . The speed 
of the motor and the d e f l e c t i o n of the inner c y l i n d e r 
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are determined. For the next reading, the speed of 
the motor i s increased so s l o w l y t h a t the i n e r t i a o f 
the i n n e r c y l i n d e r does not c a r r y the d e f l e c t i o n past 
i t s e q u i l i b r i u m value, otherwise the boundary between 
the f l u i d and s o l i d s t a t e s o f the m a t e r i a l w i l l not be 
a t the p o s i t i o n given by the theory f o r i n c r e a s i n g 
v a l u e s . Proceeding i n t h i s manner, values of the 
d e f l e c t i o n are obtained f o r a'" number o f values o f the 
speed f o r the slow s e t t i n g of the p u l l e y system: the 
s e t t i n g of the p u l l e y system i s now changed and the 
process continued. When the maximum speed i s 
a t t a i n e d , e set o f readings f o r decreasing values can 
be taken i n a s i m i l a r manner. 

The values o f the shearing s t r e s s at the inner-
c y l i n d e r are obtained from the d e f l e c t i o n s by means o f 
the c a l i b r a t i o n of the suspension w i r e , the radius of 
the c y l i n d e r and the corr e c t e d immersion. The values 
of the speed of r o t a t i o n of the outer c y l i n d e r are 
obtained from the motor speeds by means o f the 
c a l i b r a t i o n of the p u l l e y system and the value of the 
r e d u c t i o n r a t i o of the instrument g e a r i n g . The 
r e l a t i o n between W and f a can thus be p l o t t e d , and from 
the curve obtained the flow f u n c t i o n can be determined. 



C H A P T E R VTII 

CALIBRATIONS OF THE INSTRUMENTS . 

1. Tube instrument; methods. 

Two d i s t i n c t methods were used for t h i s 
instrument. I n the f i r s t method, the speed, M, of the 
driving motor was taken as 100 r.p.m.: the rate of 
flow, q, was determined from t h i s value by measuring 
the pulley r a t i o s , m and n; the distance the plunger 
moves for one revolution of the spindle of the plunger-
driv i n g mechanism, s; and the area of cross-section of 
the reservoir, ̂ d 2 . The v e l o c i t y of the plunger, U, 
i s therefore given (with M i n revs. per sec.) by: -

U = M m n s ...8-1 

and hence the rate of flow, from equation 5.1, i s 
given by: -

q - ijfird2 M m n s ... 8.2 

The pressure, p, i s calculated from the difference i n 
l e v e l s , h, of the mercury manometer by the r e l a t i o n : -
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p • h £ g • • • 8.3 

where p i s the density of mercury at the temperature of 
the air-bath, and g i s the acceleration due to gravity. 

The length of the tube, D, was measured d i r e c t l y : 
the radius of the tube, R, was determined by d i r e c t 
measurement, and also from the volume per unit length 
of the tube • Using these values of R and D, the 
c o e f f i c i e n t s r e l a t i n g q and q', and p and f R , can be 
obtained from equations 2.12 and 2.2 respectively. 

I n the second method an o i l of known v i s c o s i t y was 
used i n the instrument, and P o i s e u i l l e ' s Law:-

q * """P1*4 ... 8.4 
8T?D 

applied to determine the value of R̂/D. By weighing 
the e f f l u x i n a given time, and using the density of 
the o i l , the efflux volume i n unit time, q, was found, 
p was determined from the height of a manometer 
containing the o i l . The v i s c o s i t y of the o i l , t ) , was 
measured i n a calibrated Ostwald Viscometer. D was 
again measured d i r e c t l y , and from the value of RVD 
obtained from equation 8.4, R was calculated. The 
c o e f f i c i e n t s r e l a t i n g q and q', p and f j j , were then 
calculated as above • 
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The set of values of q given "by the pulley r a t i o s 
n, with m s 1, were also determined by measuring the 
v e l o c i t y of the plunger and the cross-section of the 
re s e r v o i r . The v e l o c i t y of the plunger was found by 
measuring the time taken for i t to move through a 
known distance: the area of cross-section of the 
res e r v o i r was calculated from the measured rates of 
flow i n the application of equation 8.4, and the 
corresponding v e l o c i t i e s of the plunger. 

A comparison i s made of the r e s u l t s of the two 
methods. 

2. Tube instrument: f i r s t method. 

(a) The speed of the motor. 
The driving motor i s of the synchronous type, and 

as, for the purpose of t h i s c a l i b r a t i o n , the frequency 
of the mains supply from which i t i s energised i s taken 
to be 50 c.p.s., then the speed of the motor i s 
100 r.p.m.. Hence:-
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The pulley r a t i o s m. 

To determine m, marks were made on the peripheries 
of the wheels C and A of F i g IV and were aligned with 
f i x e d pointers. Wheel A was taken through a number of 
complete revolutions which brought the mark on C close 
to i t s pointer. The whole number of revolutions of C 
were counted. The f r a c t i o n of a revolution i s given 
by e = X/2TTX, where x i s the distance between mark and 
pointer, and X i s the distance of the mark from the 
axis of the wheel: x was measured with a r u l e r , and 
eight determinations were made. 

The values of m for the two r a d i i of C used (C2 
and C3) are given i n Table I I . The distance X was 
5.70 cm., hence e = x/35.8. 

Table I I - Values of m. 

C2. C3. 

Revolutions of A:- 7 8 

Revolutions of G:- 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 0-2052 
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The motor can also be connected d i r e c t l y to the wheel 
A: t h i s arrangement, for which m * 1, w i l l be c a l l e d 
CO. 

(c) The pulley r a t i o s n. 
The pulleys A and B were so constructed that t h e i r 

r a t i o s are approximately i n arithmetical progression. 
The values of n were determined i n the same way as the 
values of m. As i n the above case, the spread of the 
individual determinations of x were small, and w i l l not 
be given. The values of n are given i n Table I I I . 

Table I I I - Values of n. 

Speed No. Revs. of A• Revs, of B. n. 
6 8 40.07 5.001 

5£ 4 18.10 4.525 
5 13 53 .01 4.077 

13 47-02 3.617 
4 9 28.08 3.120 

3£ 6 15.99 2.665 
3 10 21.96 2.196 

2£ 11 19.04 1.731 
2 13 16.04 1.234 

1* 12 9.00 0.750 
1 38 10.00 0.263 
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(d) The movement of the plunger, s . 
The tapped c y l i n d e r which d r i v e s the plunger rod 

r o t a t e s at one-eighth of the speed of wheel B owing t o 
the worm d r i v e i n the p l u n g e r - d r i v i n g mechanism. The 
p l u n g e r - d r i v i n g rod has a 2 B.A. thread which i s 
no m i n a l l y 31.4 t . p . i . . The distance between 192 
threads was measured t o be 15-52 + 0.01 cm. (which 
gives 31.42 + 0.02 t . p . i . ) , and hence, f o r one 
r e v o l u t i o n of the c y l i n d e r , the plunger w i l l move 
0.08083 +; 0.00005 cm. Hence, 

s s 0.01010 + 0.00001 cm. per r e v . 
• - T-. ... , 

(e) The cros s - s e c t i o n of the r e s e r v o i r , # f l d 2 . 
The diameter of the r e s e r v o i r was determined by 

means of i n t e r n a l c a l i p e r s : t h e i r s e paration, a f t e r 
w i t h d r a w a l , being measured w i t h a micrometer. 
Column A gives the readings near the open end, and B 
the readings near the closed end f o r the v e r t i c a l 
d i r e c t i o n ; columns C and D give readings near the open 
and closed ends r e s p e c t i v e l y f o r the h o r i z o n t a l 
d i r e c t i o n . 
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A B C 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 

mean diameter s 1.900 + 0.001 cm 

Therefore:- ^ r r d ^ = 2.835 + 0.003 cmr. 

( f ) The length of the tube, D. 

The distance between the open end of the tube, 
and the centre of the pressure-measuring hole was found 
to be 33.4 cm.. As the hole extends for about 0.2 cm. 
i n the d i r e c t i o n of the tube, the value of D i s given 
as: -

D = 33.4 t 0.1 cm. 

(§>) The radius of the tube, R. 
The open end of the tube was f i t t e d with a small 

bung, and the tube and r e s e r v o i r assembly set at about 
45° to the v e r t i c a l . Mercury was then poured into the 
tube, v i a the reservoir, u n t i l i t s l e v e l reached the 
pressure-measuring hole. The length 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. 
Five determinations were made:-

Length of column. Mass of Hg. Mass per cm. 

33.2 cm. 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 about 22°C., 
hence i t s density was taken as 13.54. The value of 
R 2 obtained from the volume of 1 cm. of the tube i s 
then: 0 R 2 = 0.05929 + 0.00007 em4*. 

giving:- R a. 0.2435 + 0.0002 cm. 

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

R s 0.2423 + 0.0005 cm. 

The values of q 1 . 
Equation 8.2 gives the value of q, and from 

equation 2.12, the value of q' can be found. From 
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these equations:-

q' = — 3 % K & 2 M m n s ... 8.5 

From the value of R given i n (g ) , 1/JXR3 = 22.05 + 0.03. 
The value of ^ n & 2 i s taken from ( e ) , M from ( a ) , and s 
from ( d ) . From these values, q 1 = 1.052 m n. The 
values of m and n are taken from Tables I I and I I I , and 
the values of q' given i n Table IV. 

Table IV - Values of q and q'. 

a*. a \ a;. q. 
Speed No • C 0 C 2 C 3 C 0 

6 5.264 3.069 1.079 0.2387 

5* 4.762 2.776 0.976 0.2160 
5 4 .291 2.502 0.880 0.1946 
4 A- 3.807 2.219 0.780 0.1726 
4 3 .284 1.914 0.673 0.1489 

3 i 2.805 1.615 0.575 0-1272 
3 2.311 1.348 0.474 0.1051 

2^ 1.822 1.062 0.374 0.0826 
2 1.299 0.757 0.266 0.0589 

l i 0.789 0.460 0.162 0.0358 
1 0.278 0.161 0 .057 0 .0126 
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( i ) The r e l a t i o n between h and fp . 
For experiments carried out at 25°G., the r e l a t i o n 

between h and p, from equation 8.3, i s : -
4 2 

p = 1.327 10 h dynes per cm. 
Since f ^ = pR/2D, the r e l a t i o n between h and f ^ i s : -

f-fi = 48.4 h dynes per cm2. 

The l e a s t accurate measurement i n t h i s determination i s 
the value of D, but t h i s i s known to within l e s s than 
1%, which i s the accuracy desired i n the c a l i b r a t i o n . 

3. Tube instrument: second method. 

(a) The density and v i s c o s i t y of the o i l . 
The density of the o i l was determined at two 

temperatures i n the range used i n the experiments to be 
described below. The r e s u l t s can be represented by:-

density at t°C. = 0.9012 - 0.00065 t 

The v i s c o s i t y of the o i l was determined by means 
of an Ostwald Viscometer. This viscometer c a r r i e s a 
N.P.L. ca l i b r a t i o n , hence the v i s c o s i t i e s at various 
temperatures i n the range used could be measured to 
within a few parts i n a thousand. The d e t a i l s w i l l 
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F i g XV. 

not be given here• From the kinematic v i s c o s i t y 
obtained and the density of the o i l , the v i s c o s i t i e s 
calculated can be represented by:-

loglOV = i ' 4 6 1 ~ 0.0335 t 

where t i s the temperature i n degrees centigrade, and 
Tj i s the v i s c o s i t y i n poise. 

(W The application of P o i s e u i l l e ' s Equation. 
I n order to use an o i l i n the instrument, a 

modification i s necessary: 
i t i s shown i n F i g XV. 
The mercury manometers 
were dispensed with, and 
the pressure was measured 
from the height of the o i l 
i n the v e r t i c a l 
tube, A, which had a 
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 

1 = 

1EJ 

the l e v e l i n A near to the upper end of the tube, and a 
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preliminary experiment was conducted to determine t h i s 
l e v e l . I n t h i s experiment, the res e r v o i r was f i l l e d , 
the driving motor started, and the o i l allowed to flood 
the pressure chamber (which was open to the atmosphere) 
u n t i l i t reached some l e v e l above the pressure-
measuring hole. The chamber was then closed and the 
o i l allowed to flow along the measuring tube and also 
up the v e r t i c a l tube. When the measuring tube was 
f u l l , i t s open end was closed to allow the o i l to f i l l 
the v e r t i c a l tube more quickly. After each few 
millimetres r i s e i n the l e v e l i n A, the o i l was allowed 
to flow along the measuring tube also f or a short time: 
the l e v e l i n A at which a f a l l f i r s t occured on 
allowing t h i s flow then gave an approximate value of 
the equilibrium l e v e l . The instrument was then 
r e f i l l e d under s u f f i c i e n t pressure to bring the o i l i n 
the v e r t i c a l tube up to t h i s l e v e l , and the motor 
st a r t e d . By adopting t h i s procedure, the equilibrium 
conditions could be established before the plunger 
reached the end of i t s traverse. The experiment was 
then repeated at a different speed • I f h i s the 
difference i n the l e v e l s between the two speeds, which 
were Kos. 3 and l£ with m = 1, then from equation 8.4:-
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q 3 - *i£ 
E 4 -^e'hg 
D 8t) 

D 8^ • • • 8 • G 

where o' is the density, and >0 the kinematic viscosity, 
of the o i l . 

The values of h were measured by means of a 
cathetometer. The values of q 3 and were 
determined by weighing the amount of efflux i n a given 
time, and using the density of the o i l at the 
appropriate temperature• These results are shown i n 
Table V. 

Table V - Values of and , 

Speed Mass of o i l Temp. Density Time i n No. i n grms . °C . of o i l • sees . q 
cc/sec 

3 44 .52 19.2 0.8887 480 0.1044 
3 39 -09 18.2 0.8894 420 0.1047 
l i 22.96 19.5 0.8885 720 0.03590 
14 28.68 19.5 0.8885 900 0.03588 

These results give: = 0.1045; s 0.0359 

Hence, 33 " Sii - 0.0686 + 0.0001 
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Five experiments to determine the value of hA) 
were then carried out: the details are given i n 
Table VT, where I13 and hi^. are the cathetometer 
readings at the two speeds and 0 is the kinematic 
viscosity (see ( a ) ) . 

Table VI - Values of hA> • 

Expt. h. 

1. 35 .45 22.03 13.42 17.8 8.05 1.666 
2. 34.24 21.63 12.61 18-5 7.62 1.655 
3. 34.41 21.59 12.82 18.3 7.74 1.657 
4. 34 .96 21.72 13.24 18-1 7.87 1.682 
5. 34.75 21.58 13 .17 18.3 7.74 1.702 

Thus the mean value of = 1*67 + 0.02. 
Using equation 8.6, the value of KVD is given by: -

R4/D = (I.O65 +0.01) 10^ cm3. 

(c) The radius of the tube. 
Using the result of (b), and the length of the 

tube given i n 2 . ( f ) , the following result i s obtained:-

R = 0.2443 +0.0007 cm. 
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( T h e relation between h and fR. 
The values of R and D again give the relation 

between h and f ^ as i n 2 . ( i ) . The relation i s : -

= 48.5 h dynes per cm2. 

(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 between two fixed marks 
on the reservoir. The results obtained are included 
i n Table V I I . Apart from the last result, that for 
speed No. 1, the distance travelled was 13.10 cm.; for 
the last result, the distance was 4.11 cm.. The 
spread of the individual readings indicates that the 
experimental error is about + 

( f ) The cross-section of the reservoir. 
Using the values of the rate of flow f or speeds 

Nos . 1̂ - and 3 given i n (b), and the values of the 
velocity of the plunger given i n (e), the area of 
cross-section of the reservoir can be found from the 
relation:- q = -^ird 2 TJ. 

Speed No. 3:- q/U = 2.843; hence d = 1.903. 
Speed No. lh - q/U a 2.836; hence d = 1.900. 
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Thus the mean value of d = 1.901 + 0.002$ and 
the mean value of Jgnd.2 = 2.840 + 0.004. 

Table V I I - The plunger velocity and values of q. 

Time i n sees. 
Speed Reverse and Mean 
No . Forward. Time. 

6 

5£ 

5 

4£ 

4 

3£ 

3 

S* 

2 

l i 

157.2 156.8 
172.8 
173.2 
193.0 
193 .4 
218.2 
218.0 
252.6 
252.4 
294.2 
292.6 
356-2 357.6 
451.6 
450.8 
628.4 
630 .0 
1037.5 
1035 .0 

156 .4 156.4 
173.0 173 .0 
192.6 
193 .4 
217.6 
217.4 
251.4 
251.2 
292.0 292.6 
356.2 356.4 
450.6 
448-0 
626 .4 
628.6 
1030 .0 1035 .0 

915-0 916.2 

156.7 

173 .0 

193 .4 

217.8 

251.9 

292.8 

356.6 

450.3 

628.3 

1034 .4 

915.6 

0.08360 

0.07573 

0 .06784 

0.06pl6 

0.05201 

0 .04474 

0.03675 

0 .02910 

0.02084 

0 .01266 

0 .00449 

q(2). q ( l ) 

0.2374 0.2387 

0.2151 0.2160 

0.1927 0.1946 

0.1711 0.1726 

0.1477 0.1489 

0.1271 0.1272 

0.1043 0.1051 

0 .0826 0.0826 

0.0606 0.0589 

0 .0360 0 .0358 

0 .0127 0 .0126 
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(g) The values of q. 
From the values for the velocities of the plunger 

given i n Table V I I , and the value f o r the area of 
cross-section of the reservoir from ( f ) , the values 
f o r the rates of flow f or a l l speeds can be found. 
They are given i n Table V I I under q(2). 

4 . Comparison of the two methods . 

The values of q from the f i r s t method, q ( l ) , and 
the values from the second method, q(2), are both given 
i n Table V I I . Since no two corresponding values 
d i f f e r by more than 1%, the values of q 1 given i n 
Table IV can be taken as correct. 

The values for R, -^rrd2, and f j / h also agree 
between the two methods. Since the determination of R 
was more accurate i n the f i r s t method, the relation 
between h and f R is taken from 2 . ( i ) . I t i s : -

f R a 48.4 h dynes per em2. 



95 

5. Rotary instrument: methods. 

For this instrument the required relations are 
that between the deflection e of the inner cylinder and 
the shearing stress f a at i t s surface, and that between 
the speed S of the driving motor (r.p.m.) and the 
angular velocity W of the outer cylinder. The f i r s t 
r e l ation depends on the torsion constant c 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 constant was determined by suspending 
a body of known moment of i n e r t i a on the wire, and 
measuring the period of torsional oscillations. The 
radius of the inner csrlinder was measured directly: 
the actual immersion was 

Fig XVI. 
determined at the end of an 
experiment by clipping a B 
pointer, shown at A i n A 
Fig XVI, to the inner \ 
cylinder B, and sliding 
the pointer down u n t i l i t 
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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 
i n the expression for f a . 

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

The calibration was checked by f i l l i n g the 
instrument with the o i l used i n the calibration of the 
tube instrument, and determining i t s viscosity: the 
result is compared with the value obtained i n the 
Ostwald Viscometer. 

6. Rotary instrument: f i r s t method. 

(a) The torsion constant of the suspension wire. 
The moment of in e r t i a , I , of the inner cylinder 
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was calculated from i t s dimensions and mass. These 
quantities were measured to within one part i n a 
thousand: to three significant figures, 

I • 789 c.g-s. units. 

The times for five sets of 250 oscillations were:-

294.6 , 294.8 , 294.8 , 294.8, '294.6 sees. 

The clock used was corrected by reference to a standard 
clock, and the corrected mean period, T, found. The 
result was:-

T = 1-177 + 0.001 sees. 

Using the relation T = 2TT\/(I/C'), where c' i s the 
torsion constant i n dyne cm. per radian, the values of 
c' and c were found, giving:-

c' s 2.25 10 4 dyne cm. per radian, 
and c = 392.5 +0.5 dyne cm. per degree. 

(b) The expression for the shearing stress . 
The shearing stress at the surface of the cylinder 

i s given by:-
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The diameter of the inner cylinder was measured by 
means of a micrometer: i t s value was 2.543 cm. at a l l 
points. Hence, the radius, 

a a 1.2715 cm. 

Thus, from equation 8.7, and the above results:-

f a s 38.6 § dynes per cm2. 
H 

where H is the corrected immersion, and the numerical 
constant is given to three significant figures. 

(c) The pulley and gear ratios. 
The values of the pulley ratios were found i n the 

same manner as i n the tube instrument calibration 
(see 3 above), and to a similar degree of accuracy: 
the details w i l l not be given. The results are:-

Fast setting r a t i o : - 1:1.225 
Slow setting r a t i o : - 1:23.4 

These figures give the rati o between the speed of the 
motor spindle and the input drive of the instrument. 
Within the instrument the following gear reductions 
operate (see Fig X I I ) : -

24:62, 24:62 (bevel gears), and 1:16 (worm gear). 
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The t o t a l gear reduction is therefore 1:106.8. 
Using the above values, the relations between W, the 
angular velocity of the outer cylinder i n radians per 
sec, and S, the speed of the motor i n r.p.m., are:-

Fast setting:- W = 8.00 10"3 S, and 
Slow setting:- W = 0.419 10"3 S-

to three significant figures. Also, for a given S:-

W-slow a 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 frequency 50 cp.s.. There 
are six rings of alternate black and white segments on 
the disc: the number of black segments, N, with their 
corresponding speeds are given i n Table V I I I below. 

The voltage across the armature, V, was measured 
on a three-range voltmeter: the ranges were selected 
so that the speeds 2, 4, and 6 f e l l near the upper 
ends, and 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 i n any range: the lower 



100 

ends of the ranges, and the zeros, were not used. 

Table V I I I - Stroboscope speeds. 

Ring No. S. W-fast. W-slow. 
1. 32 187.5 0.150 0.0079 
2. 16 375 0.300 0.0157 
3. 12 500 0.400 0 .0210 
4. 6 1000 0.800 0.0419 
5. 4 1500 1.200 0.0629 
6. 2 3000 2.400 0.126 

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

In later experiments, a tachometer was used to 
measure 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 
i n Table V I I I . 

7. Rotary instrument: second method. 

In order to check the above calibration, an o i l of 
known viscosity (see 3.(a)) was used i n the 
instrument. The deflection of the inner cylinder was 
measured by using a lamp, mirror, and scale. The 
viscosity was determined from the formula: -

-0 - _ c e _ u _ 1 ) ' 4-rrWH(a2 b 2) • * • 3 • 8 

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 the wire:- c' = 2.25 10 

dyne cm./ rad. 

The deflection was measured for two immersions:-



102 

Immersion. 
Deflection: Left. Right. Mean 

Deflection. 

11.10 cm- 12.7 cm. 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 i n the mean 
deflections divided by the difference i n the immersions 
and twice the mirror-scale distance, giving:-

Substituting the above values i n equation 8.8, the 
viscosity of the o i l is given as:-

The viscosity of the o i l as determined i n the Ostwald 
Viscometer at the temperature of the above experiment, 
25.0°C, i s : -

9/H = 0.00481 + 0.00003 

s 4 .11 + 0.03 poise. 

= 4.12 poise. 

Thus the correctness of the calibration is 
demonstrated. 



C H A P T E R IX 

FIRST COMPARATIVE EXPERIMENT - EXPERIMENT A. 

1. The end correction i n 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°C. From these results 
i t i s possible to determine the end correction at fi v e 
values of the angular velocity of the outer cylinder, 
and thus examine i t s variation with this velocity. 

The zero on the scale was the same for a l l 
readings and was determined by taking the deflections 
at five speeds with the rotation i n the forward and 
reverse directions. These results gave:-

Scale:-
Ring. Reverse. Forward. 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 is the mean of the reverse and forward scale 
readings: the mean zero = 308.5. This value was 
subtracted from a l l readings to give the deflection 0. 

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 0 ( i n degrees) at 
the fiv e speeds for the five values of y, the actual 
immersion. 

Va lues of v in cm. 
Ring. 2.5 4.3 6.0 , 8.3 12.7 
5. 16 .0 24.5 32.0 43 .0 62.5 
4 . 14 .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. 9.5 14 .5 19 .5 25 «5 37.5 

These values of 0 are plotted against y on Graph I . 
For each speed, the intercept on the y-axis 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 sensibly independent 
of speed so that i t 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. 

(a) Experimental results. 
Two different inner cylinders, A and B, were used: 

cylinder A (used i n the calibration) was rough, as 
described i n Chapter I I I , 3.; cylinder B was smooth, 
but had grooves 1 mm. wide'and deep, cut p a r a l l e l to 
i t s generators, with a separation of 1 mm.. The two 
cylinders had the same radius. Two sets of readings 
were taken with cylinder A. I t w i l l be seen that 
there is l i t t l e difference between the values of the 
shearing stress for cylinders A and B, and that the 
second set of readings agrees with the f i r s t set. 

The results are given i n Table IX. The angular 
velocity of the outer cylinder, W, was measured by the 
voltage across the armature: this is given i n 
arbitrary units under V. R is the stroboscope ring 
number (see Table V I I I ) , 0 the deflection, and f a the 
shearing stress at the inner cylinder. V was set to 
the values given i n the f i r s t column (apart from the 
calibration speeds) and the values of 0 obtained. 
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Table IX - Results from the rotary instrument. 

V 
— « 

5. e(Ai) 9(A2) 0(B) 1. 

Fast setting: 
7.5 _ 90 88.5 87 250 246 2.85 
7.0 — 87 84 .5 85 240 240 2.66 
6 .30 6 82.5 81 81 229 229 2.40 6 .0 — 80.5 79-5 78.5 224 222 2.29 
5 .5 — 78 76 76 .5 216 216 2.10 
5 .0 — 74 .5 73 73 206 206 1.91 
4 .5 — 71.5 69.5 70 197 198 1.72 
4 .0 _ 68 66 66.5 188 188 1.54 
3 .5 _ 64.5 63.5 64 179 181 1.35 
3 .10 5 61.5 60.5 61 171 172 1.20 
2.5 - 57.5 57 57.5 160 162 0.98 
6 .0 56.5 56 56 158 158 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 0-66 
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 41.5 115 117 0.267 
5 .5 — 39.5 40 40 111 113 0.224 
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 95 96 0.090 

— 5 32.5 33 32 91 91 0 .063 
- 4 30-5 30 .5 30 85 85 0.042 

3 28.5 28 28.5 79 81 0.021 
- 2 27-5 26 .5 27.5 76 78 0.015 
— 1 25.5 24 .5 26 70 74 0.008 
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The following data are used:-

Calibration equation:- f a = 38.6 0/H. 

Immersion, cylinder A:- = 12.80 cm. 
Immersion, cylinder B:- = 12.65 cm. 

End correction:- = 1.00 cm. 

Hence, for cylinder A:- f a = 2.80 0. 
for c}rlinder B: - f a = 2.83 0. 

W is calculated by proportion from the calibration 
speeds. 

For Voltmeter Range 1 
Range 2 
Range 3 

W = 0.375 V + 0.04 
W = 0.143 V + 0.014 
W = 0.0429 V - 0.013 

The results i n Table IX were taken i n the order 
shown ( i . e . , decreasing values). f

a ( A ) * s calculated 
from the mean of 9(A1) and 0(A2). The whole W-fa 

curve i s plotted on Graph I I : the lower part i s 
plotted on Graph I I I i n order to obtain the flow 
function more accurately at these values. 

(b) Determination of the flow function. 
The flow function is given by:-
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Table X - Values of g a; ; Experiment A. 

g a ( I H ) ga(U). V S a . Sa/fa. 
75 0 .23 320 0 .0031 
80 0.43 188 0 .0053 
85 0.57 149 0 .0067 
90 0.74 122 0 .0082 
95 1.07 89 0 .0112 
100 1.36 1.42 72 0 .0139 
110 2.16 2.06 52 0 .0192 
120 3 .04 2 .96 40 0 .0250 
130 3.72 3.66 35 0 .0286 
140 4 .48 31.2 0 .0321 
150' 5.25 28.5 0 .0351 
160 6 .15 26 .0 0 .0385 
170 7.00 24.2 0 .0413 
180 7.49 24 -0 0 .0417 
190 8.10 23.5 0.0425 
200 8.52 23.5 0.0425 
210 9.04 23 .2 0.0430 
220 9.46 23-2 0.0430 
230 9.89 23.2 0.0430 
240 10 .31 23 .2 0.0430 
250 10.75 23 .2 0.0430 
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The values of g a at a number of values of f a are 
obtained from Graphs I I and I I I . For each value of f a 

a straight edge i s l a i d against the curve, and the 
value of dW/dfa evaluated from i t s position. The 
results are given i n Table X, together with the 
corresponding values of the viscosity (fa/ga)> and. the 
f l u i d i t y (ga/fa)• Above f a = 200 the W-fa curve 
cannot be distinguished from a straight l i n e . The 
values of g a are plotted on Graph IV; the viscosity 
and f l u i d i t y on Graph V I I . 

3. Results from the tube instrument. 

(a) Experimental results. 
Readings were taken for both increasing and 

decreasing values of the variables. Pulley rat i o C2 
was used: the values of q' are taken from Table IV. 
The values for h increasing, h s, and h decreasing, h^, 
are obtained by doubling the difference between the 
zero on the scale (17.85 cm.) and the manometer 
readings. The results indicate a small, but 
significant, difference between the increasing and 
decreasing values. The values of f R are calculated 
from h by the calibration equation:- f ^ = 48.4 h. 
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The results are given i n Table XI. Both sets are 
plotted on Graph V, but only the decreasing set is used 
i n the determination of g^. 

Table XI - Results from the tube instrument. 
Manometer 
readings . 

S-N inc. dec • a' fR(s) W ) 
6 20.50 5.30 3.07 256 
& 20.38 20.37 5.07 5 .04 2.78 246 244 
5 20.24 20.21 4 .78 4.72 2.50 231 229 
4£ 20.12 20.09 4.54 4.48 2.22 220 216 
4 19.98 19 .96 4.26 4 .22 1.91 206 204 
3£ 19.85 19.80 4.00 3 .90 1.61 194 189 
3 19.70 19.65 3.70 3 .60 1.35 179 174 

19.55 19 .46 3 .40 3 • 1.06 165 156 
2 19.39 19.31 3 .08 2.92 0.76 149 141 

l£ 19.18 19 .10 2.66 2.50 0.46 129 121 
1 18 '-89 18.88 2.08 2.06 0.16 101 100 

(b) Determination of the flow function. 
The flow function is given by:-

SR - 34' • % 

The values of g^ for a set of values of f R are 
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determined from Graph V. The values of the gradient 
are determined as above. The values of g^ are given 
i n Table X I I (together with the values of g a for 
comparison), and are plotted on Graph IV. The 
viscosity and f l u i d i t y are also given and are plotted 
on Graph V I I . 

Table X I I - Values of g-̂ : Experiment A. 

100 0.16 
3q' m 

0.48 
* f R 

1.28 1.76 
§a. 
1.39 

WOO 
56.8 

CgR/fR) 
0.0176 

110 0.30 0.90 1.53 2.43 2.11 45.3 0.0221 
120 0.44 1.32 1.76 3 .08 3.00 39.0 0.0256 
130 0.59 1.77 1.97 3.74 3.69 34.8 0.0288 
140 0.75 2.25 2.26 4.51 4.48 31.0 0.0323 
150 0.92 2.76 2.50 5.26 5.25 28.5 0.0351 
160 1.09 3 .27 2 .(76 6.03 6.15 26.5 0.0377 
170 1.26 3.78 3 .06 6.84 7.00 24.9 0.0402 
180 1.44 4.32 3.43 7.75 7.49 23.2 0.0430 
190 1.64 4.92 3.84 8.76 8.10 21.7 0.0460 
200 1.85 5.55 4.17 9.72 8.52 20.6 0.0486 
210 2.06 6.18 4.42 10.60 9.04 19.8 ' 0.0505 
220 2 • 27 6.81 4.63 11.44 9.46 19.2 0.0520 
230 2.48 7.44 5.00 12.44 9.89 18.5 0.0541 
240 2.71 8.13 5.46 13.59 10.31 17.7 0.0566 
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4 . Comparison of the results. 

(f*) 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. 

I t is estimated that tangents can be drawn to 
these curves to give the value of the gradient to 
within +2%: a similar variation may be introduced i n 
drawing the curves through the experimental points. 
At the extremities of the curves the inaccuracy i n the 
gradient of the drawn curves may be much greater, 
especially i n the case of the tube instrument where 
therecare fewer experimental points. I t is probable, 
therefore, that the discrepancies between the g^ and g a 

values for f = 100, 110 are due to this cause. I f the 
value 4% is taken to be the maximum difference that can 
be called agreement, then the values i n Table X I I agree 
up to f = 180. Above this the difference is due to 
the existence of the static yield value i n the rotary 
instrument. 

(b) Indirect comparison. 
The W-fa values from the rotary instrument have 

been transformed to q'-f values by the method of 
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Chapter IT, 2: the values obtained are given i n 
Table X I I I and are plotted on Graph V with the 
experimental q'-f^ values. The method of this 
transformation w i l l be i l l u s t r a t e d i n a later 
experiment; the results only are quoted i n Table X I I I . 

Table X I I I - q'-f values obtained from W-fg curve. 

f . ^ ' c a l . H exp. f . *'cal. H exp 
109 0.27 0.28 191 1.64 1.66 
127 0.50 0.55 201 1.78 -
140 0.72 0.75 210 1.95 -
152 0.92 0 .96 220 2.07 -
162 1.12 1.12 229 2.22 -
172 1.31 1.30 238 2.35 -
182 1.47 1.48 247 2.48 _ 

I n drawing the W-fa curve, the existence of the 
discontinuity shown at P i n Fig I I is ignored, since 
i t s position cannot be found with any certainty from 
the plotted points. This has a greater effect on the 
gradient of the W-fa curve than on the value of the 
integral i n equation 4.8, for shearing stresses i n 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 
i n 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 i t s lower end, the transformation of 
Chapter IV, 3. can be used to obtain the true W-fa 

curve above the discontinuity. Alternatively, 
equation 3.8 can be used, and the value of W calculated 
from the g^-f^ curve: this method w i l l be used. The 
value f = 150 is taken as the lower l i m i t of 
integration, as the W-fa curve i s correct at this 
point. Values of W are calculated from the 
expression:-

Values of g are taken from the tube results on Graph IV 
i 

and ^sg/f calculated. This is 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 i n 

W = W. df A" 
X 

fa=150 J150 
9.1 
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Table X I V , where D ( I ) i s the area under the curve 

between o rd ina te s 10 u n i t s (dynes pe r cm^.) o f f apa r t , 

and I(W) i s the va lue o f the i n t e g r a l i n equa t ion 9 - 1 

w h i c h i s added t o Wf 1 5 0 = 0.76 ( rad ians per s e c ) t o 

g i v e the t r u e va lue o f W a t the h ighe r shear ing 

s t r e s s e s . The r e s u l t s are p l o t t e d on Graph I I . 

Table XIV - D e r i v a t i o n o f W f r o m g-R-ff} c u r v e . 

f . £ • M l - D ( I ) . KW) . W. 

150 5.25 0 .0175 0 .000 0.00 0.76 

160 6-05 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 . 8 1 1.57 

200 9.65 0 .0241 0.234 1.04 1.80 

210 10.60 0.0252 0 .246 1.29 2.05 

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 va lues o f the v i s c o s i t y and the f l u i d i t y 

ob ta ined f r o m the two ins t ruments are p l o t t e d on 

Graph V I I . The measure o f agreement i s again shown. 
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From the above r e s u l t s , the d i s c o n t i n u i t y i n the 

W - f a curve ( w h e r e , f a = f a ' ) occurs a t about f a ' = 190; 

f r o m Table I X , f a ( m a x ) = 2 5 0 5 e x t r a p o l a t i o n o f the 

f l u i d i t y - f a curve (Graph V I I ) t o the f a - a x i s , f ^ s 70 . 

Hence, s ince f a ( m a x ) / f a ' = f s / f d ' f s = 9 0 • T h e s e 

values are on ly approximate, as the maximum va lue o f f a 

i n Table IX may no t correspond t o f a ( m a x ) ? "but the 

o rde r of the d i f f e r e n c e between f s and f ^ i s i n d i c a t e d . 



C H A P T E R X 

SECOND COMPARATIVE EXPERIMENT - EXPERIMENT B . 

i * Experiment B . 

I n t h i s experiment , the W-fa curves f r o m the 

r o t a r y ins t rument f o r b o t h decreas ing and i n c r e a s i n g 

va lues were ob ta ined and analysed . The sample used 

was the same as i n Experiment A, b u t as Experiment B 

was per formed s i x days l a t e r a s m a l l change i n the 

p r o p e r t i e s o f the sample cou ld be expected. The 

methods f o r c a l c u l a t i n g the r e s u l t s are the same as i n 

the p rev ious exper iment . 

2 . Resul t s f r o m the r o t a r y i n s t r u m e n t . 

( a ) Exper imenta l r e s u l t s . 

The f o l l o w i n g data are used : -

C a l i b r a t i o n e q u a t i o n : - f a = 38-6 G/H• 

Immersion: 12.4 cm. 

End c o r r e c t i o n : 1.0 cm. 

Hence: 2.88 9 . 
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Table XV - Resul ts f r o m the r o t a r y i n s t r u m e n t . 

v . 3 . e ( d ) - i *L*1 9 ( d ) - 2 f a ( s ) f a i d ) W. 

Past s e t t i n g : 

7.5 _ 82 84 83 242 238 2.85 
7.0 - 79 82 80.5 236 230 2 .66 
6 .5 - 76.5 - 78 - 222 2.48 
6 .30 6 75 .5 78.5 76 226 218 2.40 
6 .0 — 73 .5 77 74.5 222 213 2-29-
5.5 _ 71.5 74 .5 72 214 207 2.10 
5 -0 — 68.5 71.5 69 206 198 1.91 
4 .5 _ 65 .5 69 66 .5 199 190 1.72 
4 .0 — 62 .5 66 62 190 179 1.54 
3 .5 _ 60 63 60 181 173 1.35 
3 .10 5 57 61 57 175 164 1.20 

6.7 53 56.5 53 .5 163 153 0-98 
6 .0 — 51.5 55 ...5 51.5 160 148 0 .87 
5 .50 4 50 54 .5 50 157 144 0.80 
5 .0 — 48.5 53 48 .5 153 140 0-73 
4 .5 — 47 51.5 47 148 135 0.66 
4 .0 — 45 .5 49 .5 45 .5 142 . 131 0.59 
3 .5 — 44 47-5 44 137 127 0.514 
3 .0 - 42 45 42 130 121 0.443 
2.70 3 4 1 43.5 4 1 125 118 0.400 
2 .5 - 40 .5 42 .5 40 122 116 0.372 

7.5 38.5 _ 38.5 _ 111 0.308 
7.35 2 38.5 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 -5 34 .5 102 99 0-179 
3 .85 1 33 .5 34 .5 33 .5 99 96 0.150 
3 .5 - 33 31.5 32 .5 91 94 0-136 

Slow s e t t i n g : 

7.5 — 32 33-5 32 96 92 0.149 
- 6 31.5 32.5 31.5 94 91 0.126 
- 5 28.5 31 28.5 89 82 0.063 
- 4 26.5 29 .5 26.5 85 76 0.042 
- 3 24 .5 .26 24 -5 75 71 0 .021 
_ 2 24 25 .5 24 73 69 0.016 
_ 1 22 22 .5 22 65 63 0.008 
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For Vo l tme te r Range 1: - W = 0.375 V + 0.04 
Range 2 : - W = 0-143 V + 0.014 
Range 3 : - W = 0.0429 V - 0.015 

The r e s u l t s are g i v e n i n Table XV. S t a r t i n g a t 

t he maximum speed, a se t o f decreasing r e s u l t s was 

t aken , © ( £ ) - ! ; then a se t o f i n c r e a s i n g r e s u l t s was 

t a k e n , © ( s ) > and f i n a l l y a f u r t h e r se t o f decreasing 

r e s u l t s , © ( d ) - 2 . The va lue o f the zero on the scale 

was determined as i n Experiment A, and sub t r ac t ed f r o m 

the observed readings t o g i v e the values o f 0 i n the 

Tab l e . ^a(d) -*-s c a l c u l a t e d f r o m the mean o f the 

decreas ing s e t s . 

A l l the above r e s u l t s are p l o t t e d on Graph V I I I , 

and the lower decreasing values on Graph I X . The 

i n c r e a s i n g r e s u l t s cannot be as dependable as the 

decreas ing r e s u l t s , as any v i b r a t i o n w i l l t end t o 

s h i f t an i n c r e a s i n g va lue towards the decreasing cu rve . 

(b ) De t e rmina t i on o f the f l o w f u n c t i o n . 

The values o f g a are found as i n the p rev ious 

exper iment , and are g i v e n i n Table X V I , t oge the r w i t h 

the v i s c o s i t y and f l u i d i t y . The values o f g a are 

p l o t t e d on Graph X; the v i s c o s i t y and f l u i d i t y on 

Graph X I I . 
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Table XVI - Values of ga'- Experiment B . 

g a ( d ) ( I X ) g a ( d ) C V I I I ) g a ( s ) ( V I I I ) f a / g a ge/f& 

65 0.13 50O 0.0020 1 

70 0.46 152 0.0066 1 

75 0.60 125 0.0080 1 

80 0.74 108 0 .0092 1 

85 1.13 75 0 .0133 1 

90 1-30 1.26 0 .92 69 0 .0144 1 

100 1.92 1.88 1.48 52 0 .0192 1 

110 2.62 2.66 2-07 42 .0 0 .0238 1 

120 3 .34 3 .28 2.37 35.9 0 .0278 1 

130 4 -05 2.78 3 2 . 1 0 .0312 2 

140 4 .79 3 .58 29.2 0 .0342 2 

150 5 . 6 1 4 .77 26.8 0 .0374 2 

160 6.33 6.24 25 .3 0 .0396 2 

170 7-01 7.25 23.5 0.0426 3 

180 7.66 8.17 22.0 0 .0454 3 

190 8.32 8.97 21.2 0 .0471 3 

200 8.92 9.64 20 .8 0 .0482 3 

210 9.62 10-38 20 .2 0.0494 3 

220 10.25 11.10 19.8 0.0504 3 

230 10 .95 11.75 19.6 0 .0511 3 

The numbers i n the l a s t column denote the columns f r o m 
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which the va lue o f g a i s taken i n order t o c a l c u l a t e 

the v i s c o s i t y ana f l u i d i t y , and f r o m which va lues o f 

g a are taken f o r comparison w i t h the r e s u l t s f r o m the 

tube i n s t r u m e n t . Columns 1 and 2 are the values o f 

g a ob ta ined f r o m Graphs IX and V I I I r e s p e c t i v e l y f o r 

the decreas ing curve , and'column 3 the values obta ined 

f r o m Graph V I I I f o r the i n c r e a s i n g c u r v e . 

3 . Resul t s f r o m the tube i n s t r u m e n t . 

( a ) Exper imenta l r e s u l t s . 

The r e s u l t s f o r decreasing values are g i v e n i n 

Table XVTI i n the order i n which they were t a k e n . 

By u s ing the p u l l e y r a t i o C3 i n a d d i t i o n t o C2, the 

number o f readings a t the lower end o f the range i s 

increased , enab l ing g^ t o be c a l c u l a t e d more 

a c c u r a t e l y a t these v a l u e s . The c a l c u l a t i o n o f f ^ 

f r o m the manometer readings i s as i n Experiment A . 

(b ) D e t e r m i n a t i o n of the f l o w f u n c t i o n . 

The values o f g^ are determined f r o m the q ' - f ^ 

curve as i n the p rev ious exper iment . They are g i v e n , 

t o g e t h e r w i t h the values o f g a f o r t h i s experiment , i n 

Table X V I I I and are p l o t t e d on Graph X• 
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Table X V I I - Resul t s f r o m the tube ins t rument 

Speed Eo. P u l l e y 
Manometer 

read ing q \ 

6 C2 • 20.48 5.26 3.07 254 

5^ C2 20.32 4 .94 2.78 239 

5 C2 20-20 4 .70 2.50 227 

4 i C2 20 .06 4 .42 2.22 214 

4 C2 19.92 4 .14 1.91 200 

3^ G2 19.79 3 .88 1.61 188 

3 C2 19.60 3.50 1.35 169 

2k C2 19 .43 3.16 1.06 153 

2 C2 19.25 2.80 0-76- 135 

G2 19-04 2.38 0.46 115 

1 C2 18.79 1.88 0.16 91 

3 C3 19 .01 2.32 0 .47 112 

C3 18.77 1.84 0.16 89 

I C3 18 .61 1.52 0.06 74 

The values o f q ' and f R i n the above Table are p l o t t e d 

on Graph X I . As i n o the r r e s u l t s f r o m the tube 

i n s t rumen t , h i s the h e i g h t o f the mercury manometer i n 

cm. ; q ' i s g i v e n i n u n i t s of s ec" 1 , and f R i n dynes 

2 
pe r cm . 
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Table X V I I I - Values > o f gR- Experiment B * 

80 

3 q ' 

0 .24 
^ R 
0 . 5 1 

gR -

0 .75 

g a . 

0 .74 

gR-ga 

1.4% 

fR/gR 

107 

gR/ fR 

0 .0094 

90 0 .51 0 .85 1.36 1.30 4 .5% 66 0 .0151 

100 0 .84 1.19 2.03 1.92 5 .6% 49 0 .0203 

110 1.20 1.48 2.68 2.62 2.3% 4 1 . 1 0.0244 

120 1.62 1.70 3.32 3 .34 -0.6% 36 .1 0.0277 

130 2.07 1.93 4 .00 4 .05 -1.2% 32.5 0 .0308 

140 2.52 2 .20 4 .72 4 .79 -1.5% 29 .6 0.0337 

150 3 -00 2.49 5.49 5 .61 -2 -2% 27.3 0 .0366 

160 3 . 5 1 2.80 6 .31 6.33 -0.3% 25 .4 0 .0394 

170 4 .02 3 .04 7.06 7.25 -2.7% 2 4 . 1 0.0415 

180 4 .56 3 .33 7.89 8.17 -3 .4% 22.8 0.0438 

190 5.13 3 .70 8.83 8.97 -1.6% 21.3 0.0465 

200 5 .73 4 .02 9.75 9.64 1.1% 20.5 0 .0487 

210 6 .36 4 .43 10-79 10 .38 3 .9% 19.5 0.0504 

220 6.99 4 .66' 11.65 11.10 4 .8% 18.9 0 .0529 

230 7.68 4 .95 12.63 11.75 7.2% 18.2 0 .0549 

240 8 .31 5 .31 13 .62 17.6 0.0568 

The values o f g R i n the above Table are p l o t t e d on 

Graph X: the u n i t s are sec" 1 , as i n a l l o the r cases. 
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4 . Comparison o f the r e s u l t s . 

( a ) D i r e c t comparison. 

The r e s u l t s f o r the r o t a r y ins t rument p l o t t e d on 

Graph X show t h a t g a can be eva lua ted f r o m the 
2 

decreas ing curve below f a = 180 (dynes per cm . )> and 

f r o m the i n c r e a s i n g curve above f a = 170• The d i r e c t 

comparison i s e f f e c t e d by comparing these values o f g a 

e i t h e r w i t h the values o f g R p l o t t e d on the same graph 

or w i t h the values o f g R g i v e n i n Table X V I I I . The 

d i f f e r e n c e between g R and g a i s g i v e n as a percentage 

i n t h i s t a b l e : these percentages show t h a t the 

i n d i v i d u a l va lues o f g a and g R have been determined t o 

w i t h i n + 2%, except a t the extremes o f the range of 

shea r ing s t r e s ses , where a g r e a t e r d i f f e r e n c e i s t o be 

expec ted . 

(b ) I n d i r e c t comparison. 

By the method o f Chapter I V , 3 . , the q ' - % values 

can be t r ans fo rmed t o W-f va lue s , which can be 

compared w i t h the exper imenta l (decreas ing) W - f a values 

up t o a shear ing s t ress o f f a = 180• Above t h i s 

shear ing s t r e s s , the t r a n s f o r m a t i o n enables the 

decreas ing curve t o be extended t o h ighe r shear ing 

s t resses so t h a t i t can be compared w i t h the i n c r e a s i n g 
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curve . The d i f f e r e n c e between these curves w i l l be 

examined i n the next s e c t i o n . 

The d e r i v a t i o n o f the W-f values i s g i v e n i n 

Table X I X . For a s e r i e s o f values o f f p , q ' i s 

Table XIX - W-f va lues ob ta ined f r o m q ' - f ^ c u r v e . 

5L- 3 q ' / f R . D ( I ) . I . w . W ( d ) . W(s) 

60 0 0 0 0 0 0 -
70 0 .03 0.0013 0 .0065 0.0065 ' 0 .02 0.02 -
80 0 .08 0.0030 0 .0215 0.028 0.05 0.05 -

100 0 .28 0.0084 0.114 0.142 0 . 2 1 0.19 -
120 0.54 0.0135 0-219 0 .361 0.45 0.43 -
140 0.84 0.0180 0.315 0.676 0.76 0.74 0.55 

160 1.17 0.0219 0.399 1.075 1.12 1.12 0.88 

180 1.52 0 .0253 0 -472 1.547 1.53 1.53 1.30 

200 1.91 0 .0286 0 .539 2.086 2.00 1.96 1.76 

220 2.34 0.0319 0.605 2 .691 2 . 5 1 2 . 4 1 2.25 

240 2.78 0.0348 0-667 3 .358 3.07 2.89 2.80 

obta ined f r o m Graph X I , and 3 q ' / f R c a l c u l a t e d . I t i s 

assumed t h a t the dynamic y i e l d va lue i s 60 dynes pe r 

cm 2 • The d i f f e r e n c e s between successive values o f 

3 q ' / % show t h a t the curve r e l a t i n g 3 q ' / f R and f R has 

l i t t l e cu rva tu re so t h a t the i n t e g r a t i o n i n equa t ion 
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4.11 can be performed (as i n a previous example) by-
considering the area under the curve between successive 
values of f R to be a trapezium. D(I) gives these 
areas calculated in this way; I is the sum of the 
values of D(I) up to the appropriate shearing stress; 
W is then given by £(I + q'). The values of W(a) and 
W(S) from Graphs V I I I and IX are given for comparison: 
W(£) and W agree to within 2% up to f = 200. 

5• Discussion of the results . 

I t was shown i n Chapter I I I , 4. that W^y - W(s) 
is a constant, W, for a given shearing stress. The 
values of W from the experimental curves for a number 
of shearing stresses are:-

140 160 180 200 220 240 
?!*> 0.74 1.12 1.53 1.96 2.41 2.89 

0 .55 0.88 1.30 1.76 2 • 25 2.80 
W 0.19 0.24 0.23 0.20 0.16 0.09 

Since, from previous results, the correct parts of the 
increasing and decreasing curves overlap between 

2 
shearing stresses 160 and 180 dynes per cm ., the above 
table gives W = 0.24 radians per sec.. 
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The difference "between the derived values of W and 
W(S) are:-

£a'-" 140 160 180 200 220 240 
w 0.76 1.12 1.53 2-00 2.51 3.07 
W£s) 0.55 0.88 1.30 1.76 2.25 2.80 
w 0.21 0.24 0.23 0 .24 0.26 0-27 

This set of results shows that W is reasonably 
constant from f a s 160 to f a = 240 with an average 
value of 0.25 radians per sec.. 

The static yield value can be obtained from these 
results since when W(^) = V/', then f a - f s . Hence 

p 

from Graph IX, f s = 105 dynes per cm . The dynamic 
yie l d value can be obtained by extrapolation of the 
f l u i d i t y curve on Graph X I I to the f-axis. The value 

p 

obtained is f ^ s 62 - 2 dynes per cm . 
From Chapter I I I , 4., equation 3.19 gives:-

„ fl05 
W = $ 0 df. 

J62 
By counting squares under the f l u i d i t y curve between 
these l i m i t s , the value of W obtained is 0.25 + 0.01 
radians per sec, which agrees with the value of W 
given by the difference between the derived values of 
W and the experimental W(s) values. 
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Thus the characteristics of the sample can be 
described by the g-f curve obtained from the points 
plotted on Graph X and the values of f ^ and f s to an 
accuracy of + 2%. At the greatest shearing stresses, 
where the differences between the results from the tube 
and rotary instruments d i f f e r by more than 4%, the tube 
results are the more accurate, since g^ depends only 
partly (see Table XVIII) on the value of a tangent to a 
curve, whereas g a depends wholly on the value of a 
tangent. ' 

6. Effect of change of temperature: Experiment G. 

At the conclusion of Experiment B the sample i n 
the rotary instrument was allowed to f a l l to room 
temperature (21.6°CO and readings again taken with 
this instrument. The results w i l l not be given here, 
but i t was found, however, that the value of g fo r a 
given shearing stress was closely proportional to the 
viscosity of the l i q u i d medium for changes i n 
temperature, and that the yield value was l i t t l e 
influenced by such changes. Hence, any inaccuracies 
i n g due to temperature variations are the same as 
those i n the viscosity of the medium. This was found 
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to be about 7% per degree change i n temperature at 
25°C«: thus, since the temperature was controlled to 
within + 0.1°G., the inaccuracy i n the flow function 
due to temperature effects is less than 1%, the 
inaccuracy of the calibration and the individual 
readings. 

The effect of temperature on the flow properties 
of the type of sample used here w i l l be discussed in 
more d e t a i l i n a later chapter. 



C H A P T E R XI 

THIRD COMPARATIVE EXPERIMENT - EXPERIMENT D. 

1. Experiment D . 

The method of this experiment follows the same 
pattern as previous experiments. The temperature was 
again 25°C. I t was found that the effects of the 
static y i e l d value i n the rotary instrument could he 
eliminated "by switching on the driving motor to f u l l 
speed: the resultant large overshoot of the i n i t i a l 
reading was sufficient to give the condition that the 
shearing stress at the "boundary between the f l u i d and 
solid states of the sample was the dynamic yield value. 
I n this way a direct comparison could be effected 
between complete decreasing curves from both 
instruments. The sample used i n this experiment was 
different from that used i n the previous experiments: 
i t s flow properties were however similar, so that i t 
was j u s t i f i a b l e to use the end correction found i n 
Experiment A i n this experiment also. (From the 
immersions and deflections given i n Chapter V I I I , 7., 
the end correction is 1.1 cm. for a Newtonian f l u i d 
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compared with 1.0 cm. for the f l u i d of Experiment A.) 
Direct and indirect comparisons are effected. 

The values of q', W, and g are again given i n units of 
-1 ? sec , and f i n dynes per cm . 

2. Results from the rotary instrument. 

(a) Experimental results. 
The following data are used:-

Immersion:- = 12.5 cm. 
End correction:- » 1.0 cm. 

Hence:- f a * 2.86 9• 

Table XX - Results from the rotary instrument. 

w. W. fa . W. W. fa 
2.54 286 0.992 197 0.392 147 0.122 112 
2 .34 274 0 .896 190 0.310 140 0.090 106 
2.16 264 0.816 186 0 .289 137 0.061 100 
1.95 256 0.768 182 0.246 132 0.040 95 
1.76 243 0.743 179 0 .202 126 0.021 84 
1.57 233 0.687 176 0.160 120 0 .015 83 
1.38 223 0 .607 169 0.149 116 0.008 76 
1.17 209 0.535 162 0.114 112 0.004 70 

0.472 156 0.074 103 0.002 63 
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The speea of the motor was measured by means of 
the tachometer. The results obtained are given i n 
Table XX, where the f i r s t three columns of pairs of 

Table XXI - Values of g a: Experiment p . 

ga(XIV) . ga(XIIl) . fa/ga. 
70 0.08 830 0 .0012 
80 0.19 420 0.0024 
90 0.41 220 0.0046 

100 0.76 132 0 .0076 
110 1.12 98 0.0102 
120 1.54 78 0.0128 
130 1.87 69 0 .0144 
140 2.48 56.5 0.0177 
150 3 .00 50.0 0.0200 
160 3.58 44.5 0.0224 
180 4.71 38.2 0.0262 
200 5.96 33.6 0 .0298 
220 7.26 30.3 0.0330 
240 8.63 27.8 0 .0360 
260 9.78 26.6 0.0376 
280 11.14 25.1 0 .0398 

values are for the fast setting, and the last column 
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for the slow setting. The results are plotted i n the 
usual way on Graphs X I I I and XIV. (These graphs also 
include some results from a later experiment.) 

(b) Determination of the flow function. 
The values of g a are found as i n the previous 

experiments, and are given i n Table XXI, together with 
the viscosity and f l u i d i t y . The values of g a are 
plotted on Graph XV; the viscosity and f l u i d i t y curves 
are shown on Graph XVIII • 

3. Results from the tube instrument. 

(fO Experimental results. 
The experimental results f o r the tube instrument 

(decreasing values) are given i n Table XXII: they are 
calculated as before. The values of q 1 and f R are 
plotted on Graph XVI. 

(b) Determination of the flow function. 
The values of g£ obtained from the q 1 - f R curve are 

given i n Table XXIII, and plotted on Graph XV with the 
values of g a: the viscosities and f l u i d i t i e s given i n 
the same table are plotted on Graph XVIII • 
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Table XXII - Results from the tube instrument. 

Speed $Fo Pulley 
Manometer 
reading m h 

• i l -
6 G2 21.30 6.90 3.07 334 
5£ C2 21.08 6.46 2.78 313 
5 C2 20 .90 6.10 2.50 295 
4 i C2 20.70 5.70 2.22 276 
4 C2 20.50 5 .30 1.91 257 
3^ G2 20 .30 4.90 1.61 237 
3 C2 20.10 4.50 1.35 218 
2^ C2 19.90 4.10 1.06 199 
2 G2 19.68 3.66 0.76 177 
1* C2 19.38 3.06 0.46 148 
1 G2 19.00 2.30 0.16 111 

6 C3 19.90 4.10 1.08 199 
5 C3 19.72 3.74 0.88 181 
4 C3 19.57 3 .44 0.67 166 
3 C3 19.37 3.04 0.47 147 
2 G3 19.16 2.62 0.27 127 
i 4 C3 19 .01 2.32 0.16 112 
1 G3 18.80 1.90 0.06 92 
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Table XXIII 

3q'. -%?R 
100 0 .03 0.54 
120 0 .66 0-79 
140 1.14 1.39 
160 1.77 1.78 
180 2.46 2.20 
200 3 .24 2.70 
220 4 .08 3 .15 
240 4 .95 3.48 
260 5 .82 3 .85 
280 6.75 4 .23 
300 7.65 4 .65 
320 8.58 5.09 

- Values of g^: 

ga. 
0-74 0.76 
1.45 1.54 
2.53 2.48 
3.55 3.58 
4 .66 4 .71 
5.94 5 .96 
7.23 7.26 
8.43 8.63 
9.67 9.78 
10.98 11.14 
12.30 
13.67 

Experiment D. 

fR/gR gR/fR 

135 0 .0074 
83 0 .0121 
55 0 .0181 
45 .1 0 .0222 
38 .7 0 .0259 
33 .7 0 .0297 
30.4 0.0329 
28 .5 0.0351 
26 .9 0 .0372 
25 .3 0 .0392 
24 •4 0.0410 
23 .4 0.0427 

gR ga • 
- 3% 
- 6% 
2% 

- 2% 
- 1% 
0% 
0% 

- 2% 
- 1% 
- 1% 

4. Comparison of the results. 

Direct comparison. 
The direct comparison is effected by comparing the 

values of g a and g R given i n Table XXIII • These 
results show that the individual values of g a and g^ 
agree (to within the limit s of the error involved i n 
t h e i r determination) over the whole of the range of 
shearing stresses used. 
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(b) Indirect comparison. 
The method of Chapter IV, 2. is used. f a is 

Table XXIV - q'-f values obtained from W-ffl curve. 

w . D ( I ) . I . <l'cal °t' exp 
0 .02 84 0.59 10 6 

0 .04 94 0.83 
0 .06 100 1.00 c 
0 .10 109 1.29 0.084 10 6 0.084 10 6 0.13 0.14 
0.2 126 2.00 0.164 0.248 0.25 0.26 
0 .4 148 3 .24 0.524 0.772 0 .48 0.47 
0 .6 168 4 .74 0.798 1.57 0 .66 0.68 
0 .8 184 6.23 1.097 2.67 0.86 0.87 
1.0 198 7.76 1.399 4.07 1.04 1.05 
1.2 211 9.39 1.715 5.78 1.24 1.23 
1.4 224 11.24 2.063 7.84 1.39 1.41 
1.6 235 12.98 2.422 10.27 1.58 1.59 
1.8 246 14.89 2.787 13 .05 1.75 1.75 
2.0 257 16 .97 3 .186 16.24 1.91 1.91 
2 .2 267 19 .03 3 .600 19.84 2.08 2.07 
2.4 278 21.48 4 .051 23.89 2.22 2.23 
2.6 288 23 .89 4 .536 28.43 2.38 2.39 

determined from Graphs X I I I and XIV for a series of 
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values of W, and f a evaluated and p l o t t e d against W on 
Graph XVII. This graph shows th a t , above W - 0.1, the 
i n t e g r a t i o n i n equation 4.8 can he performed (as i n 
previous examples) by considering the area under the 
curve between successive values of W to be a trapezium: 
below t h i s value the area i s determined by counting 
squares on the graph paper. The resul t s are shown i n 
Table XXIV, where D(I) denotes the area under the curve 
between the successive values of W, and I the sum of 
D( I ) up to the appropriate value of W. The value of 
q' thus calculated, q' Cal> * s compared w i t h the value 
of q', q' e Xp) obtained from the curve on Graph XVI: 
the values of q ' c a i are also p l o t t e d on t h i s graph. 
The measure of agreement between the two sets of values 
of q' shows tha t the comparison has been effected to 
w i t h i n the l i m i t s of the error involved i n the 
measurement of W, q' ? and f . 



C H A P T E R X I I 

CONCLUSION TO PART I . 

1. Accuracy of the results , 

I t was shown i n Chapter V I I I that the two 
instruments had been calibrated t o an accuracy be t t e r 
than 1%. Thus f o r the tube instrument, q' and the 
r e l a t i o n between h and f R are uncertain by less than 
1%: since h varied between about 2 cm. and 7 cm., and 
could be measured to 0.02 cm., h and therefore f ^ are 
known to w i t h i n about 1%. Equilibrium at the pressure 
measuring hole could be recognized w i t h i n a pressure 
v a r i a t i o n of less than 0.02 cm. For the rotary 
instrument the r e l a t i o n between motor speed and W, and 
th a t between d e f l e c t i o n and f a , are uncertain by less 
than 1%. The motor speed could be read to about 1% 
on the tachometer and given to less than 2% by the 
voltmeter: the scale was read to the nearest degree, 
and, as the deflections varied between 25 and 90 
degrees, the inaccuracy i n the d e f l e c t i o n i s less than 
2%. Thus i n d i v i d u a l values of V/ and f a may be i n 
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error by 2%, but as a large number of readings were 
taken, the e f f e c t of drawing a smooth curve through the 
p l o t t e d points reduces t h i s e r r o r . I t i s therefore 
considered that the q ' - f R , and W-fa curves can be drawn 
w i t h an accuracy of the order of + 1% over the greater 
part of t h e i r range. 

I t was found th a t the error introduced i n drawing 
tangents t o the experimental curves might be as great 
as + 2%. A f u r t h e r error i s introduced here since the 
gradient of the curves drawn can vary by more than t h i s 
amount at t h e i r extremes (10% at each end i n the case 
of the tube instrument, but less i n the case of the 
rot a r y instrument as there are more p l o t t e d points) . 
Thus the i n d i v i d u a l values of g obtained may be i n 
error by 2%. I f estimations of the gradient are made 
at a large number of shearing stresses, i t i s 
considered that the g R and g a curves can be obtained 
from the experimental curves w i t h a loss i n accuracy 
of the order of 1%• 

Uncertainty i n the temperature w i l l , as has been 
shown, introduce an error of 7% per degree change i n 
temperature . Measurement of the temperature of the 
sample i n each instrument at the conclusion of each 
experiment showed that i t was w i t h i n 0.1°G. of the 



nominal temperature, 25.0 C• Thus the error a r i s i n g 
was about 3j$>. 

I n making the d i r e c t comparison, therefore, the 
difference expected between gj> and g a may be as great 
as 4% f o r most of the range of shearing stresses, and 
greater than t h i s at the extremes. I n making the 
i n d i r e c t comparison, i t i s considered that the errors 
involved are those of curve drawing (excluding gradient 
estimation) and temperature, and that the comparison 
can be made to the order of + 1%• 

The resu l t s of the experiments described i n 
previous chapters bear out these conclusions. 

2. The effects of the assumptions made . 

The f a c t that the comparison of the flow functions 
has been effected t o w i t h i n the experimental error 
shows that the steps taken t o j u s t i f y the assumptions 
set out i n Chapters I I and I I I are correct. I t may be 
assumed therefore that there was no s l i p at the 
boundary walls*, that the proper flow conditions had 
been established; and that the measuring techniques 
employed were correct. 

Some results were taken f o r the tube instrument, 
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w i t h and without the c o n s t r i c t i o n , using the same 
sample i n both cases. These results were:-

Speed No. 1 l£ 2 2% 3 3-| 4 4^ 5 
f R with: - 150 194 215 242 266 290 312 334 357 
fR without:- 131 177 196 218 239 256 276 294 305 
% difference:- 14 9 9 11 11 12 12 13 16-

Although increasing readings were taken, these results 
serve t o indicate the magnitude of the e f f e c t of the 
c o n s t r i c t i o n . They show t h a t , at a given rate of 
flow, a greater pressure difference exists i n the 
presence of the c o n s t r i c t i o n , supporting the argument 
th a t the sample i s driven down the tube p a r t l y by a 
d i r e c t ( s o l i d ) t h r u s t i n the absence of the 
c o n s t r i c t i o n . The average percentage difference i s 
about 12, which is much greater than the difference 
between increasing and decreasing readings (see 
Experiment A). The results of Experiment B have shown 
the magnitude of the difference between increasing and 
decreasing readings f o r the rotary instrument. 

Thus i f the various assumptions are ignored, 
considerable errors are introduced. 

I t can be concluded, therefore, t h a t the theory 
and methods used i n the. comparison are correct, and 
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that the flow functions of the materials used have i n 
f a c t been determined, as they have been shown to be 
independent of the method of determination. I n other 
words, the absolute v i s c o s i t y of f l u i d s e x h i b i t i n g 
anomalous flow properties has been measured i n the case 
where the f l u i d s are instantaneously t h i x o t r o p i c . 

3. Introduction t o Part I I . 

The p r i n c i p a l aim of t h i s thesis has been the 
establishment of the methods of measurement. Part I I 
i s concerned w i t h some properties of the samples which 
have been found i n c i d e n t a l l y t o the main enquiry. The 
properties of a sample are given as the graphical 
r e l a t i o n between rate of shear and shearing stress, 
i . e . , the flow function, which includes the dynamic 
y i e l d value and the l i m i t i n g v i s c o s i t y at high rates of 
shear. These properties w i l l be dependent on the 
nature and proportions of the two components, s o l i d and 
l i q u i d , and on the temperature of the sample. 

Results pertaining t o the flow function and y i e l d 
values have been presented i n Part I . I n the 
instruments described there, i t was not possible t o 
reach high shearing stresses, and thus the l i m i t i n g 
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v i s c o s i t y could not be approached. A f u r t h e r 
instrument of the concentric cylinder type was 
therefore constructed w i t h a narrow annulus between 
inner and outer cylinders: t h i s instrument w i l l be 
described b r i e f l y . I t was used f o r the sample of 
Experiment D• 

The e f f e c t of temperature change on the sample 
of Experiment D was also investigated and some results 
w i l l be presented i n Part I I . 

An empirical equation, i s suggested t o represent 
the absolute v i s c o s i t y as a function of shearing 
stress, and t h i s equation i s used t o i l l u s t r a t e the 
re s u l t s obtained i n Experiment B• 



P A R T I I 



C H A P T E R X I I I 

A HIGH RATE OF SHEAR ROTARY INSTRUMENT. 

1. . The instrument. 

I n order to determine the l i m i t i n g v i s c o s i t y of 
the sample used i n Experiment D, an instrument of the 
concentric cylinder type was constructed which had a 
narrow gap between inner and outer cylinders. From 
the vi s c o s i t j r - shearing stress curves given i n Part I 
i t can be seen that f o r shearing stresses greater than 
those obtained there, the change i n v i s c o s i t y over a 
narrow gap w i l l be small. Thus the v i s c o s i t y at high 
rates of shear can be obtained by t r e a t i n g the f l u i d as 
a Newtonian f l u i d • 

The outer cylinder of t h i s instrument i s s i m i l a r 
t o that of the rotary instrument described i n Chapter 
VI: i t has an i n t e r n a l diameter of 9.6 cm., and a 
depth of 13.6 cm. I t i s mounted v e r t i c a l l y on an 
axle carried by b a l l bearings set i n a base-plate. 
The inner cylinder i s constrained to move about the 
axis of the outer: i t s diameter i s about 0.1 cm. less 
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than the outer, and i t i s mounted so that i t s lower 
plane face i s 1 cm. above the plane face of the outer 
cylinder, and i t s upper plane face i s above the upper 
rim of the outer cylinder. The base-plate supports, 
on three p i l l a r s , a r i g i d top-plate. The inner 
cylinder i s mounted, by means of a hollow axle, i n a 
small ball-race set i n t h i s top-plate, and i s arranged 
t o rest l i g h t l y and c e n t r a l l y on a single ball-bearing 
set i n the lower face of the outer cylinder. 

The hollow axle enables leads to be taken from a 
thermojunction soldered t o the inside of the ( t h i n ) 
w a l l of the inner cylinder. The axle carries a short 
arm which i s connected t o the mid-point of a s p i r a l 
spring stretched h o r i z o n t a l l y between two posts on the 
top-plate . The couple on the inner cylinder i s 
measured by the def l e c t i o n of the cylinder against the 
restor i n g force of t h i s spring: deflections i n either 
d i r e c t i o n can be measured. The de f l e c t i o n i s measured 
wi t h the usual lamp, mirror (mounted on the axle) and 
scale. The outer cylinder i s driven through a worm 
drive reduction gear by the variable speed motor used 
f o r the rotary instrument. The speed of the motor 
spindle i s measured by means of the tachometer. The 
instrument could be mounted inside the same constant 
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temperature enclosure as was used f o r the tube 
instrument. The motor i s mounted outside the 
enclosure, w i t h i t s spindle passing through the w a l l . 

I f the instrument i s considered t o behave as a 
concentric cylinder viscometer f o r the f l u i d between 
the curved surfaces, and as a p a r a l l e l disc viscometer 
f o r the f l u i d between the lower plane faces, i t can be 
shown tha t the contribution t o the couple on the inner 
cylinder due t o the p a r a l l e l disc part i s n e g l i g i b l e . 
Thus the v i s c o s i t y i s proportional to the r a t i o of the 
de f l e c t i o n to the speed. The instrument i s 
calibrated by using a Newtonian o i l of known v i s c o s i t y . 
The d e f l e c t i o n , x, i s taken as the distance moved i n 
cm. by the spot of l i g h t on the scale set at 100 cm. 
from the axis of the instrument, and the speed as the 
speed of the motor spindle i n r.p.m.; the constant 
r e l a t i n g the v i s c o s i t y i n poises to the r a t i o of 
d e f l e c t i o n t o speed i s calculated accordingly. 

The speeds used were not great enough to cause 
appreciable heating (0.2°C.) of the samples during an 
experiment, but i t i s considered that the rate of shear 
was s u f f i c i e n t l y high f o r the l i m i t i n g v i s c o s i t y to be 
approached. 



147 

2. Use and c a l i b r a t i o n of the instrument. 

For the purpose of f i l l i n g , the top-plate and 
inner cylinder can be removed i n one piece from the 
rest of the instrument by removing three nuts which 
hold the top-plate t o the supporting p i l l a r s . The • 
o i l , or sample, i s then poured i n t o the outer cylinder 
u n t i l i t reaches a certain depth: when the inner 
cylinder i s replaced there i s then s u f f i c i e n t sample 
to f i l l the annulus, and enough surplus t o remove any 
a i r bubbles caused by the f i l l i n g operation. The 
instrument i s then placed i n the constant temperature 
enclosure. 

Using the c a l i b r a t i o n o i l at 25.0°C. (see Chapter 
V I I I , 3 ( a ) . ) , the results given i n Table XXV were 
obtained: S i s the speed of the motor i n revolutions 
per minute, and x i s the corresponding scale reading. 
These results are p l o t t e d on Graph XIX. 

The gradients, m, of the lines through the four 
sets of points and the intercepts, x Q, on the x-axis 
are given i n each case. The differences i n the values 
of x Q are due to f r i c t i o n i n the mounting, which was 
found t o give a 0.3 cm. de f l e c t i o n at a l l speeds when 
the instrument was empty. 
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Table XXV - S and x f o r c a l i b r a t i o n o i l . 

Forward:- Reverse:-
Increasing Deere asing Increasing Deere asing 
S. x . S • x. s • x. : S. x. 
310 26.9 2820 35.5 180 25.1 2560 17.5 
690 28 • 2 2520 34 -5 520 24 .1 2080 19.1 
1010 29 .4 2130 33 .3 850 23 .1 1380 21.4 
1350 30-5 1630 31.7 1420 21.2 880 23.0 
1720 31 • 8 860 29 -2 1900 19.5 • 460 24.3 
2180 33.2 650 28.5 2600 17.2 260 24.8 
2530 34 .4 420 27.8 3220 15 .4 
3140 36.5 180 26.9 , 
m = 3.38 10~ 3 m = 3.23 10~ 3 m = 3.25 1 0 - 3 m = 3.18 10" 3 

x 0 = 25.9 x 0 = 26.4 x 0 = 25.8 x 0 = 25.7 

These values give a mean value of m = 3.26 + 0.08 10 ~ 
The v i s c o s i t y of the o i l i s 4.12 poises. Hence the 
c a l i b r a t i o n gives:-

Viscosity = ( 1 . 2 7 + 0.03)10 3 - poises. 
S ————— 

The r e l a t i o n between the d e f l e c t i o n and the 
shearing stress at the inner cylinder was also 
determined. A known couple was applied to the inner 
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cylinder by means of weights connected to i t s periphery 
by p a r a l l e l threads passing over pulleys. Scale 
readings, x, were taken f o r a range of values of these 
masses, ET, f o r increasing and decreasing values and f o r 
deflections i n eith e r d i r e c t i o n . The mean,:value of 
x/M obtained was:-

x/M = (2.50 + 0.02) 10' 2 cm/grm. 
The diameter of the inner cylinder, 2c, i s 9.50 cm., 
hence the couple exerted by a mass of ffi grams on each 
thread i s 9.32 10 M dyne cm. The depth of the inner 
cylinder immersed i s 12.6 cm., hence the shearing 
stress which would exert a couple corresponding to a 
mass of M grams i s 5.22 H dynes per cm2. From the 
value of x/M, the shearing stress at the inner cylinder 
(ignoring end corrections), f c , can be found. „ The 
result s obtained were:-

f c = 209 x dynes per cm . 
C = 1 . 7 9 10 3 f c , 

= 3.74 10 5 x dyne cm. 
The gear reduction between motor and outer 

cylinder i s 72:1, hence W, the angular v e l o c i t y of the 
outer cylinder, i s given by:-

-3 
W = 1.454 10 S radians per sec. 

From the c a l i b r a t i o n equation and the above results i t 
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can be shown t h a t : -
f) = 8.84. 10" 3 (fc/W), 

but n = fc/gc, 

hence g c = 113 W s e c - 1 . 
g c i s the r a t e of shear a t the i n n e r c y l i n d e r , and i s 
approximately equal t o cW/e, where e i s the w i d t h o f 
the annulus . These r e s u l t s give e = 0.042 cm., a 
value which i s i n agreement w i t h t h a t found by d i r e c t 
measurement. 

3. Approximate end c o r r e c t i o n s . 

Approximate end c o r r e c t i o n s can be found, as 
o u t l i n e d i n 1., by assuming t h a t the f l o w between the 
lower plane faces of the c y l i n d e r s i s the i d e a l i z e d 
f l o w between two discs of the radius o f the inner 
c y l i n d e r . The couple on the plane faces w i l l be 
represented by C', and the t o t a l couple by C. 

For a Newtonian f l u i d , 
C = thro c4(¥/d) = 0 .86 10 3 Y)W 

where d i s the s e p a r a t i o n o f the plane faces (0.93 cm. 
f o r t h i s i n s t r u m e n t ) . The t o t a l couple C, from the 
c a l i b r a t i o n equation, i s : -

G = 202 10 3 YJW 
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hence C c o n t r i b u t e s less than. ̂ % t o the t o t a l couple 
and can t h e r e f o r e be ignored i n comparison w i t h t h a t 
due t o the c y l i n d r i c a l p a r t o f the instrument. 

For the anomalous f l u i d of Experiment D, the f l o w 
p r o p e r t i e s can be represented approximately by the 
expression:-

g = 0.061(f - 100) 
f o r the range of shearing stresses encountered between 
the plane faces (0 - 400 dynes per cm 2.). Using t h i s 
r e l a t i o n , the values o f C are c a l c u l a t e d f o r a number 
of values of S and compared w i t h the value o f G given 
by G = 3.74 10 5 x. The values o f x have been 
determined from the S-x graph f o r an experiment t o be 
described i n Chapter XIV, 3., i n which the sample of 
Experiment D was used. The r e s u l t s are:-

s. x . W. c • 01' G'/G . 
2000 11.7 2.91 433 10 4 6.3 10 4 1.5 % 
1500 9 .1 2.18 340 5.3 1.6 % 
1000 6.5 1.45 244 4 .3 1.8 % 
500 4 .0 0.73 150 3 .3 2.2 % 

These r e s u l t s show t h a t i f S i s kept above about 
1000 r-p-m., the e f f e c t of the f l o w between the plane 
faces can be disregarded since i t f a l l s w i t h i n the 
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l i m i t s of e r r o r of the c a l i b r a t i o n . 



C H A P T E R XIV 

THE VARIATION OF THE FLOW FUNCTION WITH TEMPERATURE. 

1. I n t r o d u c t i o n . 

At the conclusion o f Experiment D (Pa r t I ) , the 
f i l l e d r o t a r y instrument was allowed t o f a l l t o room 
temperature o v e r n i g h t . The experiment was repeated 
w i t h t h i s instrument a t the new temperature. This 
i s Experiment E. The room temperature was then 
lowered and the experiment repeated. This i s 
Experiment F• 

The h i g h r a t e o f shear instrument was also used a t 
a l l three temperatures. i t was f i l l e d a t the same 
time as the other two instruments, and readings on i t 
were taken immediately a f t e r those on the r o t a r y 
instrument. The temperature o f i t s i n n e r c y l i n d e r was 
compared w i t h t h a t o f the o i l b a t h o f the r o t a r y 
instrument by means of a c a l i b r a t e d t h e r m o j u n c t i o n . 

Since the purpose of these experiments was t o 
i n v e s t i g a t e the v a r i a t i o n o f the f l o w f u n c t i o n w i t h 
temperature i n order t o c a l c u l a t e the e r r o r s t o be 
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expected i n the comparison experiments f o r small 
temperature changes, the temperatures were not 
t h e r m o s t a t i c a l l y c o n t r o l l e d i n Experiments E and F .• 
I t i s c e r t a i n t h a t the temperature i n Experiment F 
was 16.3 + 0.1°C, hut there was some u n c e r t a i n t y i n 
the temperature f o r Experiment E, which was about 19°C. 
For t h i s reason the r e s u l t s of t h i s experiment w i l l not 
be given here, b u t i t may be s t a t e d t h a t they bear out 
the conclusions a r r i v e d a t f o r the other two 
experiments. 

With the sample used sedimentation i s s l i g h t over 
a p e r i o d of a few days, but as the sample had been 
standing f o r some weeks p r i o r t o these experiments i t 
was found p o s s i b l e t o remove s u f f i c i e n t of the medium 
from the top of the sample f o r the purpose of measuring 
i t s v i s c o s i t y i n a standard Ostwald Viscometer. The 
v i s c o s i t y was determined at a number of temperatures 
w i t h an accuracy of b e t t e r than 1%: these r e s u l t s are 
g i v e n i n Table XXVT • I t was found t h a t the l o g a r i t h m 
o f the v i s c o s i t y was l i n e a r w i t h respect t o the 
temperature and i n the range i n v e s t i g a t e d could be 
represented by:-

l o S l O 1 = 1*031 - 0.0316 T 
where T i s the temperature i n °C., and rj i s i n poises. 
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Table XXVI - V i s c o s i t y of medium. 

Temp. ° C V i s c o s i t y . Logics. (Lo g i o ^ ) c . 

17.0 3.12 0-494 0.494 
21.3 2-28 0.358 0.358 
22-3 2.12 0.326 0.326 
25-0 1.75 0.243 0-241 
26.0 1.62 0.209 0.209 

I n the above t a b l e (Log^o1?^ i s the value of L o g 1 0 n 
c a l c u l a t e d from the above r e l a t i o n . 

Using these r e s u l t s the v i s c o s i t y o f the sample 
can be compared w i t h the v i s c o s i t y of the medium. 

2 . Experiment F . 

The values o f ¥ and f a obtained w i t h i n the range 
of Experiment D are given i n Table XXVII. W i t h i n t h i s 
range there was found t o be no e f f e c t from the s t a t i c 
y i e l d value: the values given are f o r successively 
decreasing readings. These values are p l o t t e d on 
Graphs X I I I and XIV together w i t h the r e s u l t s of 
Experiment D• The values of g a , the f l u i d i t y , and the 
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Table XXVTI - Results from the r o t a r y instrument. 

Fast s e t t i n g ; - Slow s e t t i n g : -

w. W. W. £a 
1.38 289 0 .495 194 0.092 119 
1.26 279 0 .456 187 0 .076 114 
1.14 267 0.400 181 0.059 108 
1.04 257 0 .344 171 0 .044 104 
0 .93 245 0 .300 165 0.038 101 
0 .82 234 0 .228 150 0 .027 97 
0.76 226 0 .184 144 0 .015 89 

0.70 218 0 -143 134 0 .009 86 

0 .62 210 0 .101 123 
0.56 202 

v i s c o s i t y are c a l c u l a t e d i n the usual way, and are 
gi v e n i n Table X X V I I I . 

The values of g a are p l o t t e d on Graph XV. From 
t h i s graph i t would appear t h a t , f o r a given shearing 
s t r e s s , the values of g a at the two temperatures are i n 
a constant r a t i o . I f t h i s i s t r u e , then the dynamic 
y i e l d value should be independent of temperature: t h a t 
t h i s i s so i s i n d i c a t e d by the p l o t of f l u i d i t y against 
shearing s t r e s s f o r the two temperatures on 
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Table XXVIII - Values of g a , and T). 

f a . F l u i d i t y . g a . V i s c o s i t y . 
From Graph XIV:-

90 0.0028 0.25 336 
100 0.0046 0.46 217 
110 0.0056 0.62 179 
120 0.0066 0.79 152 
130 0.0079 1.03 126 
140 0.0090 1.26 111 
150 0.0101 1-52 99 
160 0.0114 1.82 88 

From Graph X I I I : -
160 0.0118 1.89 85 
180 0.0137 2.46 73 
200 0.0155 3.10 64 
220 0.0169 3.72 59 
240 0-0188 4.51 53 
260 0.0202 5.25 49 
280 0.0214 5.99 47 

Graph X V I I I . E x t r a p o l a t i o n of the two curves t o the 
axi s of f giv e values of f ^ which are equal, w i t h i n the 
l i m i t of e r r o r of t h e i r d e t e r m i n a t i o n . I t i s 
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concluded t h e r e f o r e t h a t the dynamic y i e l d value i s 
independent of temperature i n the range 16°C• t o 25°C. 

The constancy of the r a t i o between the values of 
g a a t the two temperatures i s i n d i c a t e d i n Table XXIX. 

Table XXIX - Ratio of ga(D) t o g a ( F ) . 

ga(D) 25.0°G. ga(F) 16.3°C. R a t i o . c, I d i f f . 

. 90 0.41 0 .25 1.64 -14 

100 0.76 0.46 1.65 . -14 

110 1.12 0.62 1.81 - 4 

120 1.54 0 .79 1.95 + 3 

130 1.87 1.03 1.82 - 4 

140 2.48 1.26 1.97 + 4 

150 3 .00 1.52 1.97 + 4 

160 3.58 1.85 1.94 + 3 

180 4.71 2.46 1.91 + 1 

200 5.96 3 .10 1.92 + 2 

220 7.26 3.72 1.95 + 3 

240 8.63 4 .51 1.91 + 1 

260 9.78 5.25 1.86 - 2 

280 11.14 5.99 1.86 - 2 

V i s c o s i t y 
of medium: - 1.74 poi s e . 3.28 pois*e. 1.89 
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I n Table XXIX the column headed % d i f f . gives the 
percentage d i f f e r e n c e between the r a t i o of the 
v i s c o s i t i e s of the medium and the r a t i o " of the values 
of g a a t the two temperatures• From these values i t 
can be seen t h a t , when the temperature i s v a r i e d , the 
value of g a at a given shearing s t r e s s i s i n v e r s e l y 
p r o p o r t i o n a l t o the v i s c o s i t y of the medium. I n other 
words, the v i s c o s i t y of the sample at a given shearing 
s t r e s s i s p r o p o r t i o n a l t o the v i s c o s i t y of the medium 
f o r v a r i a t i o n of temperature• The v i s c o s i t y of the 
sample includes the l i m i t i n g v i s c o s i t y : the v a r i a t i o n 
of the l i m i t i n g v i s c o s i t y w i t h temperature w i l l be 
considered i n the next s e c t i o n . 

3. L i m i t i n g v i s c o s i t y . 

The l i m i t i n g v i s c o s i t y was determined i n the h i g h 
r a t e of shear instrument at the temperatures of the 
above experiments. The d e f l e c t i o n , x, was determined 
f o r a number of values of the motor speed, S, and the 
v i s c o s i t y found from the g r a d i e n t of a s t r a i g h t l i n e 
drawn through the p l o t t e d p o i n t s , using the c a l i b r a t i o n 
g i v e n i n Chapter X I I I , 3. The r e s u l t s are given i n 
Table XXX, and p l o t t e d on Graph XX. I t was shown 
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Table XXX - Values of S and x. 

Experiment D. Experiment F 

In c r e a s i n g 
readings:-

s. 
1120 

x . 
7.1 

S . x. 

1570 9 .5 860 9 .2 
2140 12 .6 1160 12 .1 
2930 16.8 1460 14 .9 

3240 18.2 1880 19 .0 
Decreasing 

readings:- 2860 16 .3 1440 14.8 

2300 13 .2 1040 11.1 

1770 10 -4 690 7-7 

1120 7.1 

Temperature: - 24 .4°G • 16 •3°C 
L i m i t i n g 
v i s c o s i t y : - 6.7 + 0-15 12.1 4 0 .3 po: 
V i s c o s i t y of 

medium: 3 .28 poises 1.82 
Ratio of l i m i t i n g v i s c o s i t y t o v i s c o s i t y of medium:-

3 .68 + 0 .08 3.69 + 0 .09 

i n Chapter X I I I , 3., t h a t i n the case of Experiment D 
the e r r o r due t o the f l u i d between the plane faces was 
less than 2% f o r values of S g r e a t e r than 1000 r.p.m., 



which corresponds t o a d e f l e c t i o n of about 7 cm.: i n 
Experiment F only those d e f l e c t i o n s above 7 cm. are 
t a k e n . 

The r e s u l t s i n Table XXX show t h a t the l i m i t i n g 
v i s c o s i t y i s p r o p o r t i o n a l t o the v i s c o s i t y of the 
medium, w i t h i n the l i m i t s of experimental e r r o r . 

4 . Conclusion. 

Results which have been obtained from Experiments 
B and C, and D and F, f o r the v a r i a t i o n w i t h 
temperature of the f l o w f u n c t i o n s of instantaneously 
t h i x o t r o p i c f l u i d s , lead t o the f o l l o w i n g 
conclusions:-

( i ) the dynamic y i e l d value i s not i n f l u e n c e d by 
temperature changes, and 

( i i ) the v i s c o s i t y of the f l u i d at any shearing 
s t r e s s i s p r o p o r t i o n a l t o the v i s c o s i t y of the 

medium, 
f o r the range of temperature used. 



C H A P T E R XV 

AN EMPIRICAL EQUATION . 

i 

1. Introduction. 

An empirical equation has been sought which w i l l 
represent the flow properties of the samples used i n 
these experiments, i n order that the behaviour of the 
instruments may be predicted. 

The shape of the v i s c o s i t y - shearing s t r e s s curve 
suggests immediately that t h i s relationship might be 
represented by a rectangular hyperbola with asymptotes 
given by the y i e l d value and the li m i t i n g v i s c o s i t y . 
This r e l a t i o n i s : -

(*] - f}oK f - fd> * A ... 15.1 

where T}o i s the li m i t i n g v i s c o s i t y , f ^ . i s the dynamic 
y i e l d value, and A i s a constant for the f l u i d at a 
given temperature. I t may be noted that since 9/l) m at 
a given shearing s t r e s s , X^O/J^M an& *"d a r e independent 
of temperature, where i s the v i s c o s i t y of the 
medium, equation 15.1 can be written:-
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(t) - T ) 0 ) ( f - f d ) » B % ... 15.2 

where B i s a constant for the f l u i d , and i s independent 
of temperature • 

2. The empirical equation applied to Experiment B. 

I n order to evaluate the three constants i n 
equation 15-1, the following procedure i s adopted. 
The v i s c o s i t y , T), i s taken to be the mean value of T)a 

(Table XVI) and T}R (Table X V I I I ) for each shearing 
s t r e s s f , and l / ( i ) - tyo) i s plotted, against f for a 
number of values of T} 0. The value of TjQ for which the 
points most c l o s e l y f i t to a stra i g h t l i n e i s taken, 
and from the intercept of t h i s l i n e on the axis of f, 
f d i s obtained: an approximate value of t)o i s 
s u f f i c i e n t to give an accurate value of f d . Using 
t h i s value of f ^ , l / ( f - fd) * s then plotted against n, 
and the best st r a i g h t l i n e drawn through these points. 
The intercept of t h i s l i n e on the axis of J) gives j | 0 , 
and the gradient of the l i n e gives A. 

With tj i n poises, and f i n dynes, per cm2, (as i s 
the case throughout), the values of f and l / ( i ) - %>) 
are given i n Table XXXI for a number of values of Y} 0, 
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Table XXXI - Determination of f a . 
V(T? - T)o). 

f . a- t)o = 8. T)o = 9. no - l o . 
65 500 0 .0020 0.0020 0.0020 
70 152 0 .0069 0 .0070 0.0070 
75 125 0.0085 0.0086 0.0087 
SO 108 0.0100 0 .0101 0.0102 
85 75 0.0149 0.0151 0.0154 
90 68 0 .0167 0.0170 0 .0172 

100 51 0 .0233 0 .0238 0 .0244 
110 41.6 0 .0298 0.0307 0 .0316 
120 36.0 0.0357 0.0370 0 .0385 
130 32.3 0.0411 0.0429 0.0448 
140 29.4 0.0467 0.0490 0.0515 
150 27.1 0.0524 0 .0552 0 .0585 
160 25.4 0 .0575 0 .0610 0.0649 
170 23.8 0 .0633 0 .0676 0 .0725 
180 22 .4 0.0694 0.0746 0.0806 
190 21.3 0.0752 0 .0813 0.0885 
200 20.6 0.0794 0.0862 0.0943 
210 19.8 0.0847 0.0926 0 .1020 
220 18.9 0 .0917 0.1010 0.1124 
230 18.2 0.0980 0.1087 0.1220 
240 17.6 0.1042 0.1163 0.1316 
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Table XXXII - Determination of t)0i A. 
% d i f f . 

f . V ( f - 61.4). 2- 9,1 
65 500 457 - 9 
70 152 196 •25 
75 125 127 + 2 
80 108 96 -12 
85 75 77 + 3 
90 68 65 - 4 

100 0.0259 51 51 0 
110 0.0206 41.6 41.9 + 1 
120 0 .0171 36.0 36.3 + 1 
130 0.0146 32.3 32.3 0 
140 0 .0127 29.4 29.3 0 
150 0.0113 27.1 27.0 0 
160 0.0101 25.4 25.1 - 1 
170 0 .0092 23 .8 23 .6 0 
180 0.0084 22.4 22 .4 0 
190 0.0078 21.3 21.3 0 
200 0.0072 20.6 20.4 - 1 
210 0.0067 19.8 19.6 - 1 
220 0 .0063 18.9 18.9 0 
230 0 .0059 18.2 18.3 0 
240 0 .0056 17.6 17.8 + 1 
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ana are p l o t t e d on Graph XXI • The points f o r T}0 = 9 
give a b e t t e r s t r a i g h t l i n e than the points f o r n 0 = 8 
or 10: the best s t r a i g h t l i n e through the points f o r 
! j 0 = 9 below f - 200 gives f < j = 61.4. Using t h i s 
value of f ( j , - ^ s calculated and given i n 
Table XXXII, and p l o t t e d against T) on Graph XXII f o r 
the values of f above f a 100. From t h i s graph i t i s 
found that T)0 = 8-8 and A = 1610. The empirical 
equation becomes, i n t h i s instance*.-

(T) - 8 - 8 ) ( f - 61-4) = 1610 
or ((i>/8.8) - l ) ( ( f / 6 1 . 4 ) - 1) = 2.98 

t o give a dimensionless constant on the r i g h t hand 
side. 

Table XXXII also shows a comparison between the 
values of the v i s c o s i t y calculated from the above 
r e l a t i o n , T ) c , and those found by experiment. I t can 
be seen that the above equation represents the flow 
properties of the sample, w i t h i n the l i m i t s of 
experimental error, over the whole range of shearing 
stress i n which the v i s c o s i t y was measured. 
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3• The equation applied t o the rota r y instrument. 

Having established the v a l i d i t y of the empirical 
equation f o r gi v i n g the v i s c o s i t y of the sample of 
Experiment B as a function of shearing stress, w i t h i n 
the range of the rotary instrument, i t i s then possible 
t o derive a r e l a t i o n between W and f a which should give 
resu l t s i n agreement w i t h experiment. 

Three cases have to be considered: increasing 
values, i . e . , where the shearing stress at the s o l i d -
f l u i d boundary i s f s ; decreasing values, where the 
stress at the boundary i s f ^ ; and the t r a n s i t i o n 
region, where the boundary remains at the p o s i t i o n i t 
occupied f o r the maximum shearing stress at the inner 
cylinder, fa(max)• T h e r e l a t i o n s obtained are:-

f o r increasing values, 

A' l o g e 
f a + A 
f s + A 

f d i 

fa 

f o r decreasing values, 

A' l o g e 
fa + A' 

A' 
f o r t r a n s i t i o n values, 

Wt A' l o g e k f a + A' 
f a + A' fd 

f d 
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I n the above equations, A' s A/ifo, and k = fs/fa(max). 
Values of Wg5 Wa, and Wt have been calculated from 

these equations using the data of Experiment B. These 
values, s u f f i x ( c ) , are given i n Table XXXIII, where 

Table XXXIII - Values of f s , Web and Wt. 

W S ( C ) , Wd(c). Wd(e). W t(c). Wt(e) 
70 — — 0.01 0.02 — — 

80 — — 0.05 0.05 — 

90 — — 0.12 0.11 — — 

100 — — 0.20 0.19 — — 

105 0.00 0.20 0.25 0.24 — — 

120 0.19 0.34 0.44 0.43 — — 

140 0.50 0.56 0-75 0.73 — — 

160 0.86 0.88 1.11 1.12 1.11 1.12 
180 1.29 1.30 1.54 1.53 1.53 1.53 
200 1.76 1.76 2.01 1.96 1.99 1.96 
220 2.26 2.25 2.51 2.42 2.46 2.42 
240 2.80 2.78 3 .05 2.90 2.93 2.90 
260 3.38 — 3.63 — 3.44 — 

280 3 .98 4 .23 3.95 — 

they are compared w i t h the experimental values, 
s u f f i x ( e ) . 
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The values of the constants taken are:-

fd. = 61.4; f s = 105; fa(max) - 274 dynes per cm2. 
A' a 183 dynes per cm2.; r} 0 = 8.8 poises; k a 0.341. 

Taking f a(max) = 2 7 4 gives the shearing stress at which 
the d i s c o n t i n u i t y i n the whole decreasing W-fa curve 
occurs as f a a 160• The curves obtained from the 
above equations are shown on Graph X X I I I , where some of 
the experimental points from Table XV are also p l o t t e d . 
The experimental curves were given on Graph V I I I . 

4. The equation applied t o the tube instrument. 

A r e l a t i o n can also be obtained between q 1 and f j j 
using the empirical equation t o give the rate of shear 
as a function of shearing stress. The r e l a t i o n 
obtained i s : -

q' =
 f d ( f ' " ^ $ 3 f ' 3 - ( 4 a - 3 ) f 2 + (6a 2-10a+3)f' 

12Y)0f'3 t 
- (12a3-30a 2

+22a-3) • f ^ ( a - l ) 3
± C± + . f ^ l j j 

( f t - l ) ( a ) ) 

where a a A/fd no> a n d- f t s ^B^d* 
Using the values of the constants given i n the 

previous section, values of q 1 have been calculated f o r 
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a number of values of f , and, i n Table XXXIV, these 
are compared w i t h the experimental values: they can be 
seen to agree w i t h the experimental values over the 
whole range, as indeed they should since the empirical 
equation predicts the v i s c o s i t y over the whole range of 
shearing stresses used f o r t h i s p a r t i c u l a r sample. 

Table XXXIV - Values of q' from empirical equation. 
q« q» % 

£1- calculated experimental difference 

1.5 92 0.19 0.19 0 
2.0 123 0.56 0.58 + 4 
2.5 153 1.06 1.06 0 
3.0 184 1.62 1.60 - 1 
3 .5 215 2.24 2.23 0 
4 .0 246 2.88 2.91 + 1 

5. The empirical equation applied t o Experiment D. 

I n the case of Experiment D the l i m i t i n g v i s c o s i t y 
i s known. Since n 0 -3.7 n m from Table XXX, Chapter 
XIV, 3., then f o r 25.0°C, TfQ = 6.4 poises. Graph XXI 
shows the values of l/(Tf - t ) 0 ) given i n Table XXXV 
p l o t t e d against f . From t h i s graph i t can be seen 
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tha t the empirical equation does not represent the flow 
properties of the f l u i d over the whole of the range of 
shearing stresses . I t appears that the value of n 0 

given by experiment i s too small to give good agreement 

Table XXXV - Values of - no) f o r Expts. D and p. 

f . T)(D) . *)(F) . V(^(D) - 6.4) . V(9-(P) - 12). 

100 133 217 0.0079 0.0049 
120 80 152 0.0135 0.0071 
140 56 111 0.0200 0.0101 
160 44 .8 88 0.0260 0.0132 
180 38.5 73 0 .0311 0.0164 
200 33 .7 64 0 .0366 0.0192 
220 30 .4 59 0.0417 0.0213 
240 28.2 53 0.0459 0.0244 
260 26.8 49 0 .0490 0 .0270 
280 25.2 47 0 .0532 0.0286 

between the experimental results and the empirical 
equation. For example the value of n 0 = 8.8 poises 
given f o r the resul t s of Experiment B i s greater than 
the expected l i m i t i n g v i s c o s i t y : f o r Experiment D, a 
value of n 0 = 10 poises gives a greater region of 
agreement w i t h the empirical formula than the measured 
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value of 6.4 poises . 

6. The empirical equation and change of temperature. 

I n the case of Experiment F, n 0 = 12.1 poises. 
Table XXXV also gives the values of V ( i ) - *) 0) f o r t h i s 
experiment, taking n Q = 1 2 1 these values are also 
p l o t t e d on Graph XXI. From the best s t r a i g h t l i n e 
through the points below, and including, f s 240 f o r 
each experiment, the values of f ^ and A can be found. 
They'are given, together w i t h the value of B = A/^, i n 
the following t a b l e : -

Expt. Temp . 3o . A. 2s- B. 
D 25 .0°C • 6.4 69 3620 1.74 2080 

• F 16 .3°C • 12 67 7040 3.28 2140 

These results show that f d and B are sensibly constant 
between 16°C. and 25°C, and, taking mean values, 
equation 15-2 can be w r i t t e n , i n t h i s instance:-
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7. Conclusion, 

I t can be concluded t h a t the empirical equation 
proposed gives a reasonable value f o r the v i s c o s i t y at 
low shearing stresses, but that i t does not give a 
r e l i a b l e r e s u l t f o r the l i m i t i n g v i s c o s i t y . I t serves 
as an accurate method of determining the dynamic y i e l d 
value and has predicted the experimental results f o r 
the tube and rot a r y instruments i n Experiment B, and 
could be used f o r predicting the results of Experiment 
D at low rates of shear. I t cannot be used, however, 
f o r examining the behaviour of instruments at high 
rates of shear, f o r example i t cannot be used f o r an 
analysis of the high rate of shear instrument. 
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A P P E N D I X I 

THE PRODUCTION OF THE SAMPLES. 

The necessary characteristics of the samples are 
th a t they should be instantaneously t h i x o t r o p i c , 
i s o t r o p i c , and reasonably stable. Instantaneous 
thixotropy appears t o arise from the presence of strong 
i n t e r - p a r t i c l e forces i n dispersions of s o l i d p a r t i c l e s 
i n l i q u i d media; isotropy can be obtained by using 
approximately spherical p a r t i c l e s , of which an even 
d i s t r i b u t i o n throughout the medium i s produced by using 
a s u f f i c i e n t l y great concentration*, and s t a b i l i t y by 
using non-reactive materials. 

Titanium dioxide p a r t i c l e s and l i q u i d p a r a f f i n 
were therefore used as the two components, but such 
dispersions had disadvantages. At s u f f i c i e n t l y high 
concentrations, the y i e l d value was too great f o r 
successful operation i n the rotary instrument *, the 
sample tended t o 'stand away' from the inner cylinder. 
At concentrations low enough f o r successful operation 
i n t h i s instrument, sedimentation and f l o c c u l a t i o n were 
apparent. I t was found that a concentration of s o l i d 
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p a r t i c l e s of about 10% by volume would be sa t i s f a c t o r y 
i f the y i e l d value could be reduced t o about 100 dynes/ 

2 

The y i e l d value can be reduced by reducing the 
number of i n t e r - p a r t i c l e a t t r a c t i o n s by the addition of 
a wetting agent i n small quantities ( i n t h i s case 0.7% 
of oleic a c i d ) . I t s e f f e c t was found to be gradual 
and d i f f i c u l t t o pre d i c t , so that t h i s method was 
abandoned. A 10% sample treated i n t h i s way and kept 
f o r some months was found to have a ne g l i g i b l e y i e l d 
value and to have become normally t h i x o t r o p i c t o some 
extent. Samples of smaller concentrations were made 
by adding extra l i q u i d p a r a f f i n , the medium of t h i s 
dispersion. These samples were used f o r the 
measurements on the change of l i m i t i n g v i s c o s i t y w i t h 
concentration given i n Appendix I I I . 

The samples used i n the experiments of Part I were 
made by adding quantities of an aged dispersion of 
ti t a n i u m dioxide p a r t i c l e s i n linseed o i l t o a 
dispersion of tit a n i u m dioxide i n l i q u i d p a r a f f i n . 
This addition reduced the y i e l d value f a i r l y quickly t o 
a value sensibly constant, so that samples of the 
required y i e l d value could be re a d i l y made. The 
linseed o i l sample consisted of 33% by volume of 
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p a r t i c l e s (90% titanium dioxide and 10% barium 
sulphate) dispersed i n linseed o i l of specif i c g r a v i t y 
0.92 and v i s c o s i t y 0.47 poises at 25°G• The l i q u i d 
p a r a f f i n samples were made from anatase titanium 
dioxide p a r t i c l e s , of mean size 0.5 to 1.0 microns, 
dispersed i n l i q u i d p a r a f f i n of specif i c g r a v i t y 0.89 
and v i s c o s i t y 2.02 poises at 25°G • The l i q u i d 
p a r a f f i n samples were made i n the b a l l - m i l l described 
i n Appendix I I . The volume of the s o l i d component was 
determined from i t s mass, taking the specific g r a v i t y 
of titanium dioxide t o be 3.84. 

The sample used i n Experiments A and B was made by 
adding about one part of the linseed o i l dispersion to 
seven parts of a newly prepared 7.5% by volume l i q u i d 
p a r a f f i n dispersion. During three months of storage, 
chemical changes took place i n t h i s sample owing to the 
presence of the linseed o i l . About 10% of the medium 
having been removed (and i t s v i s c o s i t y measured)., the 
remainder was remilled and the r e s u l t i n g sample was 
found t o have s i m i l a r characteristics to those of the 
sample as used i n Experiments A and B, but a d i f f e r e n t 
flow function. I t remained instantaneously 
t h i x o t r o p i c . This new sample was used f o r Experiments 
D and. F • 
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A P P E N D I X I I 

THE BALL-MILL. 

The purpose of the m i l l i s t o disperse the 
p a r t i c l e component of the sample in.the medium, or 
l i q u i d component. These p a r t i c l e s have strong forces 
between them, and the act of m i l l i n g i s the separation 
of the i n d i v i d u a l p a r t i c l e s i n order to allow the 
medium to penetrate between them, so that the p a r t i c l e s 
are evenly d i s t r i b u t e d and t h e i r forces act through the 
medium • 

I f a quantity of the medium i s mixed w i t h a 
quantity of the p a r t i c l e s , i n the f i r s t instance the 
mixture w i l l consist of aggregates of p a r t i c l e s 
separated by the medium. I n order t o break up these 
aggregates into smaller and smaller u n i t s , u n t i l the 
p a r t i c l e i t s e l f becomes the u n i t , s u f f i c i e n t shearing 
force must be applied at every point w i t h i n the l i q u i d 
and p a r t i c l e mixture. I t i s considered that t h i s 
shearing force i s too great t o be applied through the 
medium, hence the m i l l i n g surfaces must supply t h i s 
force d i r e c t l y t o the aggregates; the surfaces must 
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therefore be d i s t r i b u t e d throughout the sample and must 
be capable of being brought i n t o contact as the 
p a r t i c l e s may have a diameter as small as 0 «5 microns. 
This contact can only be achieved by using convex 
surfaces of small radius. 

) 
The required large number of convex surfaces i n 

contact and s u f f i c i e n t shearing force throughout the 
sample are obtained by adding b a l l bearings to the 
constituent materials, and s t i r r i n g . I n order to 
obtain as much r e l a t i v e movement of the b a l l s as 
possible, the shape of any part of the mixture must be 
continually changing i n order that shearing forces are 
operative throughout; r o t a t i o n or t r a n s l a t i o n of large 
parts of the mixture reduces the e f f i c i e n c y of the 
m i l l . The volume of the b a l l s must be about the same 
as that of the sample so that as much as possible of 
the material i s being m i l l e d . 

To meet these requirements, a m i l l was constructed 
i n which eight s t e e l blades rotated i n a container of 
diameter 6 M, such that the minimum clearance between 
blades, and between blade and container, was s l i g h t l y , 
greater than the diameter of a b a l l (7/32"). The 
axles on which the blades are mounted are set 
symmetrically round a c i r c l e as shown i n Pig XVII; a 
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gear wheel on each, axle engages w i t h a s i m i l a r wheel on 
each neighbouring axle, so t h a t , when r o t a t i n g , the 
blades continually change the shape of the mixture 
between them • The shaded area represents that part of 

Fig X¥II. 
Plan: ^ scale . 

\ / 

\ 

the mixture which i s w i t h i n the diameter of one b a l l 
from the sweep of the blades: t h i s region f u l f i l s the 
above requirements . The cent r a l unshaded region can 
be f i l l e d i n by a s t e e l cylinder. 
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I n practice the materials f o r the f l u i d are put i n 
the container w i t h a quantity of the b a l l s . The 
blades are rotated at about 130 r-p.m. by means of a 
1- h.p. motor. Further b a l l s are added as the 
materials are mixed u n t i l they are evenly d i s t r i b u t e d 
through the whole depth of the mixture (about 4"). 
The m i l l i s run f o r about ha l f an hour and then 
stopped: a r i s e i n temperature of about 10°C • occurs 
i n t h i s time. The blades are then removed from the 
container and the mixture s t i r r e d by hand i n order to 
mix i n a layer of b a l l s which have remained stationary 
over the surface of the container: the m i l l i s then 
run f o r f u r t h e r periods of about h a l f an hour as above, 
u n t i l i t i s considered that the sample i s w e l l m i l l e d . 
Ho c r i t e r i o n of complete dispersion i s available, but 
m i l l i n g i n t h i s way f o r s i x hours produced samples 
which were s a t i s f a c t o r y f o r the experiments i n which 
they were used. 
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A P P E N D I X I I I 

CHANGE OF L HUT DIG VISCOSITY WITH CONCENTRATION • 

The high rate of shear instrument described i n 
Chapter X I I I , 1• was used t o measure the l i m i t i n g 
v i s c o s i t y of the dispersions w i t h added oleic acid 
described i n Appendix I . The 10% sample was d i l u t e d 
w i t h l i q u i d p a r a f f i n t o give samples of 2, 4, 6, 8 and 
10% volume concentrations of p a r t i c l e s . Details of 
the measurements, which were carried out at 25°C, w i l l 
not be given: the results are given i n Table XXXVI, 
where the v i s c o s i t y i n poises i s calculated from the 
known v i s c o s i t y of the medium, =2.02 poises. 

Table XXXVI - Li m i t i n g v i s c o s i t i e s . 
Viscosity I n " ^ 

Concentration (x/S)«103 (mean values) c nm 
medium 1.50 — 0.06 2.02 
0.02 1.90 0.04 2.56 13.5 Z 4 

0 .04 2.34 0 .05 3.15 14 z 3 

0 .06 3.06 
m t, 0 .05 4.12 17 - 2 

0 .08 4 .32 0 .08 5.82 23 .5 z 2 
0.10 7.30 - 0.20 9 .83 39 Z 3 
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Einstein's equation:-

a 1 ^ ( 1 + kc) ... 1. 

gives the v i s c o s i t y of a suspension of r i g i d , 
spherical, non-interacting p a r t i c l e s at volume 
concentration c i n a normal f l u i d of v i s c o s i t y t ^ , f o r 
small concentrations. I n order to determine 
experimentally the value of the constant k, i t i s 
necessary to extrapolate the value of (n - ^ a V c i ^ 
obtained from the results i n the above table t o c a 0: 
t h i s treatment gives a value of 13 + 3 f o r k. The 
t h e o r e t i c a l value obtained by Einstein i s 2-5. 

I t may be assumed that under the conditions 
e x i s t i n g when the f l u i d approaches i t s l i m i t i n g 
v i s c o s i t y , i t behaves as a normal f l u i d and the i n t e r -
p a r t i c l e forces are n e g l i g i b l e : the p a r t i c l e s used 
were approximately spherical. However, i t i s not 
ce r t a i n whether the flow i n the neighbourhood of the 
p a r t i c l e s i s laminar, or whether the volume of the 
p a r t i c l e s i s the e f f e c t i v e volume f o r hydrodynamical 
considerations. The discrepancy between the 
experimental and t h e o r e t i c a l values of k may be due to 
these causes . 

I f a f l u i d . o f concentration c approaches i t s 
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l i m i t i n g v i s c o s i t y , rj, and to i t i s added a small 
quantity of p a r t i c l e s t o increase the concentration by 
8c, then, by equation 1, the l i m i t i n g v i s c o s i t y w i l l be 
increased by an amount 6TJ given by: -

+ &Tj s n ( l + kSc) 

As 8c *• 0, t h i s becomes:-

^ § - * 
which on in t e g r a t i o n , since T) = when c = 0, becomes: 

^ - "tym e k ° ••• 2* 

an equation o r i g i n a l l y proposed by Arrhenius. 
Using equation 2, the values of k obtained from 

the results i n Table XXXVI are:-

c • 2% 4% 6% 8% 10% 
k. 1 2 + 3 H + 2 12 + 1 13 + 1 1 6 + 1 

These values show that equation 2 holds f o r 
concentrations less than 10% w i t h a value of k 
approximately equal t o 12, which i s i n agreement w i t h 
the results of the f i r s t method. 
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