
 
 
 
 
 
 
 

https://theses.gla.ac.uk/ 
 
 
 

 

Theses Digitisation: 

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/ 

This is a digitised version of the original print thesis. 

 

 
 
 
 
 
 
 

Copyright and moral rights for this work are retained by the author 
 

A copy can be downloaded for personal non-commercial research or study, 

without prior permission or charge 
 

This work cannot be reproduced or quoted extensively from without first 

obtaining permission in writing from the author 
 

The content must not be changed in any way or sold commercially in any 

format or medium without the formal permission of the author 
 

When referring to this work, full bibliographic details including the author, 

title, awarding institution and date of the thesis must be given 
 
 
 
 
 
 
 
 
 
 
 
 

 
Enlighten: Theses 

https://theses.gla.ac.uk/ 

research-enlighten@glasgow.ac.uk 

http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk


Vil 'J II PAHTICUXjm  

.TO THE V ISC O SIT Y  OF WATER.

by

Jon Wonham, B .S c .

Thesis subm itted f o r  the  Degree of Ph.D. 

The U n iv e rs ity  of Glasgow.

September, 1967



ProQuest Number: 10904926

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest
ProQuest 10904926

Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106- 1346



COHTEMTS

Page Ho

Preface ( i )
L is t  of Symbols ( iv )
L is t  of F ig u res  ( v i i )

Chapter 1 In tro d u c tio n

1 .1  M otivation 1
1*2 Hature of v i s c o s i ty  4
1*5 Molecular in te r a c t io n s  6
1*4 The l iq u id  s t a t e  8
1*5 The degree of a s so c ia t io n  13

Chapter 2 Techniques fo r  the measurement of v i s c o s i ty
of Newtonian f lu id s

2.1  C a p il la ry  16
2 .2  Annular gap 18
2.3 R adial flow between p a r a l l e l  p la te s  19
2 .4  O s c i l la t io n  20
2.5  R o ta tion  26
2 .6  F a l l i n g  body 27
2.7 R o llin g  b a l l  28
2 .8 .1  F ac to rs  a f f e c t in g  choice of method 29
2 .8 .2  Method chosen 31

Chapter 3 Review of l i t e r a t u r e

3 .1  A pp lica tion  of r o t a t i n g  cy l in d e rs  to
viscom etry  32

3*1.1 H is to r ic a l  aspec ts  32
3*1.2 D eriva tion  of Margules equation 37
3 .2  C onsideration  of the onset of u n s ta b le  flow 39
3 .2 .1  Inner cy lin d e r  or both c y l in d e r s ro ta t in g  42
3*2.2 Outer cy lin d e r  r o t a t i n g  44
3*3 V isc o s i ty  of l iq u id  water 47
3*3*1 Measurements a t  atmospheric p ressu re  47
3*3*2 Measurements a t  e leva ted  p re ssu re s  50

Chapter 4 D esc rip tio n  of appara tus

4*1 An account of the s ta g es  of development
of the viscom eter 60

4*1*1 The p re lim inary  design  60
4*1*2 The 1 s t  v iscom eter 63
4*1*3 The 2nd v iscom eter 64



Page No

Chapter 4 (o o n tfd)

4*2 P rov is ion  of laiov/n angular v e lo c i ty  to the
r o t a t i n g  member 66

4*2.1 The d rive  66
4*2.2 High p re ssu re  r o t a t i n g  sea l 69
4*2.3 Magnetic coupling 75
4*3 Measurement of torque on the s ta t io n a ry

member 7 5
4*3*1 Choice of method 75
4*3*2 C a lib ra t io n  of to r s io n  wire 78
4*3*5 Measurement of angular d e f le c t io n  81
4*4*1 M ate r ia ls  used 85
4*4*2 S ealing  methods employed 90
4*5*1 Temperature con tro l 92
4*5*2 Temperature measurement 97
4*6 P ressu re  measurement 99
4*7 P u r i ty  of water and f i l l i n g  procedure 102

Chapter 5 Assessment of e r ro rs

5.1 D eviation  from the id e a l  v iscom eter 104
5*1*1 End e f f e c t s  104
5*1*2 E c c e n t r ic i ty  110
5*1*3 S t a b i l i t y  of flow between co n c en tr ic

c y lin d e rs  114
5*2 Accuracy of d i r e c t  measurement 115
5 *2 .1  K 116
5*2.2 K 119
5*2.3 © 125
5 *2 .4  t  128
5*2.5 Temperature 129
5 .2 .6  P ressure  130
5*2.7 Comparison of the e x te rn a l  and in t e r n a l

e r ro r  of measurement 131
5.3 Experimental c o r re c t io n s  133
5*3*1 Thermal expansion 133
5*3*2 Temperature e f f e c t  on to r s io n a l  p ro p e r t ie s

of wire 134
5*3*3 E ffe c t  of non-Hookian behaviour of wire 134
5.3*4 Temperature r i s e  due to shear h e a t in g

and f r i c t i o n a l  h e a t  136
5*4 E stim ation  of o v e ra l l  accuracy 139

Chapter 6 R e su lts ,  D iscussion of R e su lts  and Conclusions

6.1 Measurement of the v i s c o s i ty  of w ater
a t  1 atm. 142

6.2 Measurement of the v i s c o s i ty  of w ater
a t  e lev a ted  p ressu re  148



Fife. Ho. Page No

Acknowledgements

B ibliography

152

153

Appendices! A C a l ib ra t io n  of thermocouples

B E ffe c t  on to r s io n a l  co n s tan t of w ire of s

D

E

F

Gr

H

K

( i i )
Varying ten s io n  in  the  wire 
Varying moment of i n e r t i a  of 

suspended body 
( i i i )  Varying am plitude of o s c i l l a t i o n

180

188

196
200

C "A device f o r  measuring small angu lar  
movements in  r o t a t i n g  cy lin d e r  
v isco m ete rs . 11

"A r o t a t i n g  cy lin d er  v iscom eter f o r  
measurement a t  e leva ted  tem perature 
and p re s s u re ."

( i )  Llethod of annea ling  tungsten  
wire p r io r  to  use 

( i i )  D eterm ination of tem perature 
e f f e c t  on to r s io n a l  co n s tan t 

( i i i )  Specimen c a l ib r a t io n  of
to r s io n a l  cons tan t of wire

221

225

230

( i )  Specimen ev a lu a t io n  of v i s c o s i ty
a t  1 atm 242

( i i )  E valua tion  of p ressu re  c o e f f ic ie n t
of v i s c o s i ty  246

Uavier-Stokes equations 252

Observed v a r ia t io n s  of d r iv e  speed
due to  changes in  mains frequency 254

P re c ise  angular measurement u s in g
o p t ic a l  g ra t in g s  and moire f r in g e s  255

"E ffec t of P ressure  on the V isc o s i ty  
of V/ater", ( r e f .  143 )



PREFACE

This th e s i s  forms a re p o r t  of the p rog ress  made by the au thor  

in  developing a r o t a t i n g  cy lin d e r  v iscom eter fo r  measurement a t  

e leva ted  tem perature and p re ssu re .  I n i t i a l l y ,  some p roposa ls  of 

Whitelaw ( 5 ) were te s te d  in  a p re lim in ary  design  of v iscom eter . 

Experience gained with t h i s  instrum ent made p o ss ib le  the co n s tru c tio n  

of a v iscom eter from which the v i s c o s i ty  of l iq u id  water has been 

obta ined  in  the range 12° to 116°C and a t  p re s su re s  up to

Im portant f e a tu re s  of th is  des ign , which have been su c c e s s fu l ly  

ap p l ied , inc lude  a n u l l  technique f o r  measuring the angular 

d e f le c t io n  of the s ta t io n a ry  cy l in d e r  and the use of a high 

p ressu re  mechanical face  sea l f o r  the s h a f t  d r iv in g  the r o t a t i n g  

c y l in d e r .  A vacuum r i g  vras cons truc ted  f o r  measuring the to r s io n a l  

p ro p e r t ie s  of suspension wires used in  the v iscom eter . The 

tem perature of t h i s  r i g  could be v a r ie d  which allowed the to r s io n a l  

s t i f f n e s s  of tungsten  wire to be determined experim en ta lly  up to

Y isc o s i ty  measurements a t  1 atm. p ressu re  were f i t t e d  to  a 

modified A rrhenius equation  of the form

B

2 3 0  Kgf/cm2 .

150°C.

o

The s tandard  d ev ia tio n  of experim ental v a lu es  from th i s  

equqtion was 7 * lCT^ CP which, a t  20°C, amounts to  approxim ately



0 .7$  o f the  measured v i s c o s i ty .  The ab so lu te  value of v i s c o s i ty  

given by t h i s  equation  was approximately 0 . 5$  h ig h e r  than the 

p re s e n t ly  accepted s tandard  value a t  t h i s  tem pera tu re . At 

tem peratures above 50°C th e  r e s u l t s  ob ta ined  appear to be s l i g h t ly  

low, the p o ss ib le  reasons f o r  which have been ex p la in ed .

R e su lts  a t  e leva ted  p ressu re  were made over a s im ila r  

tem perature range a lthough the m a jo ri ty  of d e te rm ina tions  were made 

a t  tem peratures below 20°C. These low tem perature measurements 

lend support to the f in d in g s  of B e tt  and Cappi (4 8 ) r a th e r  than 

those of Home and Johnson ( 52) who have made the most re c e n t  

experim ental in v e s t ig a t io n s  in  t h i s  f i e l d .  The r e s u l t s  obtained  

a re  regarded  as p re lim inary  in  so f a r  as  a sys tem atic  coverage 

of the whole range has n o t y e t  been made.

A second, p a r t i a l l y  completed, in s trum en t i s  described  which
o 2w il l  extend the range of measurement to  400 C and 1000 Kgf/cm .

A system of r a d i a l  d i f f r a c t io n  g ra t in g s  producing moire f r in g e s  

has been in co rp o ra ted  which, i t  i s  expected, w i l l  improve the 

p re c is io n  w ith  which the d e f le c t io n  of the in n e r  c y l in d e r  may be 

ob ta ined .

Since the dynamic method of measuring the to r s io n a l  s t i f f n e s s  

of the w ire has been used a number of t e s t s  were performed to 

in v e s t ig a te  the e f f e c t  of vary ing  the mass, i n e r t i a  and am plitude 

of a  to r s io n a l  pendulum. The r e s u l t s  of these  t e s t s  a re  described  

in  a number of Appendices, the main conclusion  be ing  th a t  the



( i i i )

am plitude e f f e c t  i s  s ig n i f i c a n t  and a co r re c t io n  f a c t o r  may be 

derived  which can be app lied  to the angu lar  d e f le c t io n  of the 

wire when i t  i s  used s t a t i c a l l y .
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CHAPTER 1 

INTRODUCTION

1 .1  M otivation
j

In  r e c e n t  y e a rs  th ere  has been co n sid er a b le  a c t i v i t y  in  

the measurement o f tra n sp o rt p r o p e r tie s  o f w ater su b sta n ce . The 

requirem ent fo r  accu ra te  property  v a lu e s  has been stim u la te d  by 

the advancement o f tech n o logy  in to  f i e l d s  o f tem perature and 

p ressu re  which p r e v io u s ly  were con sid ered  to  be o f  p u re ly  academ ic 

i n t e r e s t .  Furtherm ore, the g r e a te r  a v a i l a b i l i t y  o f  computers h as  

le d  to  p ro g ress  in  fo rm u la tin g  p r o p e r tie s  w ith  a v iew  to  making the  

u t i l i s a t i o n  o f  th e se  v a lu e s  more con ven ien t to  the e n g in e er , f o r  whom 

d e s ig n -c a lc u la t io n  by computer i s  now an every-d ay  e v e n t. I t  can 

be seen  th a t  the p r o v is io n  o f  ta b le s  and form ulae d e sc r ib in g  p h y s ic a l  

p r o p e r t ie s  i s  an im portant se r v ic e  to  tec h n o lo g y , and th a t  the  

p r o v is io n  o f  ,fraw data" , whether t h i s  be o b ta in ed  from th eory  or by 

experim en t, i s  an e s s e n t ia l  a c t i v i t y  which i s  perhaps overlook ed  by 

th ose  concerned on ly  w ith  th e  end p rod u ct.

In th e  p a r t ic u la r  case  o f w ater su b sta n ce , p ro g ress in  t h i s  

f i e l d  has been rev iew ed  and stim u la ted  by the In te r n a t io n a l C onference  

on th e  P r o p e r t ie s  o f Steam, the most r e c e n t  o f th e se  b e in g  a t  New York 

in  1963• As a r e s u l t  o f th e se  m eetings ta b le s  and fo rm u la tio n s  are  

p u b lish ed  and recommendations are made a s to  th e  to le r a n c e s  which  

must be a p p lie d  to  each p art o f the range o f p r o p e r t ie s  c o n sid er ed .
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I t  i s  apparent from exam ination o f th e se  ta b le s  th a t in  many c a se s  

a f a i r l y  wide to le r a n c e  has b een a p p lie d  due to  the s c a t t e r  in  th e  

v a r io u s  p ie c e s  o f  exp erim en ta l ev id en ce used or p o s s ib ly  because  

o f  a se v er e  la ck  o f experim ental v a lu e s  over p a r ts  o f th e  f i e l d .

K estin  and V/hitelaw ( l )  have g iven  a b r ie f  account o f the  

f in d in g s  o f  the 1963 Conference w ith  regard  to  tra n sp o rt p r o p e r t ie s  

and have l i s t e d  the exp erim en ta l work used as th e  b a s is  fo r  

fo rm u la tio n s and ta b le s  produced by the C onference. For exam ple, 

c o n s id e r a tio n  o f th e  v i s c o s i t y  o f l iq u id  w ater in  the range from  

sa tu r a t io n  p ressu re  to  800 bar and 0 -  300°C has le d  to  the accep tan ce  

o f the fo l lo w in g  to le r a n c e s .
.. -u>>fcaWl*6tai

S a tu ra tio n  p r e s s u r e ^  P 550 ba* -  2 .5 $

350 bar <d. P - ^ .  Q00 bar t  4$

I t  should  be r e a l i s e d ,  however, th a t p a r t ic u la r  experim en ta l v a lu e s ,  

fo r  example th ose  o f S w in d e lls , Coe and Godfrey ( 2 ) and Roscoe and 

B ainbridge ( 3 ) made a t  1 atm p ressu re  and 20°C agree very  c lo s e ly  

and can have a much f in e r  to ler a n c e  a p p lie d  ( in  t h is  ca se  * 0 . 05$ )  •

The in t e r e s t  in  l iq u id  w ater extend s n a tu r a lly  from the  

p rev io u s work c a r r ie d  out in  t h i s  U n iv e r s ity , nam ely th a t  o f  

K jella n d -F o steru d  (4)9  W hitelaw ( 5) and Ray (6 ) who measured the  

v i s c o s i t y  o f s u p e r c r i t ic a l  steam and th a t o f L atto  (7 ) whose 

measurements o f steam a t  1 atm p ressu re  were made over a range ex ten d in g  

to  1100°C. These workers a l l  used c a p i l la r y  v isc o m eter s  f o r  t h e ir  

m easurem ents, but in  the exam ination o f  a l t e r n a t iv e  methods F osteru d



and W hitelaw both recommended the use o f r o ta t io n a l v iscom etry .

Other workers have shown th at the r o ta t in g  c y lin d er  method can be 

developed to a high degree of accuracy, the b e s t  known b ein g  

Bearden (8) who claim s an accuracy o f ± O.Olfi f o r  h is  measurement 

of the v i s c o s i t y  o f a ir  a t  20°C and a t  atm ospheric p ressu re .

I t  has been concluded th a t the f a i r l y  wide to ler a n c es  

which must be ap p lied  to  c o r r e la t io n s  compiled from co n sid era tio n  

of the p resen t experim ental s itu a t io n  can be improved by making a 

fr e sh  approach to  the problem, p refera b ly  by an a b so lu te  method. 

However, because o f the need fo r  experim ental v a lu es  from the  

c a p illa r y  v isco m eters , no progress on a lte r n a t iv e  methods was made 

u n t i l  the commencement of the p resen t work.

Having d escrib ed  some o f the reasons fo r  undertaking the  

p resen t ta sk  the remainder o f th is  chapter i s  concerned w ith  the  

fundamental nature of v i s c o s i t y  and some o f the th e o r e t ic a l  attem pts  

to  ev a lu a te  t h is  property from co n sid era tio n  o f m olecular str u c tu r e  

in  the l iq u id  s t a t e .  The lack  o f su ccess met w ith  so fa r  in  the  

l a t t e r  approach must strengthen  the arguments fo r  d evelop in g  new 

experim ental tech n iq u es, e s p e c ia l ly  in  the case o f w ater.



1 .2  Nature o f v i s c o s i t y

Motion in  p e r f e c t 1 f lu id s  i s  such th a t  th e re  i s  no

in te r n a l r e s is ta n c e  to  change of shape, i . e .  la y e r s  in  co n ta ct a c t

on each other w ith normal fo r c e s  hut no ta n g e n tia l sh earin g  fo r c e s .  

However, r e a l  f lu id s  transm it ta n g e n tia l as w e ll as normal s t r e s s e s  

and the measure o f th ese  f r i c t io n a l  fo r c e s  i s  expressed  by the term 

* v is c o s i t y f , which i s  a property o f the f l u i d .  For the sake o f  

d e f in i t io n ,  con sid er in g  the flow  o f a r e a l  f l u i d  between two 

p a r a l le l  p la te s  one a t  r e s t  and the other moving w ith v e lo c i t y  v ,

Newton*s law of f r i c t io n  i s  given by

r  - 7 S

where % i s  the f r i c t io n a l  shear fo r c e  and ^  i s  the con stan t o f  

p r o p o r t io n a lity . This fa c to r  ^7 i s  cLefined as the f i r s t  c o e f f ic ie n t  

o f v i s c o s i t y  or the shear v i s c o s i t y  but i s  g e n e r a lly  r e fe r r e d  to  

sim ply as ‘v i s c o s i t y * • The second c o e f f ic ie n t  o f v i s c o s i t y ,  

which should be mentioned fo r  com pleteness, i s  concerned w ith  the  

v isc o u s  fo r c e s  generated by compression (or d i la t a t io n ) .  I t  i s  

a measure o f the v isc o u s  fo r c e s  which a r is e  when a volume o f f l u id  

i s  compressed or d i la te d  w ithout change in  shape. A determ ination  

of t h i s  property has been made by Liebermann ( 9 ) fo r  water and a 

number o f other l iq u id s .  He was unable to  r e la t e  the v a lu es  

obtained  w ith the f i r s t  c o e f f ic ie n t  o f v i s c o s i t y  and a t  20°C the  

valu e obtained  fo r  water was about 2 .4  tim es the f i r s t  c o e f f i c i e n t .
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P h y sica l p r o p e r tie s  are a fu n ctio n  o f the in term o lecu la r  

fo r c e s  e x is t in g  in  a f lu id ,  the r e la t io n s h ip  between the p r o p e r tie s  

and th ose  fo r c e s  having r ec e iv ed  much a t te n t io n  both t h e o r e t ic a l ly  

and ex p erim en ta lly . The behaviour of s o l id s  and gases i s  now 

f a i r l y  w e ll understood from fundamental c o n s id e r a tio n s , and many 

p r o p e r tie s  can be p red icted  th e o r e t ic a l ly  w ith reason ab le  accuracy.

For in s ta n c e , in  the case o f d i lu te  m atter, i . e .  the low p ressu re  

gas, the m olecu les are w idely  separated , th ere fo re  the in te r a c t io n  

i s  sm all and th e ir  d is tr ib u t io n  i s  random. In t h is  case  the  

p r e d ic t io n  o f the observed m acroscopic p r o p e r tie s  o f t h i s  phase in  

terms o f the m icroscopic behaviour i s  p o s s ib le  by means o f s t a t i s t i c a l  

m echanics. At the other extrem e, a s o l id  c r y s t a l l in e  body i s  

ch a ra cter ized  by lon g  range order, sh ort in term o lecu la r  d is ta n c e s  

and la r g e  in te r a c t io n s . The r e g u la r ity  and ord erly  arrangement o f the 

m olecu les in  t h i s  s ta te  g r e a t ly  s im p li f ie s  the treatm ent which can 

be made. L iqu id s, however, a t  f i r s t  appear to  have none o f th ese  

s im p lify in g  fe a tu r e s . The m olecules are too c lo s e  to  be assumed 

independent, a s in  a ga s, but they have more freedom than in  the  

s o l id .  Evidence th a t order e x is t s  to  some e x te n t in  l iq u id s  has been 

provided by G ringrich (10) from x -ra y  d if f r a c t io n  s tu d ie s  and by the  

neutron d if f r a c t io n  work o f Henshaw ( l l ) .
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31.3 M olecular in te r a c t io n s

In 1931 > London (12) showed th a t fo r  any two p o la r iz a b le  

system s th ere i s  an in te r a c t io n  w ith  a n e g a tiv e  p o te n t ia l .

Consequently two n eu tra l m olecules experien ce an a t tr a c t io n  due to  

th e ir  mutual p o la r iz a t io n  which i s  g e n e ra lly  known as the van der 

W aal's fo r c e . As w e ll as the a t t r a c t iv e  fo r c e  there i s  a r e p u ls iv e  

one which dominates a t  short sep aration  d is ta n c e s . This a r is e s  

because o f in te rp en e tr a tio n  o f the e le c tr o n  clou ds o f the atom s.

In a d d itio n  to  th ese  u n iv e r sa lly  p resen t fo r c e s  there may be oth er  

types o f in te r a c t io n a l fo r c e s  such as 'io n ic*  and 'polar* which add 

to  the com plexity o f the behaviour. Several a ttem p ts have been 

made to  rep resen t the mutual p o te n t ia l  energy o f  a p a ir  o f m olecu les  

m athem atica lly , fo r  in s ta n c e , the model proposed by London b ein g

Q
IT (r )  = A exp ( -  Bj?) -  ^

■/ c .

where the energy o f in te r a c t io n  i s  rep resen ted  by - g  and the energy

of rep u ls io n  (when the m olecules c lo s e ly  approach) b e in g  p rop ortion a l 

to  exp ( -  Br) where B i s  a co n sta n t. Another model i s  the  

Lennard Jones ( l l )  6 - 1 2  p o te n t ia l

i . e .  U (r )  -  4  E ( - j t  — g -  )
r  r

where r  i s  the sep aration  between m o lecu les , E i s  the minimum energy  

of in te r a c t io n  and (7~ i s  the c o l l i s i o n  d iam eter, ( i . e .  the sep ara tion  

fo r  which the energy o f in te r a c t io n  i s  z e r o ) . For sim ple non -polar
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gases th ese  th e o r ie s  have been s u c c e s s fu lly  used to  ex p la in  both  

the equation  o f s ta te  and tran sp ort phenomena. However, fo r  more 

complex m olecu les and fo r  dense gases the th e o r ie s  have n o t been 

s u f f ic i e n t ly  developed fo r  the accurate p r e d ic t io n  o f p r o p e r tie s  

to  be made.

Before d is c u s s in g  th e o r ie s  o f the l iq u id  s ta te  i t  i s  worth 

co n sid er in g  b r ie f ly  the behaviour o f water compared w ith other  

members o f the hydride s e r ie s ,  H2S, H2 Se and H2 Te. Comparison 

of the p o in ts  of fu s io n  o f th ese  substances i l l u s t r a t e s  the anomalous 

nature o f w ater. The l a s t  three members o f t h is  s e r ie s  may be 

considered  as normal condensates of n eu tra l m olecu les s in ce  th e ir  

p o in ts  o f fu s io n  may be derived  from the assum ption o f van der W aal’s  

fo r c e s  o f in te r a c t io n . I f ,  however, the same type o f in te r a c t io n  

was to  occur in  w ater, the th e o r e t ic a l  p o in t o f fu s io n  would be 

found to  l i e  c lo se  to  -  100°C. The m olecular in te r a c t io n  which 

accounts fo r  th is  behaviour in  water i s  known as the hydrogen bond. 

Although hydrogen i s  c la sse d  a s a u n iv a len t elem ent, which means 

th a t i t  can form only one stron g  chem ical bond w ith  any oth er  elem en t, 

i t  can form a second weaker lin k age w ith elem ents such as f lu o r in e ,  

n itro g en  and oxygen. Consequently, in  w ater, the two hydrogen atoms 

o f each m olecule can form hydrogen bonds w ith the oxygen atoms o f two 

other water m olecu les , w h ile , a t the same tim e, the oxygen can l in k  

w ith two hydrogen atoms of two fu r th er  m o lecu les . As a r e s u l t ,

5 m olecu les can a s s o c ia te  togeth er  as 4 m olecu les arranged in  a



tetrahedron about a g iven  cen tr a l m olecu le . The ways in  which i c e  

can be made up from t h is  b a s ic  stru c tu re  has been obtained  from  

x -ray  d a ta . However, the degree to  which hydrogen bonded networks 

are ca rr ied  through in to  the l iq u id  s ta te  i s  n o t known e x a c t ly ,  

although there i s  much evidence to  su ggest th a t such netw orks, or 

c lu s t e r s ,  o f a sso c ia te d  m olecu les do e x i s t  in  l iq u id  w ater. B efore  

d is c u ss in g  the problems o f a r r iv in g  a t  a model fo r  w ater the 

fo llo w in g  se c t io n  has been included  to  provide some gen era l th e o r e t ic a l  

background fo r  the l iq u id  s t a t e .

1*4 The l iq u id  s ta te

The models p o stu la ted  to  d escrib e  the l iq u id  s t a t e  f a l l  

in to  two c a te g o r ie s . F ir s t ly ,  there are those which s t a r t  from a 

d e sc r ip tio n  o f the stru c tu re  which i s  u su a lly  approximate and sim p le , 

le a v in g  the q u estion  of how th is  stru ctu re  i s  determ ined by- the  

m olecular p r o p e r tie s  u n t i l  i t  i s  a scer ta in ed  th a t  the theory i s  

e f f e c t iv e .  Secondly there are th e o r ie s  which emphasise i n i t i a l l y  

the p rocess by which the in term olecu lar  fo r c e s  determ ine the stru ctu re  

in  the hope th a t a co rrec t m athematical d e sc r ip tio n  o f th is  p rocess  

might a ls o  lea d  to  equations whose so lu t io n s  d escr ib e  the s tr u c tu r e . 

This second type o f theory has c lo s e r  a f f i n i t i e s  w ith the th e o r ie s  o f 

the gaseous s t a t e .  They are c a lle d  11 d is tr ib u t io n  fu n ction "  th e o r ie s  

because the equations in v o lv e  d is tr ib u t io n  fu n c tio n s  s p e c ify in g  the  

p r o b a b ility  o f f in d in g  s e t s  o f m olecu les in  p a r t ic u la r  c o n fig u r a tio n s .  

According to  Temperley ( 14) the d ir e c t  study o f the d is tr ib u t io n



fu n c tio n  g ( r ) ,  which can be measured, ex p er im en ta lly , has p r a c t ic a l ly  

superseded most o ther models o f the l iq u id  s t a t e .  R eturning to  models 

of the former typ e , th ese  are c a lle d  ’’l a t t i c e  t h e o r ie s ” because the  

proposed stru ctu re  o fte n  bears some r e la t io n  to  the reg u la r  l a t t i c e  

stru ctu re  o f a c r y s ta l l in e  s o l id .  These models are s t i l l  o f  

con sid erab le  p h y sica l value and d e ta ile d  a n a ly s is  u s in g  th ese  methods 

are d escrib ed  by Barker (15) in  ’’L a tt ic e  T heories o f the Liquid S ta te ” . 

These th e o r ie s  in c lh d e  the fo llo w in g  1-

(a ) The " h ole” model in  which the l iq u id  i s  thought 

of as b ein g  l ik e  a c r y s ta l  l a t t i c e  from which some o f  

the m olecu les are m iss in g .

(b) The ’’c e l l ” model in  which a ty p ic a l  m olecule i s  

supposed to  be confined  to  a sm all reg io n  o f the l iq u id  

by the r e p u ls iv e  f i e l d s  o f i t s  neighbours. O ccasion a lly  

i t  can squeeze between i t s  neighbours and m igrate through  

the f lu id ,  t h i s  p rocess b e in g  a ss o c ia te d  w ith v isc o u s  

f lo w .

(c )  The ’’s ig n if ic a n t  s tr u c tu r e ” or ’’c y b o ta c t ic ” model in  

which a  ty p ic a l  m olecule i s  supposed to  spend a proportion  

of i t s  time in  surroundings resem bling  a c r y s ta l  and the  

remainder in  a gas l ik e  environm ent.

The s ig n if ic a n t  stru ctu re  theory i s  d escrib ed  in  g rea ter  

d e ta i l  below because the r e s u lt s  o f ap p ly in g  the method are con v in c in g ly  

s u c c e s s fu l, t h is  b e in g  p a r tly  due to  the em p irica l nature o f the
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procedure. The theory has been d escrib ed  in  se v e r a l papers by 

Eyring and h is  c o lle a g u e s  ( l6 )  (17) and (1 8 ) . I t  i s  f i r s t  n ecessa ry  

to  accep t th a t fh o le s f are p resen t in  l iq u id s .  The argument th a t h o le s  

e x i s t  i s  perhaps supported by the f a c t  th a t g la s s ,  which i s  a m eta

s ta b le  l iq u id ,  has minute passageways in  the s tru c tu re  which a llo w  

helium  to pass through i t .  I t  i s  p o stu la ted  th a t th ere are th ree  

s ig n if ic a n t  str u c tu r es  in  the l iq u id  s t a t e .  The f i r s t  s tru c tu re  

i s  th a t o f m olecu les w ith  s o l id - l ik e  degrees o f freedom, i . e .  in  

the d ir e c t io n  of one or more degrees o f freedom, the m olecule i s  

bonded and r e s tr a in e d  to  an eq u ilib riu m  p o s it io n  much as i f  i t  were 

in  a s o l id  s t a t e .  Secondly, there i s  p o s it io n a l  degeneracy due to  

the presence o f vacant s i t e s  a c c e s s ib le  to  a m o lecu le . In s h i f t in g  

to  the new eq u ilib r iu m  p o s it io n , more or l e s s  e la s t i c  energy i s  

stored  by the m olecule due to  d is to r t io n  of the s tr u c tu r e . T h ird ly , 

i t  must be accepted  th a t m olecu les which have escaped in  one d ir e c t io n  

a t  l e a s t  from f i t t i n g  in to  the " p o ten tia l w ell"  made by neighbouring  

m olecu les , may, in  the l ib e r a te d  s ta te  move w ith  " g a s-lik e"  degrees  

o f freedom . Thus, i t  i s  proposed th a t a m olecule has s o l id  l ik e  

p r o p e r tie s  fo r  the sh o rt time i t  v ib r a te s  about an eq u ilib riu m  

p o s it io n , then i t  in s ta n t ly  transform s to  g a s - l ik e  behaviour as i t  

jumps in to  the neighbouring vacancy.

I t  can be shown th a t the fr a c t io n  o f m olecu les w ith  g a s - l ik e  

p r o p e r tie s  i s  and th a t the rem aining fr a c t io n  are

s o l id  l ik e ,  where Ys and V are r e s p e c t iv e ly  the molar volumes o f the 

s o l id  and th e  l iq u id  phases.
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The v i s c o s i t y  i s  then g iven  by

V  -  J i  7 .  * ^  7 . • • • * 1 * 1

in  which the v i s c o s i t y  o f s o l id  l ik e  m olecu les ^  a can be c a lc u la te d  

u sin g  the r a te  process theory p o stu la ted  by Eyring (19 ) and can be 

expressed  as
/  a* E V
( S 8

* 1  h " » l  r t (t - y )

' ? •  ■
• • . .1 * 2

where Eo and Q are r e s p e c t iv e ly  the energy of su b lim ation  and the  

E in s te in  temperature o f the s o l id  phase, T i s  a b so lu te  tem perature, 

h i s  P lanck*s con stan t and X  i s  the d is ta n ce  between two su c c e s s iv e  

equilibriu m  p o s it io n s  between m olecu les fo r  v isc o u s  f lo w .

The s ig n if ic a n c e  o f the rem aining symbols may be b e s t  obtained  

by re feren ce  to  the t e x t  o f Eyring*s ra te  th eory . The term ^ i s  

taken as the exp ress ion  for  gas v i s c o s i t y

■fj) -  y  a  m 5 A . . . . 1 . 3

where n i s  the number of m olecu les per c . c .

m i s  the m olecular mass

c i s  the average m olecular v e lo c it y

and A i s  the mean fr e e  path in  t h is  equation .

Equation 1 .3  becomes



where k i s  Boltzmann1s con stan t and d i s  the m olecular d iam eter. 

Equation 1 .4  rep resen ts  the v i s c o s i t y  o f a gas composed of hard 

spheres a t  low d e n s ity .

where N i s  Avogadro*s Humber and s u b s t itu t in g  equation s 1 .2  and 1 .4  

in  equation 1 .1  g iv e s  the f in a l  v i s c o s i t y  equation

This method has been describ ed  in  some d e t a i l  s in c e  i t  has 

been used to  c a lc u la te  the v i s c o s i t y  o f argon (17 ) and a ls o  the  

v i s c o s i t y  of m olten sodium and mercury (20) w ith  some su c c e s s .

The p art o f equation 1 .5  given by

i s  termed the a c t iv a t io n  energy fo r  f lo w . In order to  c a lc u la te  the  

v i s c o s i t y  w ith reason ab le accuracy i t  i s  n ecessa ry  to  assume some

Taking

in  equation 1 .2

1*5



Talue o f a* and to  c a lc u la te  the va lue o f K which f i t s  the known 

va lu e o f v i s c o s i t y  o f the f lu id  concerned a t  some p a r t ic u la r  

tem perature. The w h olly  em p irica l nature of the f in a l  f i t  ach ieved  

i s  the r e s u l t  o f choosing a 1 and K which agree w ith  the b e s t  

experim ental data a v a ila b le*  The authors o f (20) mention th a t  

the theory i s  b ein g  fu rth er  developed to  in c lu d e  a s ig n if ic a n t  

stru ctu re  theory of w ater. For water the s ig n if ic a n t  s tr u c tu r e s
I' "Sr- •;

contem plated are s tru c tu res  analogous to  the te tr a h e d r a lly  bonded 

i c e  I  stru c tu re  and the close-p ack ed  ic e  I I I  s tr u c tu r e . The 

proportion  o f m olecu les which a t  a g iven  temperature are in  th ese  

two forms must be estim ated  in  some way.

In the a u th o r s1 opin ion there i s  s t i l l  some way to  go 

b efore  the s ig n if ic a n t  s tru c tu res  theory can be used to  p r e d ic t  

property v a lu e s  fo r  w ater. However, t h i s  cannot be the s o le  c r it e r io n  

by which the su ccess  o f the method i s  judged, fo r  i f  such a theory  

can be shown to  f i t  the e x is t in g  experim ental data  w ith  some su c c e s s ,  

then the theory  could  w e ll be used as a guide to  the p r o p e r tie s  o f  

su bstances fo r  which very l i t t l e  experim ental data e x i s t s .

1*5 The degree of assoc ia tion  in  water

R eturning now to  the s p e c i f ic  problem o f the behaviour o f  

w ater, i t  was p rev io u sly  mentioned in  S ec tio n  1 .2  th a t m olecu les are  

a s s o c ia te d , as a r e s u l t  of the hydrogen bond, in  the l iq u id  s t a t e .  

Workers attem p tin g  to  exp la in  the behaviour of water have a rr iv ed  a t
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d if f e r e n t  f ig u r e s  fo r  the degree o f  a s s o c ia t io n  which e x i s t s .  A few  

o f th ese  w i l l  be mentioned to  i l l u s t r a t e  the c o n f l ic t in g  f ig u r e s  

which have been put forward as a r e s u l t  o f  approaching the problem  

in  d if f e r e n t  ways. Bernal and Fowler ( 2 l )  have, in  p r in c ip le ,  

tre a ted  water as a c r y s t a l l in e  system . This th e o iy  y ie ld s  an 

amount o f 75$ a sso c ia te d  m olecu les a t  100°C. The approach o f  

F o rs lin d  (22) i s  s im ila r  to  the above, excep t th a t the theory has  

been m odified  to take in to  account some e f f e c t s  o f m olecular in te r a c t io n .  

He a r r iv e s  a t  a f ig u r e  fo r  the number o f a s so c ia te d  m olecu les s im ila r  

to  th a t g iven  by Bernal and F ow ler. However, Grunberg and N issan  (23) 

have used the energy o f a c t iv a t io n  of v isc o u s  flo w  fo r  water to  

c a lc u la te  the degree o f d is s o c ia t io n  a t d i f f e r e n t  tem peratures.

They found th a t the fr a c t io n  o f d is s o c ia te d  hydrogen bonds in  water 

was 0 .2  a t  0°C, 0 .6  a t  50°C and 0*7 a t  100°C. A more r ec en t approach 

fo r  a su ggested  water stru ctu re  has been made by Frank and Wen ( 24) .

Their co n c lu sio n s have been a rr iv ed  a t  by con sid er in g  the e f f e c t  

of io n  s o lu te s  on the p ro p er tie s  o f aqueous s o lu t io n s .  Working 

a lon g  s im ila r  l in e s  Nemethy and Scherega ( 25) have estim ated  th a t  

in  go ing  from 0° to  100°C the fr a c t io n  o f unbroken H-bonds d ecrea ses  

from 0.529  to  0 . 325 .

For the author, the fa c t  th at th ere i s  l i t t l e  agreement 

between the co n c lu sio n s o f d if f e r e n t  workers i s  taken to  im ply th a t  

a g rea t deal o f progress i s  y e t  to  be made in  p r e d ic t in g  p r o p e r tie s  

t h e o r e t ic a l ly .  None o f the th e o r e t ic a l  models d e sc r ib es  the  

behaviour o f water e x a c t ly  and the Nemetbor-Scherega model which i s
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the most recen t o f  th ose  d iscu ssed  cannot be used  w ith  any c e r ta in ty .  

However, the general con clu sion  th a t stru ctu red  r eg io n s o f more ordered  

m olecu les e x i s t  in  l iq u id  water i s  an important one. These 

r eg io n s  are l e s s  dense than the fr e e  w ater, thus c lu s te r  break-up  

r e s u l t s  in  a volume decrease and i s  th erefore  enhanced by the  

a p p lic a tio n  of p ressu re . S ince the stru ctu red  e f f e c t  i s  g rea ter  

a t  low tem peratures the e f f e c t  o f pressure as a p o s s ib le  s tr u c tu r e  

breaking in flu e n c e  i s  fa r  g rea ter  in  t h i s  r eg io n . This i s  borne out 

by the experim ental r e s u lt s  fo r  the v i s c o s i t y  o f compressed w ater, 

which i s  d iscu ssed  more f u l l y  la t e r  in  the t h e s i s .



CHAPTER 2

TECHNIQUES FOR THE MEASUREMENT OF VISCOSITY 

OF NEWTONIAN FLUIDS

Before commencing to  d escrib e  the p a r t ic u la r  method o f  

viscom etry  which provided the experim ental b a s is  fo r  the p resen t  

work, the a lte r n a t iv e  methods a v a ila b le  w i l l  be d isc u sse d . By 

doing t h i s ,  the fa c to r s  a f f e c t in g  the f in a l  ch o ice  o f v iscom eter  

may become more obvious and may a s s i s t  any other research er  faced  

w ith a s im ila r  s i tu a t io n . Only the more r ec en t developm ents need  

to be mentioned s in ce  other sources may be con su lted  fo r  the  

complete p ic tu r e , fo r  example, Barr (2 6 ) , M errington (2 7 ) , D in sdale  

and Moore (28) and K estin  (2 9 ) . The l a t t e r  review ed the methods 

a v a ila b le  fo r  m easuring the v i s c o s i t y  o f gases a t  h igh  p ressu res  

and tem peratures. I t  must be r e a lis e d  th at a p a r t ic u la r  method 

may be only  su ita b le  fo r  measurements over q u ite  a sm all range o f  

v i s c o s i t y  va lu es or , fo r  example, a t  h igh tem peratures but not h igh  

p r e ssu re s . Almost in e v ita b ly  the choice of v iscom eter  fo r  a 

p a r tic u la r  s e t  o f co n d itio n s i s  lim ite d  to  a few  a l t e r n a t iv e s ,  any 

one o f which w i l l  req u ire  sp e c ia l treatm ent to  be s u c c e s s fu l.  

A tten tio n  here i s  confined  m ainly to  methods which are amenable to  

high pressu re  measurements.

2.1 C ap illa ry

The most commonly used method in  v iscom etry  u t i l i s e s  the  

flow  through a c y lin d r ic a l  tube as d escrib ed  by the H a g e n -P o ise ille  

eq u ation . This may be presented  in  the form
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Tj m U L * t p  4 l_  ....2.x
I 8 m L

where the v i s c o s i t y  may he c a lc u la te d  i f  the d e n s ity , , the rad iu s  

o f the tube, R, and the len g th  o f the tube, L, are known. This 

method a lso  e n t a i ls  measurement of the p ressu re drop a lon g  the  

tube, A P »  and the mass flow  r a te , m. Laminar flow  may be assumed 

i f  the Reynolds Number given by

,  2 P  u  B
e * r j

has a va lu e l e s s  than 2000. C orrections have to  be a p p lied  due to  

the f a c t  th a t f u l l y  developed flow  cannot occur over the f u l l  len g th  

of the tu b e. However, th ese  can be minimised by in c r e a s in g  the  

len g th  o f the tube and, anyway, the magnitude can be estim ated  by 

th e o r e t ic a l  co n sid era tio n s w ith  reasonable accuracy. These 

c o n sid era tio n s g ive

■99*3$ = 0.24757
R. Re

and 8

where *o9 .« £  -  2 ‘ 262 411(1 where * 99 . 9$  i s  the d is ta n ce  a lon g

the c y lin d e r  from entry  to the p o in t where the v e lo c i t y  i s  99 *9$  o f  

the fu lly -d e v e lo p e d  v a lu e . The so lu tio n  i s  based on a con stan t  

v e lo c i t y  a cro ss the tube en tran ce.
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2 .2  Annular gap

The N avier-S tok es equation which d e sc r ib e s  fu lly -d e v e lo p e d  

flow  in  a c y lin d r ic a l  tube, namely,

dP ~f) ( d^u 1 du "7—  = } < — f  + -  —  4 . . . 2 . 2
dx [ dy y  d y j

(in c y lin d r ic a l  c o -o r d in a te s ) , i s  a lso  v a l id  fo r  the flo w  ini an

annulus provided the gap i s  sm all compared with the r a d iu s .

A pplying the appropriate boundary con d ition s to  equation 2 .2  namely 

i  -  0 a t  E » ^  and the so lu tio n  may be g iven  as

A l im it in g  Reynolds Number of 2000 must again  be a p p lied  

where Re may be d efin ed  as

• *  _ 2 /3  u  (R2 -  H-i)

1
The magnitude of the development len g th  w ith lam inar flo w  has been  

in v e s t ig a te d  by Heaton, Reynolds and Kays (30) who show th a t

», ■ 1 «£>
and th a t  the p ressu re drop in  the entrance se c t io n  i s  a ls o  a fu n ctio n  

o f the rad iu s r a t io .  The v a lu es o f the appropriate fu n c tio n s  may be 

obtained from t h is  r e fe r e n c e .



2 .3  R adial flow  between p a r a l le l  p la te s

An exact so lu tio n  o f the N avier-S tok es equation  e x i s t s

fo r  the flow  between i n f i n i t e  p la te s  which, o f cou rse, i s  a  

h y p o th e tic a l s i tu a t io n . However, sev era l so lu tio n s  e x i s t  in  the  

case where the d is c s  are o f reasonable p rop ortion s and where f u l l y  

developed r a d ia l flow  can be assumed to e x i s t  between the p la t e s .  

In t h i s  case  the equation  to  be so lved  i s  a com bination o f the  

momentum and c o n tin u ity  equations and may be exp ressed  as

Equation 2 .4  i s  obtained by making the reasonable approxim ation th a t

equation 2.4* When compared with the so lu tio n  o f Peube (32) 

which in v o lv e s  ex p ress in g  the a x ia l v e lo c i t y  component as a power 

s e r ie s  and which i s  m athem atically more r ig o r o u s , Moses found th ere  

was l i t t l e  to  choose between the two so lu tio n s  and both agreed  

c lo s e ly  to  h is  experim ental o b serv a tio n s. I t  should be p o in ted  

out th a t the s im p lest so lu tio n  to  equation 2 .4  which can be obtained

2 .4

the a x ia l  component o f v e lo c ity  V can be s e t  to  zero . Making
¥

th is  assum ption Moses (3 l)  has obtained an ex a ct s o lu tio n  to  the

by n e g le c t in g  the in e r t ia  term which, fo r  flo w  r a d ia lly

inw ards, i s  g iven  by
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This i s  known as the "creeping flow" so lu tio n  and in  the case  o f  

water f lo w in g  Moses found i t  to  he as much as lOfo In  e rro r , 

depending on the Reynolds Humber.

Y/hen the f i r s t  three terms only of the s e r ie s  expansion  

are consid ered  Peubefs so lu tio n  i s

This so lu tio n  i s  e a s ie r  to  use in  v i s c o s i t y  measurements 

than Moses* so lu t io n , which in v o lv e s  e l l i p t i c a l  in te g r a ls  o f the  

f i r s t  and second kind and can only be co n v en ien tly  used in  

conjun ction  w ith a d ig i t a l  computer. However, the more r ec en t work 

of Moses (33) to  apply t h is  method in  the form o f a m odified  Rankine 

v iscom eter  i s  prom ising fo r  measurement a t  h igh p ressu res .

2*4 O s c il la t in g  v iscom eters

can be used to  determ ine v i s c o s i t y .  In a l l  ca ses the method of  

E xpressing the v i s c o s i t y  in  terms o f measurable v a r ia b le s  i s  the  

same -  the equation o f motion o f the o s c i l l a t i n g  body b ein g  so lved  

in  conjun ction  w ith  the equation o f motion o f the f l u i d .  A 

comprehensive p resen ta tio n  o f the theory o f  t h is  type o f v iscom eter  

has been given  in  a s e r ie s  o f papers and rep o rts  pu b lish ed  by 

Brown U n iv e r s ity , Prov. R .I . ,  see  r e fer e n c es  ( 34) and (3 5 ) , and th e ir

2 .6

Many shapes, or combination o f shapes o f o s c i l l a t i n g  b od ies



co n c lu sio n s may be taken as a r e a l i s t i c  guide to  the geom etries  

which a llo w  p r e c ise  determ inations to  be made.

In p r a c tic e  the sphere and d is c  have proved to  be the  

most s a t is fa c to r y  o s c i l l a t i n g  b od ies i s  v iscom etry . The d is c  i s  

e a s ie r  to  manufacture but an exact so lu tio n  of the d i f f e r e n t ia l  eq u ati 

e x is t s  on ly  in  the case o f i n f i n i t e  r a d iu s . As a consequence the  

edge e f f e c t s  have to  be accounted fo r  by an in e x a c t  method. The 

sphere on the other hand i s  l e s s  easy to manufacture but the so lu t io n  

o f the corresponding d i f f e r e n t ia l  equation i s  ex a ct in  many c a se s .

In p r a c tic e  the sphere or d isc  i s  suspended by a to r s io n  w ire and,
■

in  p r in c ip le ,  the v i s c o s i t y  can be obtained by a measurement e ith e r  

o f the period  or the damping of the to r s io n a l o s c i l l a t i o n .  The 

va lu es o f the variou s parameters o f the su spension  system  determ ine  

which measurement i s  the more im portant. I t  i s  g e n e r a lly  found th a t  

both must be measured but that one i s  more s e n s it iv e  to  v i s c o s i t y  

than the o th er .

At the p resen t time i t  appears th a t on ly  th ree forms o f  

o s c i l l a t i n g  v iscom eter  are o f p r a c t ic a l  s ig n if ic a n c e .

( i )  A d is c  o s c i l la t in g  between f ix e d  p la t e s .

( i i )  A sphere o s c i l l a t in g  in  a f l u i d  o f i n f i n i t e  e x te n t ,

( i i i )  A sphere f i l l e d  w ith  the t e s t  f lu id  o s c i l l a t i n g

in  a vacuum.

These methods can a lso  be used fo r  r e la t iv e  measurements 

o f v i s c o s i t y .  For in s ta n c e , instrum ents in  which the o s c i l l a t i o n  o f
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a d is c  in  an i n f i n i t e  me dium i s  a p p lied , have heen found to  g iv e  

h ig h ly  reproducable r e la t iv e  measurements, as can he seen  from  

r e fe r e n c e s  ( 36 ) ,  (37) and (38)* This method, however, i s  n o t  

s u ita b le  fo r  a b so lu te  measurements s in ce  the f i n i t e  w idth o f  the  

edge o f  the d is c  im p lie s  an approximate theory -  in  p r a c t ic e , the  

edge o f the d is c  accounts fo r  a la rg e  p art o f the t o t a l  drag on the  

d is c .  Exact so lu t io n s  fo r  the i n f i n i t e  d is c  and c y lin d er  have been 

given  by K estin  and Person (39) on the assum ption th a t the in te r n a l  

f r i c t io n  of the suspension  w ire i s  zero .

A d is c  o s c i l la t in g :  between f ix e d  p la te s  1-

The am plitude of decay i s  measured which i s  u s u a lly  

expressed  as the logarith m ic  decrement

A - m
27r m  tX n

The eq u ation s o f  motion o f the suspension  system  and the f l u i d  

reduce to

— [ Hx*2 + HA +r { Hi + ire?]
where

IH2 -  { i±  ( f  )A  -  ( | ) A 2]  (2 e5) 2
„  g in  T  _  ainh I _______
T. = cosh. X -  cob Y ’ 2 " cosh X -  cos Y

0  . . . 2 .7

X, Y
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, 3 1,
1 .2
2

% Tand Q = —
o

This s e t  o f eq uation s may be so lv ed  w ith th e  a id  o f a d i g i t a l  

computer.

The co n sta n t, C, in  equation 2*7 can be obtained  in  two ways, 

Newell (40) has shov»n th a t when

&  * >
2 bi  y
( \  * b2 )

i t  may be eva lu ated  from -the exp ression

1 + ^  ~   ̂ ) £  cosh tn (cosh  3^+ l )  -  (cosh / ' -  l ) ^ n  s in h Y 'Jr
2b b I d(h + tu)

*  £ ( ^ T 5 2 > *  ♦  £  ( r s j s - ^  ♦  ‘

rP°

( —  )
A f i r  3 V V o J

dx

( i s  the LaPl a c e transform  o f the a x ia l  g ra d ien t o f the

angular v e lo c i t y  in  the f i e l d  and

f t
2bxbz

When £  i s  o f the same order o f  magnitude as

2 b l b2 
bl  + b2

C v a r ie s  w ith  —  r and must be obtained by u s in g  equation  2 .7  and
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measurements o f A and 9 w ith a f l u id  o f known v i s c o s i t y  to  ob ta in  

the curve o f C a g a in s t  — . In th is case the instrum ent c e a se s  to

be an a b so lu te  v isco m eter .

A sphere o s c i l l a t i n g  in  a f lu id  of i n f i n i t e  e x te n t

Working form ulae fo r  an instrum ent o f  t h is  type have been 

p resen ted  by K estin  and Wang (41 ) and by Moszynski (42 ) and th ese  may 

be exp ressed  as

^   4 ^  ( f ~ A 0 )______________________________

g«|yr 5 r  Qrr« 5 O i ** Q rr — 5 -rr 2_ 21? 5 ^ f  8 ITr 2 a 3l 8iT r * f f r  L ,

3 I  ~  Fi f ° Q + (l f "  pi / ° g) + l 6 ^ (i  ‘  4 o +s  L x s s ^ s

TT r 2r G2LG 4 IT r 4 ,  *J §

where

P

I  3 1s s

r» -

{ 7  o  5/ 2

O + cf )*<4-)]
VT - *G

Equation 2 .9  attem pts to  take account o f the v isc o u s  drag o f the  

m irror, ntLfror^-holder and stem o f  the suspension  system . K estin  and

Whitelaw (43 ) found th at the equation  gave a b so lu te  v a lu e s  accu rate  

to  t  0*6$ ,  a lth o u ^ i the equation could be used to  provide more 

p r e c ise  r e la t iv e  v a lu e s . In -the case where a d is c  o s c i l l a t e s  between  

f ix e d  p la te s  th e  co n tr ib u tio n  o f the m irror and stem can be made
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n e g lig ib le  compared w ith  the drag exerted  by the f lu id  in  the  span 

between the  p la te s .  In  the case of a sphere o s c i l l a t in g  in  an 

in f in i t e  medium such an arrangem ent i s  no t p o ss ib le . An assessm ent 

of the a p p l ic a b i l i ty  of the o s c i l la t in g  sphere met had fo r  gases i s  

given by K estin  and Wang (4l)*

A sphere f i l l e d  w ith t e s t  f lu id  o s c i l l a t i n g  in  vacuum

im aginary p a r t  of the complex so lu tio n  of the ap p ro p ria te  d i f f e r e n t ia l  

equa tions. A so lu tio n  o f  the r e a l  p a r t  a lso  e x is ts  f o r  both of the 

cases r e fe r re d  to and provides a l in k  between the period  of o s c i l la t io n  

and the lo garithm ic  decrement. The imaginary so lu tio n  was used by 

K estin  and h is  co-workers fo r  th e ir  in v e s tig a tio n s , because the 

p a r t ic u la r  apparatus se lec ted  im plied th a t  the r e a l  so lu tio n  contained 

small d if fe re n c e s  of la rg e  numbers.

fo r  which the r e a l  so lu tio n  i s  more app ro p ria te  than the im aginary 

so lu tio n . In th is  case the period  of o s c i l la t io n  i s  more s e n s it iv e  

to  the v is c o s ity  than i s  the logarithm ic  decrement. The p a r t ic u la r  

geometry in v e s tig a te d  i s  th a t of a sphere f i l l e d  with a f lu id  whose 

v is c o s ity  i s  to  be determ ined and the  ap p ro p ria te  equation  i s

Equations 2.7 and 2.9 were both obtained from the

K earsley (44) on the o ther hand, has employed an instrum ent

1
2 .1 0

where Im ( z4  f i (z))
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= Re ( Z4 t  (z )) -  o ( E e (Z4)

-  "7 r m (z2) >
2 Re (Z) 2

Rg and 1^ r e f e r  to the r e a l  and imaginary p a r ts  of Z re sp e c tiv e ly  

in  th is  equation . Other symbols may be found in  the nom enclature. 

Roscoe and Bainbridge ( j )  have determ ined the v is c o s i ty  of water 

from observa tions of the o s c i l la t io n s  of a g la ss  v esse l f i l l e d  with 

l iq u id . The c a lc u la tio n s  were based on a form ula derived  by 

Roscoe (46 ) and ex p ress ib le  in  the form

The p r in c ip le  of r o ta t in g  viscom eters i s  th a t  two 

c y lin d r ic a l  or sp h e rica l o b jec ts  are co n stru c ted , one s l ig h t ly  la rg e r  

than the o th e r, which are  then arranged to  have the same ax is  of 

symmetry so th a t the gap between them i s  constan t and con ta in s the 

f lu id  whose v is c o s ity  i s  to  be measured. One o b je c t i s  ro ta te d  a t  

a  uniform ra te  and the drag fo rce  on the second o b je c t i s  measured. 

Only the ro ta t in g  cy lin d e r method has been used w ith a degree of 

success because of the d i f f i c u l t i e s  of co n s tru c tio n  or alignm ent of 

anyth ing  but the sim p lest shape. The only o ther r o ta t io n a l  method 

known to  the au thor i s  th a t  of r o ta t in g  co n cen tric  spheres used by

.2 .11

where F—̂  1 as A * -^  0 and P i s  very g re a t .

2.5 R otation
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Zemplen (47)* Since the ro ta t in g  cy lin d er method forms the  main 

su b jec t of th is  th e s is  i t  w ill no t be d iscussed  more f u l ly  h e re .

2 .6  F a ll in g  body

F a ll in g  body viscom eters are  seldom used as prim ary 

in strum en ts due to  ihe in a p p l ic a b i l i ty  of such th e o re t ic a l  so lu tio n s  

as are  a v a ila b le  a t  p ra c t ic a l  working co n d itio n s . They can, however, 

be used as secondary instrum ents w ith considerab le  p re c is io n  as has 

been shown by the work of B ett and Cappi (48 ) and Cappi (49 ) in  

p a r t ic u la r .

In  p r in c ip le , the method re q u ire s  th a t  a sp h e rica l body, 

should f a l l ,  due to  g rav ity , through the f lu id  whose v is c o s i ty  i s  

to  be measured. I f  the flow i s  lam inar and the Reynolds Number very 

low, then the in e r t i a  terms in  the N avier-S tokes equations can be 

n eg lec ted  and the equation  to be solved becomes

v 4 y  - 0 . . . . 2 .12

where ^  i s  the stream  fu n c tio n . A so lu tio n  to  th i s  equa tion , fo r  

flow  p a s t a sphere has been obtained by Stokes (50) and in  an 

improved form by Oseen (5 l)  fo r  the p a r t ic u la r  case when the Reynolds 

Number
r s2 ft u

(Re - r) ~ >
i s  le s s  than 1 but th is  i s  seldom p o ssib le  in  p ra c t ic e . Most 

in strum en ts u sin g  th e  p r in c ip le  co n s is t of c y lin d r ic a l  bodies f a l l i n g  

along the ax is  of a round, p a r a l le l  and v e r t ic a l  tube f i l l e d  with the
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f lu id  in  question* In  th is  case the req u ired  so lu tio n  i s  f o r  flow  

through an annulus where one w all moves w ith  re sp e c t to  an o th er.

The ap p ro p ria te  working equation fo r th is  problem has been shown by 

Cappi to  be of the form

M

However, th is  equation  does n o t take in to  account the shear and 

p ressu re  fo rc e s  a t  each end of the c y lin d r ic a l  body and, so f a r ,
■

these e f f e c ts  have n o t been accounted f o r  th e o re t ic a l ly .  Consequently, 

a working equation  of the form

V  = -

i s  employed where K i s  the instrum ent c a l ib ra t io n  constan t and i s  

ob tained  from measurements w ith a f lu id  of known v is c o s i ty .

J  2*7 R o llin g  b a l l

For com pleteness the method by which the v is c o s i ty  i s  

determ ined by the time fo r  a b a l l  to  r o l l  the len g th  of a tube should 

be m entioned. This i s  a r e la t iv e  method f i r s t  used by Flow ers (^5  ) 

and s t i l l  in  use where the requirem ents a re  q u a l i ta t iv e  r a th e r  than 

q u a n t i ta t iv e  in  n a tu re . The method s u f fe rs  the disadvantage th a t  

the flow  cannot be expressed m athem atically  and, in  the au thor^s 

op in ion , o th e r than  v iscous e f f e c ts  may in flu en ce  the time fo r  the 

b a l l  to  t r a v e l  the len g th  of the tube. The most re c e n t measurements by 

th i s  method a re  by Horn and Johnson (?2 ).

1
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2 .8 .1  F ac to rs  a f fe c t in g  choice of method

Although th e re  i s  no g rea t v ir tu e  in  making measurements 

by an ab so lu te  method the use of a primary instrum ent has d e f in a te  

advantages. In  a prim ary instrum ent the v is c o s i ty  can be derived  

from o b se rv a tio n s of mass, len g th  and time whereas in  the secondary 

in strum en t use i s  made of a c a l ib ra t in g  f lu id  to ob ta in  the 

in strum en t co n s tan t. Consequently there  i s  in troduced  the added 

u n c e r ta in ty  of the value of v is c o s i ty  of the c a l ib ra t in g  f lu id .  

However, in  the  f i e ld  in v e s tig a te d  by the au th o r, p a r t  of the 

u n c e r ta in ty  in  the values found fo r  v is c o s ity  up to  the p re sen t 

time can be a t t r ib u te d  to  the v a r ie ty  of secondary in strum en ts used, 

each covering  only p a r t  of the range. I t  was th e re fo re  f e l t  th a t  

an ab so lu te  method was d e s ira b le , i f  no t e s s e n t ia l ,  fo r  the p re sen t 

in v e s t ig a t io n , thus e lim in a tin g  the methods described  in  2 .6  and

2.7 from the p re sen t d iscu ss io n . The c a p il la ry  method i s  an 

obvious choice from many p o in ts  of view, p a r t ic u la r ly  since n e a rly  

ev ery th ing  about the p ra c tic e  of th i s  branch of v iscom etry  has been 

s tu d ied  in  d e t a i l .  However, th is  method does n o t lend  i t s e l f  

e a s i ly  to  abso lu te  determ inations in  the high p ressu re  form, p a r t ly  

because of the requirem ent f o r  a high p ressu re  manometer f o r  sensing  

small p ressu re  drops across the  c a p il la ry  and a lso  because of the 

problem of p rov id ing  a steady flow r a te  through the in strum en t 

and m easuring the mass flow r a te .  In f a c t  the c a p il la ry  v iscom eter 

i s  f a r  more amenable to  development as a secondary in stru m en t,
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p a r t ic u la r ly  in  the form of a Rankine v iscom eter where the flow  i s  

induced by the  e f f e c t  of g ra v ity  on a mercury p e l l e t  in  a  v e r t ic a l  

tube a ttac h ed  to  the c a p il la ry .  In  ad d itio n  i t  was f e l t  th a t  

since  e x is t in g  data  has been obtained from predom inantly c a p il la ry  

in stru m en ts  th i s  t r a d i t io n a l  choice should be given a low p r io r i ty  

in  the p re se n t co n s id e ra tio n  of a v a ila b le  methods.

There would appear to be sev era l advantages in  the 

development of the r a d ia l  flow method fo r  use a t  high p re s su re s .

Again, th i s  method lends i t s e l f  p a r t ic u la r ly  to the  c losed  c i r c u i t  

Rankine form of secondary viscom eter in  the same way as does the 

c a p i l la ry .  As an ab so lu te  method th e re  a re  some noteworthy advantages 

over the c a p il la ry  method. For in s tan ce , p ressu re  tappings can be 

taken a t  d i f f e r e n t  r a d i i  w ithout a f fe c t in g  the flow  ap p rec iab ly .

F la t  p a r a l le l  su rfaces  can be machined w ith g re a t accuracy and th e re  i s  

le s s  u n c e r ta in ty  than w ith  the bores- of c a p il la ry  tub ing  which, except 

f o r  g la s s  or q u artz , can be d i f f i c u l t  to measure. The problem of 

p ro v id in g  a steady flow a t  high p ressu re  i s  no t insurm ountable, th is  

having been su c ce ss fu lly  achieved fo r  c a p i l la r ie s  by Tanaka e t  a l (53) 

and more re c e n tly  by R ivkin and Levin (54) •

The use of an o s c i l la t in g  instrum ent would appear prom ising 

since  th e  p re c is io n  ob ta inab le  w ith the instrum ent has been shown to 

be e x c e lle n t .  However, the o s c i l la t in g  d isc  method i s  secondary 

because of the d i f f i c u l ty  in  ob ta in ing  an edge c o rre c tio n , and the 

o s c i l l a t in g  sp h e ric a l v esse l method would appear to  have insurm ountable 

te c h n ic a l d i f f i c u l t i e s  p reven ting  i t s  use as a h igh p ressu re  method.
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There rem ains the p o s s ib i l i ty  of u sing  the o s c i l la t in g  so lid  sphere.

At the time of s ta r t in g  th i s  work the only assessm ent of th is  

method was by Moszynski whose r e s u l t s  fo r  the ab so lu te  v is c o s i ty  

of w ater were n ea rly  2j£ away from the accepted value a t  20°C.

Since no exp lanation  was given fo r  th is  behaviour, some apprehension 

was f e l t  about the s u i t a b i l i ty  of th is  method fo r  a new in v e s tig a tio n .

2.8*2 Method chosen

The method f in a l ly  chosen fo r  the p re se n t in v e s tig a tio n  

was decided as much by fo rce  of circum stance as by co n s id e ra tio n  of 

the te c h n ic a l m erits  of each method. The flow between p a r a l le l  

p la te s  was a lready  being  in v e s tig a te d  by a colleague a t  the U n iv ersity  

of Glasgow. As mentioned in  Chapter 1 the r o ta t in g  cy lin d er method 

was known to be capable of a high abso lu te  accuracy when used fo r  

measurements a t  atm ospheric p re ssu re . In  view of the lim ite d  

choice imposed by the requirem ent of a prim ary instrum ent i t  was 

decided to  develop the ro ta t in g  cy lin d er method fo r  use a t  e lev a ted  

co n d itio n s . The p rogress made toward th is  and th e  p re lim in ary  

r e s u l t s  ob tained  fo r  l iq u id  water form the su b je c t m atte r of th is  

th e s is
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CHAPTER 3

R E V IEW CF LITERATURE

3*1 A pp lica tion  of ro ta t io n  of a cy lin d er to  viscom etry

3*1*1 H is to r ic a l  Aspects* Hevrfcon, in  Book I I  of ”The P r in c ip ia ”

s ta te d  th e  r e la t io n s  between v e lo c ity  and re s is ta n c e  to flow fo r  a 

r o ta t in g  s o lid  cy lin d e r in  a uniform  and i n f in i t e  f lu id .  He a lso  

showed th a t  the  ra te  of shear decreases ex p o n en tia lly  in  the concen tric  

lam inar s h e l ls  of f lu id  as one moves away from the ro ta t in g  cy lin d e r 

and in to  the f lu id .  However, he did no t apply in te g ra l  c a lc u lu s : 

to  the problem and hence did no t a r r iv e  a t  the complete equation  fo r  

the flow  between concen tric  cy lin d ers  (sometimes c a lle d  the "Margnjles1 

eq u a tio n ” a f te r  Margules (55) who was f i r s t  to  derive  th is  

form ula) given here as  equation 3*7» N everthe less, Newton a r r iv e d  

a t  the proper q u a l i ta t iv e  re la tio n s h ip s  fo r  v is c o s i t ie s  of f lu id s  

u sin g  the ro ta t io n a l  system and i t  i s  noteworthy th a t  the o r ig in a l  

d e f in i t io n  of flu id * flo w  was not fo r  the case of f lu id  between 

p a r a l le l  p la te s ,  as i s  o ften  im plied in  the l i t e r a tu r e .

Conette (56 ), in  1890 devised the f i r s t  p r a c t ic a l  

r o ta t io n a l  v iscom eter which consisted  of a r o ta t in g  o u te r cy lin d er 

and an in n e r  cy lin d e r which was supported by a to rs io n  wire and re s te d

in  a p o in t b ea rin g  a t  the bottom. In th is  instrum ent guard r in g s
(5?)

were u t i l i s e d  to  e lim in a te  e n d -e ffe c ts . In 1913> Hatschek describ ed  

a Couette type v iscom eter with guard rin g s  of improved design which 

minimised end—e f fe c ts  w ith very low v is c o s ity  f lu id s .  Instrum ents
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employing steady  ro ta t io n  of one or o ther of the cy lin d e rs  are  

o ften  describ ed  as Conette or Hatschek v iscom eters a f t e r  these  two 

w orkers. The ro ta t io n a l  viscom eters which follow ed, fo r  example, 

th a t  of MacMichael (58) ,  which employed a d isc  as the s ta tio n a ry  

member r a th e r  than a c y lin d e r, were aimed a t  s im p lic ity  of procedure 

in  ro u tin e  in v e s tig a tio n s  r a th e r  than abso lu te  accuracy. The 

Stormer (59) v iscom eter a lso  f a l l s  in to  th is  category .

Few ab so lu te  determ inations of v is c o s i ty  were made w ith 

any g re a t accuracy u s in g  the ro ta t in g  cy lin d er method u n t i l  those 

of G i lc h r is t  (60) and of H arrington (6 l)  on a i r  and the measurements 

of Leroux (62) on w ater. The design of the appara tus was, in  a l l  

ca ses , s im ila r  to  th a t  used by CoUette. The main problem, a r is in g  

in  the d e te rm ina tion  of abso lu te  v a lues, i s  the measurement of sm all 

couples produced by the low ra te s  of shearing . This l a t t e r  p recau tio n  

i s  necessary  from the th e o re tic a l  assumption of lam inar flow . The 

problem of p rov id ing  a su ita b ly  se n s itiv e  suspension i s  d iscussed  more 

f u l ly  in  4 . 3 . Houston (63) ,  K ellstrom  (64) and Bearden (8 ) a re  

among o tfre r , more recent* workers using  th i s  method, to measure the 

v is c o s i ty  of a i r ,  the l a t t e r  having achieved the h ig h est p re c is io n  

w ith  a claim ed accuracy of ± 0.01# fo r  the v is c o s i ty  a t  20°C. The 

ac c u rac ie s  achieved by these workers was s te a d ily  improved by 

a t te n t io n  to  d e ta i l  in  mechanical construc tion  in  order to  e lim in a te  

e r ro rs  due to  m isalignm ent and e n d -e ffe c ts . These problems a re  

d iscu ssed  more f u l ly  in  Section 5*1*
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None of the workers so f a r  mentioned c a rr ie d  out 

experim ents a t  e lev a ted  p ressu res  except K ellstrom  (65) who m odified 

h is  ap p ara tu s  to  measure the v is c o s i ty  of a i r  up to  30 Kgf/cm2.

To the au th o rs  knowledge the only two in v e s tig a tio n s  u sing  r o ta t in g  

cy lin d e r v iscom eters fo r  co n d itio n s a t  e levated  tem perature and 

p re ssu re  a re  those of Thomas, Ham and Dow (66) who te s te d  lu b r ic a tin g  

o i l s  up to  3000 Kgf/cm2 and 250°C and Reamer, Cokelet and Sage (67) 

who have measured h-pentane and o th er hydrocarbons a t  p ressu res
o

up to  330 Kgf/cm •

In  re c e n t y ea rs  the development of ro ta t io n a l  viscom eters 

has fo llow ed two d i s t in c t  p a t te rn s , depending upon the purpose fo r  

which th e  in strum en ts were in tended . C ouettefs design was su ita b le  

p r im a rily  fo r  ab so lu te  measurements on Newtonian f lu id s ,  the v i r tu a l  

e l im in a tio n  of en d -e ffe c ts  ensuring th a t the measured torque was 

e n t i r e ly  due to  the f lu id  between the concen tric  su rfaces . This 

id e a l  s i tu a t io n  has been pursued by n ea rly  a l l  workers u sin g  instrum ents 

where h igh  accuracy i s  e s s e n t ia l .  However, the development of 

r o ta t io n a l  v iscom eters fo r  the general f ie ld  of Theological 

measurement has re s u lte d  in  abso lu te  accuracy being  reduced in  

im portance where many o th e r fe a tu re s  necessary  fo r  sensing  non- 

Newtonian e f f e c ts  have taken p r io r i ty  in  the design. In  most of 

these  in stru m en ts  the p rov ision  of guard r in g s  would be inconvenien t 

f o r  ro u tin e  in v e s tig a tio n  and the b as ic  design has been s im p lif ied  

to  the s t r a ig h t  f,cup and bob” arrangem ent. Provided the bob i s  

no t com pletely immersed a co rrec tio n  need only be app lied  fo r  i t s
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bottom su rfa c e . This co rrec tio n  can be derived  experim entally  

by making te s t s  on the same f lu id  with the cup f i l l e d  to  sev era l 

known le v e ls .  E x trap o la tio n  of the graph of to rq u e ; depth of 

immersion gives the co rrec ted  leng th  of bob to inc lude the end 

e f f e c t .  Also so lu tio n s  of the Navier Stokes equations e x is t  a llow ing 

a th e o re t ic a l  co rre c tio n  to  be app lied  fo r  the end surface of the 

in n e r c y lin d e r , an example being the so lu tio n  a rriv ed  a t  by 

Roscoe ( 68 ) .

F u rth e r  co n sid era tio n  of the p resen t o b jec tiv e  in d ic a ted  

th a t  the  guard r in g  p a tte rn  was l ik e ly  to provide the b e s t so lu tio n . 

The n e c e s s ity  fo r  p re ssu r is in g  the viscom eter re q u ire s  complete 

immersion of the inner cy linder w ith v isu a l access only through a 

sm all h ig h -p re ssu re  window. In such a design th e re  i s  no p o s s ib i l i ty  

of d e r iv in g  en d -e ffe c ts  or v e rify in g  end co rrec tio n s  experim entally  

by v a ry in g  the depth of immersion.

Having opted fo r  the guard-ring  layou t, much has been 

gained by study ing  the refinem ents and co n sid era tio n s of the various 

in stru m en ts  used fo r  h ig h -p rec is io n  measurements. However, although 

the reco rded  experience of o ther workers was u se fu l, the problem of 

c a rry in g  out the  measurements a t  r e la t iv e ly  high p ressu res  u n d e rlie s  

a l l  p r a c t ic a l  co n s id e ra tio n s . In th is  re sp ec t only the v iscom eters 

of Thomas e t  a l  and Reamer e t  a l  have been designed fo r use a t  

e lev a te d  co n d itio n s . The accuracy claimed fo r  the measurements of 

the form er of these  experim enters was not high, being  in  the order 

of * i f f .  T heir so lu tio n  to providing a steady angular v e lo c ity  to
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the r o ta t in g  cy lin d er was to  com pletely immerse a small e l e c t r ic  

motor in  the v iscom eter v esse l so th a t  only the e l e c t r i c a l  conductors 

had to  pass through s t a t i c  se a ls  in  the p ressu re  v e s se l. However, 

the h e a t generated  by th is  motor made attainm ent of steady 

tem perature im possible and th is  was the main source of e r ro r .  The 

torque tran sm itte d  to  the s ta tio n a ry  cy lin d er was measured by the 

changing e l e c t r i c a l  re s is ta n c e  of a h e l ic a l  sp rin g  which supported 

th i s  c y lin d e r . I t  i s  doubtful whether th is  technique was h igh ly  

ac cu ra te  as the cy linder needed to  be supported in  bearings a t  both 

ends and some of the v iscous e f fe c t  would be lo s t  in  overcoming 

f r i c t i o n a l  r e s is ta n c e . The viscom eter of Reamer e t  a l  can only be 

d escrib ed  as extrem ely com plicated although the claim  th a t  the 

probable e r ro r  of measurement does not exceed 0 *4/  seems ju s t i f i e d .

T heir v iscom eter and an a u x ilia ry  pressure v esse l a re  immersed in  a 

la rg e  a g i ta te d  f lu id  b a th . The te s t  f lu id  i s  p re ssu rise d  through 

connections to the a u x ilia ry  p ressure v esse l by the in je c t io n  of 

m ercury. A c e n tr ifu g a l pump c irc u la te s  the t e s t  f lu id  through the 

v iscom eter and a u x il ia ry  v esse l fo r the p a r t ic u la r  case when m ixtures 

a re  being  te s te d , although i t  i s  pointed out th a t  c irc u la tio n  i s  no t 

employed when pure substances are in v e s tig a te d . A c r i t ic is m  of th is  

arrangem ent i s  th a t  no tem perature measurement appears to  he made of 

the t e s t  f l u id ,  which i s  assumed to a t ta in  the tem perature of the 

b a th . In  f a c t ,  i t  would appear p ra c t ic a l ly  im possible to  ob ta in  access 

to  the t e s t  f lu id  in  the viscom eter to measure i t s  tem perature.

However, in  view  o f fee method o f f lu id - s e a l in g  by c lo se  f i t t i n g  s le e v e s
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on the d riv e  s h a f t and the presence of o ther moving p a r ts  i t  seems 

l ik e ly  th a t  the  te s t  f lu id  w ill  "be a t  a s l ig h t ly  h igher tem perature 

than the  bath* Should th is  be the case the measured v is c o s i ty  

value w il l  obviously be s l ig h t ly  in  e r ro r . In th is  v iscom eter the 

angu lar movement of the suspended cy linder i s  measured e l e c t r i c a l ly  

by a re lu c ta n c e  gauge technique, the claimed d isc rim in a tio n  being 

20 seconds of a rc . This has allowed accurac ies of -  0*1$ to  be claimed 

fo r  the angu lar d e f le c tio n . Presumably the e le c t r ic a l  equipment 

a s so c ia te d  w ith th is  measurement has to  be c a lib ra te d  a t  the same 

tem peratu res a t  which te s t s  are to  be made p r io r  to  assembly of the 

v isco m eter.

Having d iscussed  some aspects of instrum ent design the 

rem ainder of th i s  review i s  concerned with the working equation , the 

equ a tio n s governing in s t a b i l i ty  and measurements of the v is c o s ity  

of l iq u id  w ater.

3.1*2 D erivation  of the Mar gules equation

Consider now ta n g en tia l annular flow of a Newtonian f lu id  

between co n cen tric  cy lin d e rs  of in f in i t e  len g th , fo r  which the Navier 

Stokes eq u a tio n s is. c y lin d ric a l co -o rd inates are given in  Appendix G.

In  steady  s ta te  lam inar flow the f lu id  moves in  a c irc u la r  p a tte rn  

and the  v e lo c ity  components Vr  and V'z are zero . I t  can a lso  be 

assumed th a t  th e re  i s  no pressure g rad ien t m  the Q - d ire c tio n .

For th i s  system a l l  terms of the equation of co n tin u ity  are  zero and

equa tions D, E and F reduce to
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r  component

A  I ® !  3 j>
~ (  ~  "  “ 3 7

0 component

f i t  ass

dr v r  drQ -  fr ( ~ fr (r O )  . . . . 3 .2

z component

0= “ If + (° sz

In te g ra t io n  of euqation  3 .2  with the fo llow ing  boundary cond itions

r  = ( in n e r ra d iu s , inner cy linder s ta tio n a ry ) , v = 0 

r  = R^ (o u te r ra d iu s ) , v^ * R^

where^T-Q “ angular v e lo c ity  of ro ta t in g  ou ter cy lin d er ogives

S I  o <e 22 ■ r2 >T =  ?------- * ...3 * 4

The shear s t r e s s  d is t r ib u t io n , ^ r e  (**)> can be obtained

u sin g  equation  J  from the l i s t  of components of the s t r e s s  ten so r 

(see Appendix G). This becomes

-  -7 f ■ f e

:v
dr / «

r 2 (fe%  - 1 )

R. 2 
x ( l  -  (jj~ ) )
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The torque T req u ired  to tu rn  the ou ter cy lin d er may be ca lcu la te d  as 

Force x  Lever arm,

i.e. t = 2 -  V * ( - r rC)r=Hi .a,

* ••*3 *^

T h is, of course, i s  the same value as the torque experienced by the 

s ta t io n a ry  in n e r cy lin d e r . Where i t  i s  requ ired  to ob ta in  the v is c o s ity  

by o b serva tion  of •the torque and the  cy linder dimensions equation 3 .6

may be convenien tly  re -w r itte n

" 0  TI \  “ 2
4  " Ld 0  I

E 2  _J
• • *3*7

The equa tion  fo r  the case when the inner cy linder i s  r o ta t in g  and the 

o u te r  cy lin d e r  s ta tio n a ry  i s  id e n tic a l  to 3*7*

3 .2  C onsideration  of the onset of unstab le  flow

I t  i s  necessary  to know a t  what angular v e lo c ity  of the 

c y lin d e rs  the lam inar concentric  flow assumed in  the d e riv a tio n  of 

equation  3*7> breaks down or becomes u n stab le . For completeness the 

problem of i n s t a b i l i t y  w ill be discussed fo r  the general case of e i th e r

c y lin d e r  o r both  cy lin d ers  ro ta tin g .

The f a c to rs  a f fe c tin g  s t a b i l i ty  are q u ite  d i f f e re n t  fo r  the

„ . , . „ ro ta tio n . These fa c to rs  have beencases of in n e r  and o u te r  cy linder rotaoxun.

i >»v qoh lich ting  (69) who has consideredd iscu ssed  in  a general manner by bcnncni»mb v 7 /
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p a r t ic u la r ly  the in flu en ce  of s ta b i l i z in g  fo rc e s  on the o r ig in  of 

tu rb u le n c e , fo r  example c e n tr ifu g a l fo rc es  o r  d en s ity  v a r ia t io n .  For 

the case of the in n e r cy lin d e r  a t  r e s t  and the o u te r  c y lin d e r  r o ta t in g
* 9

about the a x is ,  the  i n e r t i a  fo rc e s  have a h ig h ly  s ta b i l i z in g  e f f e c t  

on the flow  in  the  annulus. A f lu id  p a r t ic le  from an o u te r  la y e r  

Sipposes being  moved inwards because the c e n tr ifu g a l  fo rc e  a c t in g  on i t  

exceeds th a t  on a p a r t i c le  n ea re r  the ax is  of the c y lin d e r . E qually , 

m otion outwards i s  made more d i f f i c u l t  because the c e n tr ifu g a l fo rc e  

a c t in g  on an in n e r  p a r t i c le  i s  sm alle r than th a t  on a p a r t i c le  f u r th e r  

away from the a x is .

S c h lic h tin g  d e riv e s  what he c a l l s  the s t a b i l i t y  e q u a tio n 1 

which form s the d ep a rtu re  of a l l  s t a b i l i t y  co n s id e ra tio n s  of two- 

dim ensional lam inar flo w s. The term s on the l e f t  hand sid e  of the 

equation  a re  deriv ed  from the p ressu re  and in e r t i a  term s and those on 

the  r ig h t  hand s id e  from the  v iscous term s. When the Reynolds number 

i s  la rg e  the  equation  i s  s im p lif ie d  by o m ittin g  v isco u s term s as 

compared w ith  i n e r t i a  term s. The r e s u l t in g  d i f f e r e n t i a l  equation  i s  

known as the  f r i c t i o n l e s s  s t a b i l i t y  equation . The equa tio n  to  be used 

in  a s t a b i l i t y  problem depends on whether the i n e r t i a  term s predom inate 

in  which case the s im p lif ie d  equation  can be used . Thus i n s t a b i l i t y  

of the  flow  in  an annulus between co n cen tric  c y lin d e rs  w ith  the  in n e r  

c y lin d e r  r o ta t in g  and the  o u te r a t  r e s t  may be p re d ic te d  u s in g  the 

f r i c t i o n l e s s  s t a b i l i t y  equa tion . When the f r i c t io n l e s s  s t a b i l i t y  

eq u a tio n  i s  ap p lied  to the flow when the o u te r c y lin d e r r o ta te s  and the  

in n e r  i s  a t  r e s t ,  lam inar flow  would appear to  p e r s i s t  under a l l
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cond itions*  However, when the complete s t a b i l i t y  equation  i s  used 

i t  can be shown th a t  the  flow  becomes u n s ta b le . In  th e  fo llo w in g  

d isc u ss io n  o f the l i t e r a t u r e  most so lu tio n s  to  the problem of 

i n s t a b i l i t y  f a l l  n a tu ra l ly  under one or o th e r of these  head ings.

F i r s t l y ,  i t  i s  worth n o tin g  some of the o b se rv a tio n s of 

e a r ly  experim enters r e l a t in g  to  th i s  problem. Couette ( 56) foufcd th a t  

tu rb u len ce  occurred  w ith  w ater and a i r  in  h is  appara tu s when the  o u te r  

cy lin d e r  r o ta te d  a t  a speed given by

_ 51a (b - a) = x Q 
e ^  

where a ■ 14*393 i n .  and b * 14*630 in .

M allock (70) u sing  sm aller appara tus was ab le  to  reach  v a lu es

o f R between 4*200 and 32,000 befo re  the lam inar co n d itio n s  broke

down. However, Taylor ( 7 l ) ,  who worked w ith c y lin d e rs  of sm alle r

d iam eter and g re a te r  le n g th  suggests th a t  the tu rbu lence  found by

Conette and Mallock was due to  in s u f f ic ie n t  accuracy  of c o n s tru c tio n

or e n d -e f f e c ts ,  and showed fo r  the o u te r cy lin d e r  r o ta t in g  th a t

co n c en tr ic  flow  e x is te d  a t  R = 12,500 which corresponded to  the  h ig h e s t3e
speed of h i s  ap p a ra tu s . Thus i t  might f i r s t  appear th a ty in  the absence 

of a th e o re t ic a l  s o lu t io n /th e  onset of i n s t a b i l i t y  could n o t be 

a c c u ra te ly  p re d ic te d  by the v ario u s w orkers. However, i t  can be seen 

from F ig u re  i  th a t  the  p o in ts  a t  which i n s t a b i l i t y  occurs fo llo w  a 

d e f in i t e  cu rve .
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3*2.1 Taylor (7 l)  was the f i r s t  to  analyse  the genera l case in  

which bo th  c y lin d e rs  r o ta te  in  the same or opposite  d i r e c t io n s .  His 

so lu tio n  reduces to  the fo llow ing  when the o u te r cy lin d e r  i s  s ta t io n a ry .

- f U  r22 r r 4 f
■■■*' '■ '* ■■■"■■ 1 i n ■■■ ■ ■■■. ■■I    ■■ ia i ■ ■ ■—■■■ ^  '>  % Q

£  (R-ĵ  + R2) ^  2 0.0571 f 2 + 0.00056

w hereJX  i s  the  c r i t i c a l  speed of the in n e r c y lin d e r  a t  whichc
tu rb u len ce  occurs

d -  r2 - r 1

and f  -  1 -  0.652 § -
*1

This form ula was ob ta ined  on the assum ption th a t  was
Ei

sm all but Lewis (72) in  an experim ental in v e s t ig a t io n  found c r i t i c a l
& _2 ,} ..iti

speeds which were in  agreement w ith  i t  up to  —  « 0.71* The
1

experim enta l accuracy was improved compared with th a t  of p rev ious 

workers by en su rin g  th a t  the len g th  of cy lin d e rs  was se v e ra l tim es 

la rg e r  than  the d iam ete r. I f  the in n er and o u te r c y lin d e rs  have 

an g u la r v e lo c i t i e s  5 1  and S i  ? re s p e c tiv e ly  and i f
f

S I  2

■  j i i

i t  may be shown th a t  T ay lo rfs r e s u l t  a p p lie s  fo r  1 > / U  0.

However, f o r  -ve v a lu es  of /M the so lu tio n  ceases to  be v a l id .

Meksyn (73) ob ta ined  a so lu tio n  fo r  the case where the c y lin d e rs  r o ta te  

in  the same d ir e c t io n  u s in g  a d if fe re n t  m athem atical approach. This 

so lu t io n  confirm ed T ay lo rfs f in d in g s  and showed complete agreem ent w ith
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the  num erical r e s u l t s .  For in s ta n c e , the num erical f a c to r  in  

Taylor*s so lu tio n  of 0.0571 (see equation  3*8) was found "by Meksyn 

to  be 0 . 0569* In  l a t e r  work Meksyn (74) extended h is  so lu t io n  to  

the  case where the c y lin d e rs  r o ta te  in  opposite  d i r e c t io n s .  This 

so lu tio n  i s  v a l id  provided - i s  no t much sm alle r than O.5 .

Chandrasekhar (75) has po in ted  out th a t  p rev ious workers 

had n o t so lved  the  problem of s t a b i l i t y  com pletely since th e se  so lu tio n s  

a re  v a l id  only when the  d if fe re n c e  in  r a d i i  of the two c y lin d e rs  i s  

sm all compared to  th e i r  mean, i . e .  when d •  R^ -  R ^<C ^ ^  (R^ + R^)* 

Making a d iffe re n t approach, Chandrasekhar d e fin e s  the  o n se t 

of s t a b i l i t y  by the c r i t i c a l  Taylor number T^, where the T aylor Number

4 4  51^ 4
T =  d4

5 > 2

In  th i s  equation

i , 2 
i - / *  ^

A S I  1

C handrasekhar1 s more re c e n t paper on i n s t a b i l i t y  (7 6 ) 

s p e c if ie s  th e  complete Tc re la t io n s h ip  over the e n t i r e  range o fy Ia

wh ic h  i s  of p r a c t i c a l  i n t e r e s t .  This so lu tio n  i s  v a l id  f o r  the 

w ide-gap ca se , and the r e s u l t s  have been confirmed by the experim ents 

of D onnelly (77)* T h eo re tica l confirm ation of C handrasekhar1 s f in d in g s  

has s in ce  been p rov ided  by Walowit e t  a l  (78) who a lso  considered  th e  

e f f e c t  on s t a b i l i t y  of a r a d ia l  tem perature g ra d ie n t. In  the case 

of t h i s  l a s t  in v e s t ig a t io n  they concluded th a t  p o s it iv e  and n eg a tiv e
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tem peratu re  g ra d ie n ts  a re  d e - s ta b i l i s in g  and s t a b i l i s i n g  re sp e c tiv e ly *  

3*2*2 The work on s t a b i l i t y  of flow so f a r  considered  can be 

used to  p re d ic t  the o n se t of s t a b i l i t y  f o r  the case of bo th  c y lin d e rs  

r o ta t in g  o r f o r  j u s t  the in n e r cy lin d e r r o ta t in g  and the o u te r  cy lin d e r  

s ta t io n a ry .  However, in  h is  l a t e r  experim ents Taylor (79) was ab le  

to  reproduce experim en ta lly  a t r a n s i t io n  to  u n s ta b le  flow  w ith  j u s t  

the o u te r  cy lin d e r  r o ta t in g  although  fo r  th i s  case he had n o t solved 

the  th e o re t ic a l  problem . The onse t of i n s t a b i l i t y  v a r ie d  w ith  the 

r a t i o  of gap th ic k n e ss  to  the cy lin d e r ra d iu s  and was in  good 

agreem ent w ith  the f in d in g s  of Couette and a lso  Wendt (8 0 ). Some 

of T ay lo rf s f in d in g s  have been summarised by G oldste in  (Ql) in  h is  

te x t  on F lu id  Dynamics.

To f in d  a th e o re t ic a l  so lu tio n  fo r  th i s  case of ’'v iscous 

i n s t a b i l i t y ’1 we must r e tu rn  to  S c h lic h tin g . The method use<Jby
It* *-• *•*»

S c h lic h tin g  (69 ) was to  show the ex is ten ce  of a th e o re t ic a l  l im i t  of

s t a b i l i t y  f o r  the flow  between p a r a l le l  w a lls . The s t a b i l i t y

c a lc u la t io n  i s  perform ed in  r e la t io n  to the v e lo c ity  p r o f i l e s  which

e x i s t  when th is  type of flow  i s  formed* To each p r o f i l e  th e re
/ U £  * \corresponds a d e f in i te  c r i t i c a l  Reynolds number  ̂ ^  ( J

where £ * i s  th e  d isp lacem ent th ic k n e ss . However, S c h lic h tin g  found 
«

th a t  i n s t a b i l i t y  occurs only in  the  case of e a r ly  p r o f i l e s  up to

-  = 0.161 and the value of R . . based on the d isp lacem ent th ick n essu c r i t  ~

in c re a s e s  from ( • ^ c r i t  = onwards# ^  "17 * 0*115

i t  a t t a i n s  th e  value of 2220. Thus, r e f e r r in g  th i s  r e s u l t  to  a
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c r i t i c a l  Reynolds number formed w ith  the p la te  d is ta n c e  h i t  i s  found
C *

th a t  the low est l im i t  of s t a b i l i t y  occurs f o r  ^ 7  » 0*115 w ith

£  2200 3Q ITJi v 19300
carit 0 .115  ^  ; c r i t  -W 00*

I t  should be no ted  th a t  th i s  r e s u l t  i s  consid erab ly  la rg e r

than th a t  ob ta ined  by C onette . However, S ch lich tin g (8 2 ) has extended

th i s  method to  "the s t a b i l i t y  of flow  in s id e  a r o ta t in g  c y lin d e r  w ith

g re a te r  su ccess . In  th i s  case the  v e lo c ity  p r o f i l e s  were in v e s tig a te d

when the  o u te r  cy lin d e r  i s  s e t  in  motion im p u lsiv e ly . I t  was assumed

th a t  th e re  i s  no in n e r  cy lin d e r to  s im p lify  c a lc u la t io n s .  The c r i t i c a l
/  * Reynolds number based on ^  * was found to  in c re a se  w ith  in c re a s in g  —

owing to  th e  s t a b i l i s in g  in flu en ce  of c e n tr ifu g a l fo rc e s .

/  \Again ^or ^  0 ^  1530 as was the case f o r

C ouette flow . Prom S c h l ic h t in g ^  r e s u l t s  i t  can be seen th a t  the

c r i t i c a l  R based on th e  ra d iu s  of the cy lin d e r has a minimum a t  e

» 0 .0 9 1  and i s  equal to  ( ) c r i^  ■ 6 6 ,0 0 0  where TĴ  i s  the

p e r ip h e ra l  v e lo c i ty .  Comparison of th i s  r e s u l t  w ith  the experim ental 

r e s u l t s  of T aylor, C ouette, e tc .  can be made only a t  the e x tra p o la te d  

p o in t where — * 1* Since in  most experim ents th e  r a t i o  of the 

gap th ic k n e ss  dl to  the ra d iu s  R i s  sm all. I t  can be seen from 

F ig u re  I  th a t  S c h lic h tin g 1 s r e s u l t  i s  low, since  e x tra p o la tio n  of 

measured v a lu es  to  » 1 g ives ( ^  ^ c r l t  * 200*000 .

However, s in ce  th i s  appears to  be the only th e o re t ic a l  so lu tio n  to  the 

problem  th e  agreem ent w ith  experim ent was considered  by S c h lic h tin g  

to  be s a t i s f a c to r y .  More re c e n tly  the work of Schults-Grhnow , (8 5 )
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has shown th a t  th e o re t ic a l ly  the flow  regime when the o u te r  cy lin d e r

only r o ta te s  i s  com pletely s ta b le  under steady co n d itio n s , however,

he has confirm ed S ch lich ting*  s f in d in g s  in  (82) th a t  tu rb u len ce

occurred  du rin g  th e  s t a r t in g  process* In  the experim ental in v e s t ig a t io n

by paying  p a r t ic u la r  a t te n t io n  to  making sure th a t  the c y lin d e rs  were

ex a c tly  co n c en tric  and f re e  from v ib ra t io n s , i t  was observed th a t  the

flow  r e v e r ts  to  a la im in a r  p a t te rn  when a steady s ta te  had been

e s ta b lis h e d . The Reynolds number a t  which tu rbu lence  f i n a l l y  occurred
5

was of the o rd er of 5 x 10 which i s  considerab ly  h ig h er than  th a t

observed by o th e r experim enters . I t  was observed th a t  tu rb u len ce

p e r s is te d ,  as  in  o ld e r experim ents, when a c o n tro lle d  amount of

e c c e n tr ic i ty  was b u i l t  in to  the arrangem ent which suggests th a t  the

causes of tu rb u len ce  when the o u te r  cy lin d e r r o ta te s  and the  in n er

c y lin d e r  i s  s ta t io n a ry  a re  caused by geom etrical im p e rfec tio n s .

I t  m ight be p o in ted  out here th a t  S c h lic h tin g 1 s F ig u re  17*21

in  the  4 th  e d i t io n  of Boundary Layer Theory i s  s l ig h t ly  in  e r r o r  in

th a t  T aylor and Wendt observed t r a n s i t io n  to  tu rbu lence  when

i - ^ 0 . 0 5  a t  R something le s s  than  5 x  10^ and n o t a t  7 x  10^ which R- e

i s  shown in  t h i s  F igure*
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3*3 V isc o s ity  of l iq u id  w ater

3*3*1 Measurements between 0 ° and 1 0 0 ° a t  1  atm# pressure#

A complete survey of a l l  av a ila b le  measurements on the v is c o s i ty  of 

w ater would be extrem ely leng thy  and has been rendered  unnecessary  by 

the  c o r r e la t io n s  compiled from most of the a v a ila b le  d a ta  from time 

to  tim e. A well-known c o r re la tio n  covering the range 0 -  100°C was 

is su e d  by Bingham and Jackson (8 4 ) in  1919 and i s  s t i l l  w idely used; 

th e se  ta b le s  being  pub lished , fo r  example ^in c u rre n t e d i t io n s  of the 

Handbook of Physics and Chemistry (85) .  A second c o r re la t io n  was 

made by Dorsey (86) in  1929 which can a lso  be found in  Dorsey*s (1940)

te x t  on the  p ro p e r t ie s  of w ater-substance (87 ) w ith  the l i s t  of

workers whose d a ta  had been taken in to  account, In  the range 

0 -  100°C the Dorsey r e s u l t s  a re  u su a lly  s l ig h t ly  in  excess of those 

given by Bingham and Jackson the g re a te s t  d if fe re n c e  being  n ea rly  

0 .5 $  which occurs a t  around 17°C. I t  i s  notew orthy th a t  Dorsey 

makes sp e c ia l mention of the r e s u l t s  of Leroux (6 2 ), f o r  which the 

au th o r a s c r ib e s  an u n c e r ta in ty  of no t more than 0#5$ i a  the range 

1*5°C to  44#5°C. These r e s u l t s  were unaccep tab le  fo r  the  com pila tion  

s in c e  they  were c o n s is te n tly  h ig h er than the v a lu es  observed by 

o th e r  experim en te rs , the  e r ro r  in c re a s in g  as the  d if fe re n c e  between 

the  tem peratu re  of w ater under t e s t  and room tem perature increased#

T his was u n fo rtu n a te  because the  r o ta t in g  cy lin d e r  v iscom eter used by 

Leroux was undoubtedly of a h igh standard , the e r ro r  in  h is  r e s u l t s  

b e in g  due to  the d i f f i c u l t y  he had in  m easuring the  exact tem perature 

of the l iq u id  under t e s t .  His procedure was to  measure the th erm o sta t
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tem perature assuming th a t  the whole app ara tu s was iso th e rm a l, which 

ap p a ren tly  was n o t the case* Upon exam ination of these  r e s u l t s  i t  

can he seen th a t  Leroux achieved a h igh degree of p re c is io n  w ith 

very  l i t t l e  s c a t te r  in  the experim ental v a lu e s . Had he overcome the  

problems m entioned h is  r e s u l t s  would have been v a lu ab le  s ince  most 

o th e r r e s u l t s  have been obtained  w ith c a p il la ry  v iscom eters and could 

th e re fo re  con ta in  system atic  e r ro rs  a sso c ia ted  w ith  th i s  p a r t i c u la r  

type of in s tru m en t. The only o th e r p re c ise  de te rm in a tio n  of the 

v is c o s i ty  of w ater u s in g  the ro ta t in g  cy lin d e r method i s  th a t  of 

Drew (88) who made a s in g le  determ ination  a t  20°C. However, s in ce  he 

makes no mention of the estim ated  accuracy of h is  r e s u l t  l i t t l e  

im portance can be a tta c h e d  to i t .

The most p re c ise  measurement of the v is c o s i ty  of w ater i s  

b e liev e d  to  be th a t  of Sw indells, Coe and Godfrey (2) who re p o rte d  a 

va lue  of 1.0019 cP * 0.0003 cP a t  20°C u sin g  a c a p i l la ry  v isco m eter. 

This d e te rm in a tio n  i s  supported by Roscoe and B ainbridge (3) who 

s ta te  a va lue  of 1.0025 cP t  0.0005 cP u sin g  an o s c i l l a t in g  v e sse l 

tech n iq u e . The c lose  agreement between these  two d e te rm in a tio n s , 

u s in g  com pletely  d i f f e r e n t  types of appara tus has r e s u l te d  in  the 

v alue  of 1.002 cP being  accepted as a re fe ren ce  p o in t su b je c t to  an

u n c e r ta in ty  n o t exceeding 0.001 cP.

The most re c e n t c o r re la tio n  of dynamic v is c o s i ty  over the  

range 0 -  100°C i s  th a t  of Bruges, Latto  and Ray (8 9 ). This paper 

l i s t s  the  o th e r s e ts  of recommended values which have been issu e d  in
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a d d itio n  to  those mentioned e a r l i e r  of Bingham and Jackson and 

Dorsey* From th i s  i t  can he seen th a t  the ta b le s  of v a lu es  of 

Dorsey and more re c e n tly  by Weber (90 ) up to  40°C agree to  w ith in  

O.356 which suggests th a t  very  l i t t l e  had changed in  the s ta te  of 

knowledge during  the in te rv e n in g  26 y e a rs . However, Bruges c o r r e la t io n  

lends support more to  the c o r r e la t in g  form ula of the 1964 Skeleton  

Tables ( 9 1 ) the r e s u l t s  f o r  the com pila tion  of which have been 

d escrib ed  by K estin  and Whitelaw ( l ) .  The main d if fe re n c e  between 

the  most re c e n t c o r re la t io n s  and those p r io r  to  1940 a re  due to  the  

a ttem p ts  to  take account of o b se rv a tio n s a t  p re ssu re s  g re a te r  than 

1 atm. A c r i t ic is m  which may be le v e lle d  a t  the  use of these  two 

l a t t e r  c o r r e la t io n s  to  o b ta in  the s a tu ra tio n  l in e  i s  th a t  the r e s u l t  

i s  n o t in  good agreement w ith  e a r l i e r  c o r re la t io n s  except in  the  range 

5° to 40°0. However, ihe c o r re la t io n s  serve d i f f e r e n t  purposes.

Bruges c o r re la t io n  allow s the v is c o s i ty  to be c a lc u la te d  from a s in g le  

equa tion  both along  the s a tu ra tio n  l in e  and a t  e lev a ted  p re ssu re s  

(w ith  th e  co n d itio n  th a t  recommended to le ra n ce s  a re  a p p lie d ) . The 

re p re s e n ta t io n  of p ro p e r tie s  in  th i s  form i s  su ite d  p a r t i c u la r ly  to  

en g in eers  where d a ta  i s  s to red  in  the form of computer programmes.

Where g re a te r  accuracy i s  req u ired  fo r  va lues of v is c o s i ty  a t  1 atm 

the  e a r ly  c o r re la tio n s  of Bingham and Jackson and Dorsey can be used 

w ith  g r e a te r  c e r ta in ty .  In  f a c t ,  the r e s u l t s  ob ta ined  by c a p i l la ry  

v isco m ete rs  f o r  w ater between 0 ^ and 1 0 0 ^ 0  are  in  good agreement 

g e n e ra lly . The r e s u l t s  ob tained by Thorpe and Rodger ( 92) in  I 894 

and Hardy and C o ttin g to n  in  1949 being  examples which a re  compared
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w ith  v a lu es  from t h i s  v iscom eter in  Chapter 6 . The r e s u l t s  of 

th ese  workers agree to  w ith in  0 .5$  between 0° and. 100°C. Some 

a ttem p ts  have been made to  r e - c o r r e la te  the experim ental v a lu es  f o r  

w ater between 0° and 100°C by Kampmeyer (93) on a se m i- th e o re tic a l 

b a s is .  However, the main purpose of th is  work appears to  have been 

to  e x t r a c t  v a lues of the a c t iv a t io n  energy fo r  v isco u s flow  and the  

c o r r e la t io n s  donft  appear to  have been w idely accep ted .

3• 3• 2 Measurements a t  e lev a ted  p ressu re

The e a r l i e s t  recorded  measurements on the  v is c o s i ty  of 

compressed l iq u id  a re  those of Rontgen (94) in  1884  who used a 

c a p i l la ry  in stru m en t fo r  measurements up to  29 atm and m ostly  in  the  

reg io n  of 6°C and 11°C. This work was c lo se ly  fo llow ed by th a t  o f

7/arburg and Sachs (95) who also  f i t t e d  simple eq u a tio n s  to  express

th e  p re ssu re  c o e f f ic ie n t  of v is c o s i ty  fo r  w ater and se v e ra l l iq u id  

hydrocarbons. In  1901 Hauser (96) made measurements on w ater up to

516 Kg£/6m2 and 90°C. Three of h is  r e s u l t s  a re  s in g le  d e te rm in a tio n s

a t  a given tem perature and p ressu re  and these  donft  agree w ith a s e t  

of v a lu es  ob tained  a t  413 K^/cm2 a t  in te rv a ls  of 10°C between 20° 

and 80°C. However th e  q u a l i ta t iv e  conclusions which could be drawn 

from th ese  experim ents were f a i r l y  c o r re c t , th e re  being  a  change from 

a n eg a tiv e  to a p o s it iv e  p ressu re  c o e f f ic ie n t  a t  approxim ately 34°C 

which i s  in  agreement w ith some more re c e n t work.

X massive co n trib u tio n  to  th is  f i e ld  was made by Bridgman ( 97) 

who measured the e f f e c t  of p ressu re  on the v is c o s i ty  of f o r ty - th r e e  

pure l iq u id s  a t  p re ssu re s  up to  12,000 Kgf/cm . He used a  f a l l i n g
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body type in strum en t a t  tem peratures of 0°, 1 0 .3 ° , 30° and 75°C
\ . p

over the  range 1 to 11,000 Kgf/6m fo r  water* However, he had 

co n s id erab ly  le s s  success w ith w ater than w ith o th e r l iq u id s  due to  

the e l e c t r i c a l  co n d u c tiv ity  of the water in te r f e r in g  w ith the  o p e ra tio n  

of the tim er through the e l e c t r i c  co n tac t arrangem ent. With w ater 

th i s  in stru m en t a lso  p resen ted  co rro sion  problem s. These were 

d i f f i c u l t  to  so lve because when the f a l l i n g  body was made from s ta in le s s  

s te e l  th e  e l e c t r i c a l  co n tac t su rfaces  became covered w ith  a h ig h ly  

in s u la t in g  f ilm  a f t e r  the  co n tac t spark between w eight and cy lin d e r  

had occurred  on se v e ra l su ccessfu l runs. These d i f f i c u l t i e s  could 

ex p la in  the  co n s id erab le  d if fe re n c e  up to 2 bet ween Bridgmanfs 

r e s u l t s  and those of B e tt and Cappi (48) who covered n e a rly  the  same 

range of p re ssu re  u s in g  a v iscom eter s im ila r  in  p r in c ip le  bu t much 

improved in  design* Cappifs v iscom eter co n s is ted  of a tube co n ta in in g  

two s in k e rs  one of h igh  and the o th e r of low d e n s ity . Measurements 

were made by in v e r t in g  the p ressu re  v esse l co n ta in in g  the  v iscom eter 

and tim ing  the f a l l  of each s in k e r through the f lu id  s e p a ra te ly  by 

an in d u c tio n  -  operated  e le c tro n ic  tim ing c i r c u i t .  The use of two 

s in k e rs  p erm its  measurements to be made on the d en s ity  of the f lu id  

as w ell as  the v is c o s i ty .  The experim ental accuracy claim ed i s  ± 1 j£ 

and the tem perature a t  which the p ressu re  c o e f f ic ie n t  becomes p o s i t iv e

i s  shown to  be 33*5°C«

As a r e s u l t  of studying  the v is c o s iiy  of aqueous so lu tio n s

Tamman and Rabe (98) in fe r re d  th a t  Bridgman's v a lu es  f o r  w ater a t  10°C

a re  in  e r r o r  and s e t  up th e i r  own expressions fo r  the v a r ia t io n
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in  the v is c o s i ty  of w ater with p ressu re  a t  tem peratu res of 0 ° , 1 0 ° 

and 30 0* In  1932 Lederer (99) s e t up a more com plicated equ a tio n  

fo r  w ater

, V s , 1 6S0P 1 3 6 9  P  l 0 g Tfl T
l ° g10 > -  lo g 10 (1 + -  f e S r  +  10'8" -  °*130^

where f  s  10-6  (1350 t 2) +

where t  i s  the  tem perature in  °C

T i s  the tem perature i n  °K
2

and P i s  in  KgĴ cm .

Dorsey (8 7 ) has l i s t e d  values of IC computed from th i s  equation  

and from the exp ressions of Tamman and Rabe. From p lo t t in g  th ese  values

i t  would appear th a t  th e re  i s  f a i r l y  good agreement between th ese

computed r e s u l t s  and the experim ental r  e s u i ts  of Cohen (100), B e tt 

and Cappi and Bridgman a t  0°C* There i s  poor agreement a t  10°C, Tamman 

being  much h ig h er than the experim ental values and Lederer much low er.

The e a rly  a ttem pts a t  measuring the v is c o s i ty  of compressed 

l iq u id  a t  tem peratures above 100°C were g en e ra lly  unsu ccessfu l and 

the  r e s u l t s  have no t been used in  rece n t c o r r e la t io n s .  The r e s u l t s  

of S igw art (101) were obtained from an open c i r c u i t  c a p i l la ry  

v iscom eter s im ila r  to  th a t  used by Speyerer (102) in  which the 

measurement of p ressu re  drop ac ross the c a p i l la ry  was a f fe c te d  by 

means o f a  r in g  ba lance . Although he covered the range of tem peratu res 

275 -  380°C and of p ressu re  25 -  270 Kgf/cm the appara tus was 

su b je c ted  to  the d i f f i c u l t i e s  a sso c ia ted  with an open c i r c u i t  v iscom eter,
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namely, the problem of o b ta in in g  s ta b le  flow  and the measurement of 

the p re ssu re  drop along  the c a p i l la ry .  The r e s u l t s  ob ta ined  along  

the s a tu ra t io n  l in e  seem reasonable bu t the p re ssu re  c o e f f ic ie n t  

o b ta in ed  was com pletely unaccep tab le . For in s tan ce  a t  100°C they 

found th a t  by in c re a s in g  the p re ssu re  by 270 Kgf/cm the  v is c o s i ty  

in c re a se  was approxim ately  21$ , whereas i t  i s  now accep ted  to  be 

s l i g h t ly  le s s  than 2$. I t  i s  a s to n ish in g  th a t  u n t i l  1940 th ese  were 

the only  r e s u l t s  a v a ila b le  a t  tem peratures above 100°C f o r  the  

v is c o s i ty  of compressed l iq u id ,  although de Haas (103), Speyerer 

and Hawkins, Solberg  and P o tte r  (104) had made o b se rv a tio n s  along  the  

s a tu ra t io n  l i n e .  The v iscom eter of Hawkins e t  a l  was used f o r  

measurements on compressed w ater up to  240 kgf/cm however th e  

in s tru m en t was in s u f f ic ie n t ly  s e n s itiv e  to o b ta in  the sm all changes 

in  v is c o s i ty  over t h i s  range and they concluded th a t  the p re ssu re  

e f f e c t  was n e g l ig ib le .  Their v iscom eter was s im ila r  to  th a t  of 

Bridgman and involved  tim ing  the passage of a f a l l i n g  body in  a 

v e r t i c a l  tube . The tim ing  method was by winding two c o i l s  onto the 

tube and connecting  them as p a r t  of an a .c .  b ridge  c i r c u i t .  The 

f a l l-b o d y  p ass in g  through the c o i l  was s u f f ic ie n t  to  unbalance the 

b rid g e  and to  swing a pen across the  ch a rt of a reco rd in g  m il lia m e te r . 

A lthough in s u f f ic ie n t ly  s e n s i t iv e ,  th is  method solved the problems 

encoun tered  by Bridgman and layed the foundation  fo r  the  much improved 

fa ll in g -b o d y  in s tru m en ts  which have since been made*

In 1940 measurements on the v is c o s i ty  of compressed w ater 

were made by Tim rot and Khlopkina (105) u sin g  a c a p i l la ry  in stru m en t
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in  which the  d r iv in g  fo rc e  fo r  the f lu id  was prov ided  by the movement 

of mercury in  a rin g -b a lan c e  during  ro ta t io n  of the v isco m eter about 

i t s  ax is*  They covered the  range 17° -  a t  p re s su re s  up to
o

500 Kgf/cm • A s im ila r  range was covered by Schmidt and Mayinger (106) 

who went to  580 kgf/cm and 200 C a lso  u s in g  a c a p i l la ry  instrum ent*  

Moszynski (107), u s in g  an o s c i l l a t in g  sphere has covered the  p re ssu re
2 nrange 1 to  580 Kgf/cm and tem peratu res between 20° and 300°C* These 

th re e  w orkers have been mentioned to g e th e r since  they have a lso  

measured th e  v is c o s i ty  of steam w ith the same ap p ara tu s  and both  the  

steam and l iq u id  w ater r e s u l t s  a re  i n  reasonab le agreem ent. This i s  

a lso  the  case f o r  Tanaka e t  a l  (55) who have covered the range 

1 -  1000 kgf/cm a t  tem peratu res between 12° and 360°C u s in g  a c a p i l la ry  

v isco m ete r.

The work of these  l a s t  fo u r workers has been reviewed by 

Bruges (8 9 ) s ince  the  measurements of the form er th ree  were used in  

the  c o r r e la t in g  equation reproduced here in  se c tio n  6 .1 . I t  i s  

i n t e r e s t i n g  to  no te  th a t  Moszynski observed the tem perature a t  which
I

the p re ssu re  g ra d ie n t became p o s it iv e  as 35 8 whereas Bruges*

c o r r e la t io n  in d ic a te d  37°C. Thus a gradual movement away from the

v alu e  of 33 .5° m entioned e a r l i e r  appears to  be tak in g  p la c e . Since

none of th e se  workers covered the low tem perature reg ion  ( i . e .  0 -  20 C)

th e  c o r r e la t io n  produced does no t in d ic a te  the la rg e  in c rease  in  the
o

n e g a tiv e  p re ssu re  c o e f f ic ie n t  below 20 C.

A nother c o n tr ib u tio n  to  the compressed l iq u id  measurements 

has been made by Weber (108) u sing  a f a l l i n g  b a l l  in s tru m en t. The range
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covered i s  1 to  500 Kg£/bm and 20° to  160°C. The ap p a ra tu s  i s  

s im ila r  to  th a t  d escrib ed  e a r l i e r  in  h is  p re c is io n  measurements on 

w ater a t  atm ospheric p re ssu re  between 0° and 40°C. The ap p a ra tu s  

cannot g ive ab so lu te  v a lu es f o r  the v is c o s i ty  c o e f f ic ie n t  and the 

r e s u l t s  a re  l i s t e d  as being  the percen tage change in  v is c o s i ty  w ith  

p re ssu re  assum ing th a t  the p re ssu re  c o e f f ic ie n t  i s  zero a^ong the  

32 C iso th erm . In  view of it he v a r ia t io n  observed in  the  tem peratu re  ait 

which th e  p re ssu re  c o e f f ic ie n t  in v e r ts  i t  would seem presum ptive to  

exp ress th e  r e s u l t s  in  th i s  way. However, by u s in g  the b e s t  a v a ila b le  

d a ta  a long  the s a tu ra t io n  l in e  ab so lu te  v a lu es f o r  h igh p re ssu re  w ater 

can be o b ta in ed .

The most r e c e n t ly  published  experim ental r e s u l t s  a re  those  of

Dudziak and Franck (109) who have covered the range 160° to  $60°C

2and 200 and 3500 Kg/cm . These are the f i r s t  to be made on l iq u id  

w ater u s in g  the  " o s c il la t in g -d is c -b e tw e e n - f ix e d -p la te s "  method 

developed by K estin  and Wang fo r  gases (110) and steam ( i l l ) .  S ince the 

th eo ry  f o r  th i s  method has no t been developed s u f f i c ie n t ly  to  a llow  

an a c c u ra te  edge c o r re c tio n  to be made  ̂measurements a re  made r e l a t i v e  

to  the  p re s e n tly  accep ted  experim ental d a ta  most of which has been 

m entioned above. A n o ta b le  d if fe re n c e  between the procedure in  t h i s  

work and th a t  of K estin  and Wang and Moszynski i s  th a t  h e re  the 

lo g a rith m ic  decrem ent has been obtained e l e c t r i c a l ly  whereas p re v io u s ly  

t h i s  had always been achieved o p tic a l ly  through a h igh p re ssu re  window.. 

D udziak1s method was to  apply a small a l te r n a t in g  v o ltag e  to  e le c tro d e s  

on the  d is c  and p la te s  p e rm ittin g  the e l e c t r i c a l  r e s is ta n c e  between these
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p a r ts  to  be measured (s in ce  the in te rm ed ia te  w ater always e x h ib its  

a s l i g h t  co n d u c tiv ity ).. The re s is ta n c e  v a r ia t io n s  were p ro p o rtio n a l 

to  the am plitudes of the small angle o s c i l la t io n s  thus the  lo g a rith m ic  

decrem ent of the  o s c i l la t io n s  could be derived  from the reco rded  

r e s i s ta n c e s .  U n fo rtu n a te ly , the pub lished  d a ta  fo r  w ater up to 

800 Kg^/cm must have a f a i r l y  wide to le ra n ce  a p p lie d  to  i t  due to  

experim enta l in a c c u ra c ie s  of the v ario u s methods used , so th a t  t h i s  

same to le ra n c e  (approxim ately  * j f )  must be ap p lied  to  Dudziak*s 

r e s u l t s .  I t  would appear th a t  the e l e c t r i c a l  method f o r  determ in ing  

the decrem ent of o s c i l la t io n s  a lso  re q u ire s  f u r th e r  development s in ce  

the average d e v ia tio n  of the experim ental values from the smoothed 

curves i s  of the o rder of -  yfo. However, in  the  au tho r*s opin ion  

the r e s u l t s  of th i s  work re p re s e n t a very considerab le  achievem ent 

in  view of the te c h n ic a l problems overcome.

Home and Johnson (52) have a lso  re c e n tly  p u b lish ed  th e i r

r e s u l t s  from a r o l l in g  b a l l  type viscom eter in  the ranges 2° -  20°C
2

and 1 -  2000 Kg^m . T heir o b je c t, in  c o n c en tra tin g  on the low 

tem pera tu re  reg io n  was to  study p a r t ic u la r ly  the s t ru c tu re  b reak in g  

e f f e c t  o f p re ssu re  on w ater and to  allow  some d ec is io n  to  be made 

concern ing  the d isc re p a n c ie s  which e x is t  between the r e s u l t s  of 

Bridgman, Tammann and Rabe and o th e r workers a t  lov/ tem p era tu res .

In  the  au th o r  * s op in ion  Home and Johnson* s choice of experim ental 

tech n iq u e  was u n su ita b le  to  achieve th is  o b je c tiv e  s in ce  however many 

p re c a u tio n s  were taken, the  f a c t  remains th a t  the flow  regime around 

a r o l l i n g  b a l l  has n o t y e t  been th e o re t ic a l ly  an a ly sed . F u rtherm ore ,
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even i f  one does assume th a t  th e  flow around the  b a l l  i s  lam in a r, 

only p a r t  of the r e s is ta n c e  to  movement w il l  be due to  th e  v is c o s i ty  

of the f lu id  since  th e re  w il l  a lso  be a c o n tr ib u tio n  from the r o l l i n g  

c o n ta c t between b a l l  and tube* This second c o n tr ib u tio n  to  the 

’’f a l l  -  tim e '1 of the b a l l  i s  obviously  c r i t i c a l  s ince  the au th o rs  

adm it th a t  in  choosing the angle of the tube a t  which the  tim ings are  

to  be made, s te e p e r  in c l in a t io n s  of the tube s a c r i f ic e d  a s ig n i f ic a n t  

f ig u re  in  the f a l l  time w hile le s s  steep  in c l in a t io n s  tended to  g ive 

e r r a t i c  f a l l  tim es# The l a t t e r  observa tion  was a t t r ib u te d  to  a very  

slow ly moving b a l l  g e t t in g  re ta rd e d  by d u st p a r t i c l e s  o r s l i g h t  

inhom ogeneities on the in n e r su rface  of the tube . Since the  f a l l - t im e  

has a ls o  v a r ie d  during  the t e s t  w ith the v a rio u s  v i s c o s i t i e s  measured, 

by the same reaso n in g  i t  may be deduced th a t  th ese  f a c to r s  w il l  have 

a lso  a f f e c te d  the v is c o s i ty  v alues o b ta in ed . The r e s u l t s  reco rd ed , 

however, a re  rem arkably c o n s is te n t and the f a l l  tim es h ig h ly  

rep ro d u cab le  so th a t  the  o v e ra ll p ic tu re  of the r e s u l t s  i s  conv incing .

As a r e s u l t  of th is  survey the fo llo w in g  gen era l conc lusions 

may be drawn. For the very high p ressu re  measurements the f a l l i n g  body 

method has been developed to a high p re c is io n  by Cappi and i s  

probab ly  the b e s t  s o lu t io n , although the o s c i l l a t in g  d isc  in stru m en t 

of Dudziak and Franck has been used fo r  measurements a t  rem arkably 

h igh  p re s su re s  and tem pera tu res. The ’’m oderate11 range of p re s su re s  

and te m p era tu res  to  500 ICgf/cm2 and 500°C has been covered by se v e ra l 

r e l i a b l e  w orkers in c lu d in g  Mayinger, Moszynski, Tim rot, Tanaka and Weber.
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The m a jo rity  of t h i s  work was performed w ith  c a p i l la ry  instrum ent^, 

however, the o s c i l l a t in g  sphere method used by Moszynski and the  

f a l l i n g  b a l l  r e s u l t s  of Weber tend to s tren g th en  the p o s i t io n  

g e n e ra lly  because i t  means th a t  n o t a l l  d a ta  has been o b ta in ed  

w ith  the  same type of in s tru m en t. However, the  f a c t  th a t  s e v e ra l 

methods have been used , most of which a re  no t a b so lu te  in s tru m en ts  

b u t which re q u ire  to  be c a lib ra te d  f i r s t  w ith a f l u id  of known 

v is c o s i ty  has le ad  to  a f a i r l y  la rg e  s c a t te r  when a l l  of the  r e s u l t s  

a re  consid ered  to g e th e r . Thus th e re  rem ains th e  need f o r  a r e l i a b l e  

a b so lu te  v iscom eter to  work sy s te m a tic a lly  through th i s  range a llow ing  

those  who c o r r e la te  the r e s u l t s  to  be more d is c r im in a tin g  about the 

experim en ta l v a lu es which should be included in ,  or r e je c te d  from , 

fu tu re  c o r r e la t io n s .

I t  may be g e n e ra lise d  th a t  the r e s u l t s  ob ta ined  f a l l  in to  

two groups, those above room tem perature and those below. Few 

w orkers have covered the  complete range and those who have, f o r  

in s ta n c e  Bridgman, a re  no t considered  now to have produced th e  most 

r e l i a b l e  d a ta . For th i s  reason  B ruges1 c o r re la t io n  which makes use 

o f most of the  measurements in  the 'm odera te1 range o f tem peratu re  

and p re s su re  does n o t show up the  ra p id  in c re a se  in  th e  n e g a tiv e  

p re s s u re  c o e f f ic ie n t  a t  tem peratures below 20 C. Some of those 

measurem ents made below 20 C are  q u estionab le  because oi the method 

u sed . For in s ta n c e , some doubt must be c a s t upon Home and Jo h n so n 's  

r e s u l t s  because of th e i r  choice of a r o l l in g  b a l l  in s tru m e n t. Most 

o f the  in s tru m e n ts  mentioned req u ired  to  be c a l ib ra te d  w ith  a f l u i d
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of known v is c o s i ty .  This in tro d u ces  two u n c e r ta in t ie s  in to  the 

r e s u l t s ,  the  to le ra n c e  which must be ap p lied  to  the c a l ib r a t io n  

i t s e l f  and the p o ss ib le  e f f e c t  of advanced tem perature and p re ssu re  

on the dim ensions of the in stru m en t. For in s ta n c e , in  some f a l l i n g  

body v iscom eters  the d rop-tube i t s e l f  i s  su b jec ted  to the f u l l  

in te r n a l  p re ssu re  of the t e s t  f l u id  which must in e v ita b ly  r e s u l t  

in  a sm all change in  d iam eter. In  the case of Home and Johnson 

th i s  problem was overcome by in s e r t in g  a l in e r  on which the  

h y d ro s ta t ic  p re ssu re  could a c t  from a l l  d ir e c t io n s .  Moszynski*a 

o s c i l l a t in g  sphere method can be considered  ab so lu te  b u t f o r  some 

reason  the r e s u l t s  he ob tained  are  low when e x tra p o la te d  to  20°C. 

A lso, th e  te n ta t iv e  conclusion  of Moszynski*s th a t  the v is c o s i ty  of 

w ater can be a f fe c te d  by su b jec tin g  i t  to  a p re ssu re  cy c le , which 

has s in c e  been r e je c te d  by f u r th e r  measurements of K estin  and 

W hitelaw (112) u sin g  an instrum en t of s im ila r  d esign , must cause 

some sp e c u la tio n  as to the o r ig in  of th i s  phenomenon. That the 

e f f e c t  cannot be a t t r ib u te d  to  d isso lv ed  a i r  has a lso  been confirm ed 

by Ca>r and W ylie (113). I t  seems, th e re fo re , th a t  p re ssu re  c y c lin g  

in  some way a f fe c te d  th e  ab so lu te  accuracy of Moszynski *s v isco m ete r.
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CHAPTER 4

DESCRIPTION OF APPARATUS 

4*1 An account of the stag es of development of the viscom eter#

4*1*1 The p re lim in ary  design .

As mentioned in  se c tio n  1.1 two p rev ious workers in  Glasgow 

U n iv e rs ity  recommended th a t  the  ro ta t in g  c y lin d e r v iscom eter could 

make a u se fu l c o n tr ib u tio n  to the v is c o s i ty  measurement of compressed 

w ater and steam. P a r ts  of tb&ir th eses  were devoted to p re lim in ary  

design  c o n s id e ra tio n s  although the p re ss in g  need fo r  r e s u l t s  from 

the c lo sed  c i r c u i t  Rankine v iscom eter prevented  them from p u rsu in g  

the method ex p e rim en ta lly . The only experim ents were performed by 

W hitelaw who te s te d  sapph ire  r o l l e r s  in  a h igh tem perature steam 

environm ent to  see i f  these  could be used fo r  lo c a tio n  of th e  r o ta t in g  

c y lin d e r  in  experim ents a t  advanced co n d itio n s. However, th e  

te n ta t iv e  conclusions of these  w orkers, p a r t ic u la r ly  of Whitelaw, 

formed the b a s is  f o r  the f i r s t  d e ta ile d  design made by the au th o r, 

see F ig u re  2 .

The method of assembly and o pera tion  can be c le a r ly  seen in  

the  i l l u s t r a t i o n .  The cover was perm anently supported on a tr ip o d  

stand  w ith  le v e l l in g  screws such th a t  the in strum en t could be 

a d ju s te d  to  s tand  v e r t i c a l ly .  The guard cy lin d e rs  and in n e r cy lin d e r  

were f i r s t  assem bled and then by p rev io u sly  warming the o u te r  cy linder^  

i t  could be pushed onto the b ea rin g  races  (which are lo ca ted  on the  

guard c y lin d e rs )  and thus sh rin k  f i t t e d  in to  p o s i t io n . The main
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p re ssu re  v e sse l could then be l i f t e d  in to  p o s it io n  by a sp e c ia l r i g

which c o n s is te d  of 4 t i e - b o l t s  screwed in to  fo u r  of the s tu d s in

the v e s s e l .  These t i e  b o l ts  passed through the h o les  in  the cover a llow ing

the w eight of the v e s se l to be taken by an overhead frame f i t t e d

w ith  p u lle y s  and a balance w e i^ i t .  Once the 8 r e ta in in g  n u ts

had been tig h te n e d  the t i e - b o l t s  were removed. I t  can be seen

th a t  the  d riv e  s h a f t  i s  hollow  a t  a p o in t ju s t  above the  chevron-

packed se a l a llow ing  the m irro r-stem  extending from the in n e r

c y lin d e r  to  hang in s id e  i t .  The top end of the sh a f t and the re c e s s

in  the  bottom  end of the r o ta t in g  cy lin d e r were sp lin ed  so th a t  as

the p re ssu re  v e s se l was p laced  in  p o s it io n  the s h a f t could be

lo c a te d  a t  the  same tim e. In  o rder to  be able to  observe the

an g u lar p o s it io n  of the in n e r cy lin d e r the hollow p a r t  of the  d riv e

s h a f t  had th re e  ’’windows” cu t in to  i t ,  the small torque re q u ire d  to

r o ta te  th e  cy lin d e r being  q u ite  adequately  tran sm itted  by the th re e

s t r u t s  which rem ained.

The d riv e  s h a f t  could be ro ta te d  in  e i th e r  d ire c t io n  

between 0 and 25 r .p .m . by a f r a c t io n a l  H.P. motor w ith  Pye c o n tro l 

equipment which was loaned by th e  e l e c t r i c a l  departm ent. A 40 * 1 

worm g ea r was n ecessary  which a lso  turned the d rive  from the 

h o r iz o n ta l  to  the v e r t i c a l  p lan e . Access was provided in  the  cover 

f o r  fo u r  thermocouple pockets, which allowed the tem perature to  be 

measured in  the space between the r o ta t in g  cy lin d e r  and th e  p re ssu re  

v e s s e l .  The angu lar v e lo c ity  of the o u te r cy lin d e r  was k ep t low 

so th a t  the  d e f le c tio n s  of the in n e r cy lin d e r were sm all and could
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be measured d i r e c t ly  through the h ig h -p re ssu re  sapph ire  window 

u s in g  a te le sc o p e , m irro r and illu m in a te d  sc a le  technique* Using 

th i s  method i t  i s  necessary  to make allowance f o r  re frac tio n  a t  

the w a te r/sap p h ire  and s a p p h ire /a ir  in te r f a c e s .  In th i s  case 

the ebserved d e f le c tio n  &  i s  r e la te d  to  the angu lar d e f le c t io n  tX  

(see  F ig u re  3) by the r e la t io n

£  = a  tan  2<X + h t a n ^  + c tan  3̂
—I r-

sin _2od

The d is ta n c e  a , b and c must be a c c u ra te ly  known and sinceyU w 

the  r e f r a c t iv e  index o f w ater changes w ith p re ssu re  and tem peratu re  

i t  i s  convenien t to  p lo t  £  a g a in s t the angle of d e f le c tio n  o i  f o r  

d i f f e r e n t  v a lu es o f The changing r e f r a c t iv e  index of w ater

can be c a lc u la te d  from th e  same em pirical equation

A .  - 1 „  hv
A 4!

w herey t^   ̂ denotes the  index of r e f ra c t io n  a t s p e c if ic  volume 

and yW the f e f r a c t iv e  index a t  s p e c if ic  volume Y. The r e f r a c t iv e  

index  of sapph ire  has been determ ined by M alitson e t  a l  (114)»

At f i r s t  the v is c o s i ty  of a i r  was measured w ith t h i s  v iscom eter 

under atm ospheric c o n d itio n s . Hie r e s u l t s ,  however, were n o t g^od, 

th e re  b e in g  f a r  too much s c a t te r  in  the p lo ts  of d e f le c tio n  a g a in s t  

r o ta t io n a l  v e lo c ity  fo r  p re c is io n  d eterm inations to  be made. At 

f i r s t  t h i s  was thought to  be p u re ly  a m atte r of v ib ra tio n  due to
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p o ss ib le  m isalignm ent in  the m echanical s e t-u p , however, a f t e r  a 

co n s id e rab le  time spen t on ad justm ents to  e lim in a te  th is ,  i t  was 

ap p aren t th a t  e x te rn a l v ib ra tio n  was; n o t the so le  cause of t ro u b le .

I t  was concluded th a t  the openings in  the hollow  s h a f t were the 

ro o t  of the  tro u b le , since i t  would appear th a t  these were causing  

a d is tu rb an ce  in  the  f lu id  and so causing  the m irro r stem (and 

thus the  in n e r  c y lin d e r)  to v ib r a te .  When the in stru m en t was 

f i l l e d  w ith  w ater, d i f f i c u l t y  was encountered m easuring the  la rg e r  

an g u lar d e f le c t io n s  because of g re a te r  d isp e rs io n  of the l i g h t  

from the  sc a le  as th e  ang les of inc idence in c re a se d . In  f a c t  t h i s  

e f f e c t  combined w ith the s t i r r i n g  of the f lu id  made i t  q u ite  

im possib le  to  ach ieve the o b jec tiv e  and i t  was decided to  c o n s tru c t 

a. new v iscom eter m odified to  overcome these  d i f f i c u l t i e s

4.1*2 The f i r s t  v isco m eter.

Since the le sso n s  to  be lea rn ed  from the l a s t  se c tio n  were 

of use to  the au tho r and are  of l i t t l e  consequence o th e rw ise , the 

in s tru m en t th a t  fo llow ed , (see F igu re  4 andAppendix C), i s  h e r e a f te r  r e 

f e r re d  to  as th e  1 s t  v isco m eter. I t  had been decided to  reach  the
2 o

o r ig in a l  o b je c tiv e  of a p re ssu re  of 1000 Kgf/cm and 375 C two 

s ta g es  in s te a d  of one. Thus the f i r s t  v iscom eter was designed fo r  

measurements to  250° C and 250 Kgf/cm w ith the p ro v is io n  th a t  a 

second v iscom eter shou ld  be co n stru c ted  a t  a l a t e r  date in c o rp o ra tin g  

any le s so n s  l e a r n t  from the f i r s t  v iscom eter, a t  the same time 

ex ten d in g  the  co n d itio n s  to  those proposed in  the o r ig in a l  o b je c tiv e .
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The main fe a tu re s  of th i s  in strum en t are  th a t  the  r o ta t in g  

cy lin d e r  i s  d riven  by a s h a f t  e n te r in g  through the  s id e  of the v e s se l 

and the lower guard cy lin d e r  i s  extended downward to  sh ie ld  the 

m irro r stem from any tu rbu lence in  the f lu id .  The design  in c lu d es  

a th e rm o s ta tic  ja c k e t through which a h e a tin g  f lu id  i s  c i r c u la te d .

The ang u lar d e f le c tio n  i s  no longer measured by o b se rv a tio n  e n t i r e ly  

through the window bu t by in c o rp o ra tio n  of the n u ll  device d esc rib ed  

in  Appendix B. A se p a ra te  f a c i l i t y  has been provided fo r  m easuring 

the to r s io n a l  p ro p e r t ie s  of the w ire a t  d i f f e r e n t  tem p era tu res , 

see F ig u re  5* Since th i s  v iscom eter i s  the su b je c t of the more 

d e ta i le d  d e s c r ip tio n  to  fo llo w  i t  only remains to be sa id  th a t  

measurements have been made w ith th is  v iscom eter on compressed
9 /"n

l iq u id  w ater over the range 1 to  230 Kgf/cm and 10 -  120 C.

There i s  no reason  why the tem perature should n o t be in c reased  to 

250°C subsequen tly  (and, a t  l e a s t , t o  180°C w ith  the p re se n t method 

of tem perature c o n tro l) .

4 .1 .3  The second v iscom eter.

In  view of the p ro g ress  made with the f i r s t  v iscom eter 

a second in stru m en t i s  in  the f in a l  s tag es  of co n s tru c tio n  which, 

i t  i s  expected , w il l  enable measurements to  be made over the f u l l  

rang£ env isaged . This v iscom eter i s  shown in  F igu re  6. At 

tem p era tu res above 200°C the  problem of o b ta in in g  the to rs io n a l 

p ro p e rty  of the suspension wire becomes more d i f f i c u l t .  In  d es ig n in g  

th e  second in s tru m e n t, th e re fo re , an id ea  has been in co rp o ra ted  

which was f i r s t  suggested by K je llan d -F o steru d  (4)* Thus, the
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in n e r  c y lin d e r  i s  suspended between two w ires , the  top one of 

which i s  provided only as a s e n s i t iv e  means of support w hile the  

bottom w ire i s  a to rs io n  wire c a lib ra te d  in  the normal way.

This arrangem ent, however, enab les the to rs io n  w ire to  be in  a 

tube o u ts id e  the h o t t e s t  zone of the v iscom eter and by having  the  

r o ta t i n g  to rs io n  head a t  the bottom of the in strum en t tlie n u l l  

method of m easuring the angu lar d e f le c tio n  can ag a in  be used .

Thus the  o p e ra tin g  sequence becomes a m atte r of e s ta b l is h in g  the  

n u l l  p o in t  a s  seen through the window and then p ro v id in g  a 

co n s tan t ang u lar v e lo c ity  to  the o u te r c y lin d e r . This w i l l  cause 

the in n e r  c y lin d e r  to  d e f le c t  to  some eq u ilib riu m  p o s i t io n  a t  which 

p o in t bo th  w ires a re  under to r s io n . At th is  s tage  the to r s io n  

head ( to  which the low er end of the bottom wire i s  a ttac h ed ) i s  

ro ta te d  u n t i l  the in n e r  c y lin d e r , as seen through the window, i s  

re tu rn e d  to  the  n u l l  p o s i t io n . The to rs io n  i s  now e n t i r e ly  

con ta ined  by the lower w ire and the angular d e f le c tio n  of the 

in n e r  c y lin d e r  i s  g iven by the amount th a t  i t  was necessary  to  

r o ta te  the to r s io n  h ead . A r a d ia l  o p tic a l  g ra tin g  a tta c h e d  to 

the  to r s io n  head allow s th is  angle to  be determ ined w ith a c e r ta in ty  

of *  5 seconds of a r c .  This fe a tu re  i s  more f u l ly  d esc rib ed  in  

Appendix J*
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4*2 P ro v is io n  of known angular v e lo c ity  to  the T o ta ting : c y lin d e r  

Since the  angular v e lo c ity  of the r o ta t in g  c y lin d e r  e n te rs  

d i r e c t ly  in to  the equation  2*7 used in  c a lc u la tin g  th e  v is c o s i ty  

the tim e ,rt H fo r  1 re v o lu tio n  of the cy lin d e r must be a c c u ra te ly  

known. The v e lo c ity  must a lso  remain o s te n s ib ly  co n s tan t over 

the tim e re q u ire d  to  take a measurement w hich^for a liq u id ^ h a s  

been found to  be between f iv e  and ten m inutes. I t  should be p o in ted  

out th a t  the requirem ent fo r  measurements on l iq u id s  d i f f e r s  from 

th a t  of g ases . Y/ith gases the  suspended cy lin d e r tends to  o s c i l l a t e  

about any p o s it io n  a t  which a read in g  i s  req u ire d  due to  the low 

in h e re n t damping of the  system . One th e re fo re  has to  w ait u n t i l  

the c y lin d e r  has become s u f f ic ie n t ly  steady to take a read in g  o r to  

reco rd  the  end p o in ts  of sev e ra l of these  o s c i l la t io n s  so th a t  the  

ce n tre  p o in t may be found. E ith e r  of these  procedures tak es  

a co n s id e rab le  time and th e re fo re  the long term s t a b i l i t y  of the 

d r iv e  i s  im p o rtan t. For in s ta n c e , Bearden achieved a d riv e  

v e lo c i ty  which rem ained co n stan t to w ith in  1 p a r t  in  10^ over 

p e rio d s  of many h o u rs . However,wiih liquids^, the  i n i t i a l  o s c i l la t io n s  

due to  a  change of speed soon decay and the  angu lar d e f le c t io n  can 

be reco rd ed  r e l a t iv e l y  qu ick ly . Several a l te r n a t iv e  arrangem ents 

were examined fo r  a servo-con t r o l le d  b a s ic  d riv e  in c lu d in g  the  

Ward-Lennard arrangem ent w ith feed-back  from a tachom eter o ffe re d  

by M essrs. L ancash ire  Dynamo and a system u sin g  th y r i s to r s  ( i . e .  

s i l i c o n  c o n tro lle d  r e c t i f i e r s )  o ffe red  by A .E .I . E le c tro n ic s  

D iv is io n . S u rp r is in g ly , the long-term  s t a b i l i t y  Ox the l a t t e r  system



-  67 -

i s  n o t hi£#i, being  in  the  o rd er of 0*5^ which was considered  

unaccep tab le  in  th is  a p p l ic a tio n . The Ward-Lennard arrangem ent 

i s  la rg e  and expensive by p re se n t standards and could no t be 

expected  to  co n tro l a t  any one speed to  b e t te r  than  0 .1  j£. I t  

should be no ted  th a t  both  of these  syterns are  p a r t i c u la r ly  su ite d  

f o r  o th e r  a p p l ic a t io n s ,  fo r  in s ta n c e , where the  speed must be 

m ain ta ined  under sudden la rg e  changes of to rque . T h is, however, 

i s  n o t a problem h e re . Therefore the id ea  of u s in g  a c losed-loop  

system was abandoned and a s a t is f a c to ry  a l te r n a t iv e  was found to  

be a 1/3 H .P ., 3 -phase synchronous motor supp lied  from the mains. 

T ests  on th i s  d riv e  a re  given in  Appendix H. The main conclusion  

being  th a t  f o r  p e rio d s  of up to  sev e ra l hours, a t  c e r ta in  tim es of 

the  day, th e  speed rem ained co n s tan t to  w ith in  £ 0.05$* At o th e r 

tim es la rg e r  changes occurred but by ta k in g  tachom eter read in g s  

a t  the  beg inn ing  and end of a t e s t ,  the e f f e c t  of th i s  can be 

taken  in to  accoun t.

I t  i s  a  co n s id e rab le  advantage, i f  no t an e s s e n t ia l  

f e a tu r e ,  to  be ab le  to  vary the speed of r o ta t io n  over a f a i r l y  

wide ran g e . In  th i s  event a sp eed sd e flec tio n  curve can be p lo t te d  

which should  be a s t r a ig h t  l in e  fo r  Newtonian f lu id s  ( th e  slopeof 

v/hich g ives the v i s c o s i ty ) .  Although e a r ly  workers used f ix ed  

r a t i o  gear boxes the  technology of so -c a lle d  i n f i n i t e l y  v a r ia b le  

re d u c tio n  g ea rs  has advanced co nsiderab ly  in  re c e n t y e a rs .

The com plete range of e l e c t r i c a l ,  mechanical and h y d rau lic  v a r ia b le
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speed methods was reviewed in  1 9 6 4  by the E n g in ee rs 1 D ig est (115).

The h y d ra u lic  pump in s t a l l e d  "back-to-back w ith a h y d ra u lic  m otor, 

both  of r a d ia l  p is to n  design , form an e x c e lle n t red u c tio n  u n i t .

The speed can be v a ried  by moving an e c c e n tr ic  which a l t e r s  the  

s tro k e  of the r a d ia l  p is to n s . The u n it  chosen fo r the p re se n t work 

was su p p lied  by M essrs. C arte r Gears and makes use of th i s  p r in c ip le .  

I t  i s  d riv en  a t  co n s tan t speed by the synchronous motor through 

tim ing  p u lle y s  and s te p p e d -b e lt , the ou tpu t being  i n f i n i t e l y  

v a r ia b le ,  in  e i th e r  d ir e c t io n  of r o ta t io n ,  between zero and 

1000 r .p .m . F igu re  7 shows th e  speed s t a b i l i t y  of the ou tpu t sh a ft 

of t h i s  gear v/hen s u f f ic ie n t  time had been allow ed to  e lap se  fo r  

the g ear to  a t t a i n  a steady  tem perature. A f ix e d - r a t io  red u c tio n  

Of 2 9 /3  i s  provided  by a worm gear between the h y d rau lic  gear and 

the v isco m e te r. The tachom eter, of which a diagram i s  shovm in  

F ig u re  8 i s  p laced  on a high speed se c tio n  of the d riv e  so th a t  the 

la r g e s t  speed i s  measured. F u rth e r  f ix e d - r a t io  reductions in  speed 

occur between the h y d rau lic  gear aM  the r o ta t in g  cy lin d e r  b u t in  

a l l  cases  tim ing  p u lle y s  and gears have been usedythus e lim in a tin g  

any p o s s i b i l i t y  of s l i p .  The pick-up f o r  the tachom eter was 

designed  by N .E.L. bu t m anufactured in  the U n iv e rs ity . I t  c o n s is ts  

of a  Tufnol d is c  w ith  120 mild s te e l  in s e r t s  eq u a lly  spaced around the 

p e r ip h e ry . As each in s e r t  passes through a narrow s lo t  in  a 

,Ut-m agnet a p u lse  i s  generated  in  a sm all c o il wound on to  the 

magnet. With the p re se n t arrangem ent the  pu lse  needed to  be 

am p lif ied  by a f a c to r  of 20 b efo re  i t  was accep tab le  to  the Venner
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T.S.A .3 coun ter. With th is  d rive  arrangem ent, f o r  in s ta n c e , a t

the  maximum h y d rau lic  gear speed a v a ila b le  of 1000 r .p .m . , the

the 5-decade coun ter can be s e t  to  read e i th e r  02000 w ith  the

fg a te 1 opening fo r  1 second o r 20000 when the * gatef i s  s e t  to

open f o r  10 seconds. P re lim inary  adjustm ent of the speed i s  nade

on the f i r s t  s e t t in g  and th e re a f te r  the speed i s  in d ic a te d  a t

10 second in te r v a ls  c o rre c t to  -  1 count in  20,000. (The counter

i s  ac cu ra te  to  * 0.001$ * c ry s ta l  s t a b i l i t y ,  which i s  n o t th e re fo re

a l im i ta t io n  in  th is  a sp ec t of the o v e ra ll-a cc u ra cy  of the in s tru m e n t) .

4*2.2 V arious designs of h ig h -p re ssu re  r o ta t in g  se a l have been

t r i e d .  I n i t i a l l y  the suggestion  of Whitelaw (5 ) was fo llow ed and 

the chevron se a l shown in  F igu re  9*2 of Appendix C was designed .

I t  was, perahps, hoping fo r  too much th a t  a high p re ssu re  could be 

made to  o p era te  su c c e s s fu lly  in  such a lim ite d  space as was a v a ila b le  

in  th i s  f i r s t  d es ig n . By making the s h a f t of small d iam eter i t  

was c a lc u la te d  th a t  the  end lo ad in g  due to  the d i f f e r e n t i a l  p ressu re  

a c ro ss  th e  s e a l  would be so sm all as to obv ia te  the need f o r  an 

a d d it io n a l th r u s t  b ea rin g . A lso, i t  was expected th a t  the area  

of the  s h a f t  in  co n tac t with the p re ssu r ise d  chevrons would produce 

only a sm all r e s i s t i n g  to rque . In p ra c t ic e , when the  in strum en t 

was p re s s u r is e d  or the chevrons were tig h ten ed  by the fo llo w er, the 

s h a f t  tended to  s ie z e .  The d i f f i c u l ty  was heigh tened  by the 

problem of g r ip p in g  such a sm all s h a f t ;  the c o l le t  type coupling  

shown being  only  p a r t i a l l y  su ccessfu l in  th is  re s p e c t .

However, th i s  se a l allow ed p re lim inary  te s t in g  of the
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in s tru m en t to  be madde a t  atm ospheric p re ssu re  on a i r  and on w ater 

a t  tem pera tu res up to  100°C. However, i t  was decided  th a t  o th e r  

r o ta t i n g  s h a f t  s e a ls  should be considered  i f  the  in stru m en t was 

to  be su c c e s s fu lly  opera ted  a t  h igh  p re s s u re s . The chevron se a l 

i s  g e n e ra lly  a p p lic a b le  to  re c ip ro c a t in g  motion where the  h e a t 

of f r i c t i o n  i s  tra n sp o r te d  ®way from the c o n tac t a rea  by the moving 

s u r fa c e . In  app ly in g  th i s  s e a l to the r o ta t i n g  s h a f t  th e re  i s  no 

such mechanism fo r  heat-rem oval and lo c a l  o v e r-h e a tin g  and subsequent 

expansion of th e  chevrons (th u s  w orsening the s i tu a t io n )  w i l l  

in e v i ta b ly  r e s u l t  in  f a i l u r e  of the s e a l .

R ad ia l face  s e a ls  a re  commonly jised to  se a l a f l u id  under 

p re ssu re  on one s id e  of a  housing through which a r o ta t in g  s h a f t  

p ro tru d e s . The moving se a l i s  e f fe c te d  between a face  r in g  

(u s u a lly  a very  h ard  su rfa ce ) a tta c h ed  to  the s h a f t  and an an n u la r 

s l i d e r  (u s u a lly  carbon o r o th e r  s o f t  m a te r ia l)  f ix e d  to  a 

s ta t io n a ry  se a l r in g .  The s l i d e r  and the face  r in g  have f l a t  

su rfa c e s  and a re  p ressed  to g e th e r  by lo ad in g  sp rin g s  and by the  

sea le d  p re ssu re  a c t in g  over the b a la n ce -p re s su re  a re a  as shown 

in  Figuf*e 9» The se a l r in g  i s  a tta c h ed  f le x ib ly  to  the  housing  

through a s t a t i c  se a l and i s  r e s t r a in e d  a g a in s t r o ta t io n .  S ea ls  of 

t h i s  b a s ic  type have been used e x te n s iv e ly  in  l iq u id  and gaseous 

environm ent over wide ranges of speeds, p re ssu re  d if fe re n c e s  and 

tem p era tu re s . G enera lly  those s e a ls  can be a d ju s te d  to  g ive zero  

leakage a t  zero  speed, sm all leakage a t  o p e ra tin g  speed b u t w ith  a
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sm all b u t f i n i t e  wear r a te  and sm all f r i c t i o n  to rq u e . However, 

acco rd ing  to  K ojabashian and Richardson ( l l 6 ) th e re  i s  no 

comprehensive u n d erstan d in g  of se a l behaviour which could 

form the b a s is  of a r a t io n a l  design method fo r  th ese  d ev ices .

I t  i s  g e n e ra lly  accep ted  as a r e s u l t  of experim ental work, f o r  

example by Denny (117) th a t  face  s e a ls  support th e i r  n e t  c lo su re  

loa,ds hydrodynam ically  over m ajor p o r tio n s  of th e i r  o p e ra tin g  speed 

ran g es , even though the  c la s s ic a l  hydrodynamic equa tions p ro d ic t  zero 

load  c a p ac ity  f o r  the o s te n s ib le  f l a t  and p a r a l l e l  s e a lin g  su rfa c e s . 

S everal p h y s ica l mechanisms have been advanced as being  the  p o ss ib le  

cause of hydrodynamic p re ssu re  g en era tio n  such as d i s to r t io n  of the  

se a l f a c e s , e c c e n tr ic  ro ta t io n  and a lso  the e f f e c t  of su rface  

roughness and m ic ro ir r e g u la r i t ie s . .  Many papers reco rd in g  the 

r e s u l t s  of in v e s t ig a t io n s  in to  these  v ary in g  mechanisms have been 

p re se n ted  in  the F i r s t  (1961 ) ,  Second (1964) and Third (1967 ) 

I n te rn a t io n a l  C onference(s) on F lu id  S ea lin g , o rgan ised  by the 

B r i t i s h  Hydromechanics R esearch A sso c ia tio n , C ran fie ld , England.

A l ik e ly  ex p lan a tio n  i s  the ’’m icropad” model proposed by 

K ojabashian and R ichardson ( l l6 )  which suggests  th a t  lo c a l  f l a t  pads 

o r worn reg io n s  a c t  e f f e c t iv e ly  as sm all s l id e r  b e a rin g s . These 

support the  load  by p ro v id in g  n e t  hydrodynamic load  ca p ac ity  fo r  a 

s e a l which i s  q u ite  f l a t  on the average. M icroscopic exam ination 

of used s e a l- s u r fa c e s  and the a p p lic a tio n  of s t a t i s t i c a l  p ro b a b i l i ty  

theo ry  to  the s iz e  and d is t r ib u t io n  of th ese  m icropads len d s support 

to  th ese  p ro p o sa ls . I t  may be noted th a t  although  a new se a l su rface
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i s  r e la t iv e ly  smooth and f l a t ,  as the se a l i s  rim in ,  non-uniform  

wear of the su rface  occurs producing a p a t te rn  of th ese  exposed and 

ra is e d  a rea s  or so -c a lle d  micropads*

The se a l requirem ent f o r  th i s  a p p lic a tio n  d i f f e r s

consid erab ly  from the in d u s t r ia l  requirem ent to  which end the main

re se a rc h  ta sk  in  fa c e -s e a l  development has been d ire c te d . One

r a r e ly  f in d s  t e s t  r e s u l t s  fo r  sea led  p re ssu re s  i n  excess of

1500 l b f / i n  • For example, an improved e l l i p t i c a l  fa ce  se a l fo r

use in  h igh tem perature p re ssu r ise d  w ater c i r c u la t in g  pumps describ ed

by V ilim  (118) was designed fo r  an upper p re ssu re  l im i t  of

1400 l b f / i n  • Since the  to rs io n  head developed by the au tho r f o r

th i s  in stru m en t had been su c ce ss fu lly  te s te d  a t  330 KgĴ bm (see

Appendix D) i t  was hoped th a t  a mechanical face  sea l could be ob ta ined

f o r  use a t  p re ssu re s  a t  l e a s t  approaching th i s .  Most m anufacturers

could n o t quote fo r  any sea l to  operate  a t  p re ssu re s  exceeding

1000 lb f / in ^ ,  however, the re se a rch  departm ent of M essrs. F lex ibox

promised th a t  t h e i r  sea l type BRNPQ, although a d v e rtise d  w ith  the

above l im i t in g  co n d itio n , would be e f f e c t iv e  a t  p re ssu re s  of 
2 '  23,500 l b f / i n  ( 24O kg£/bm ) provided the  sh a ft speed was kep t below 

100 r .p .m .

The m o d ific a tio n s  to  the in strum en t necessary  fo r  the 

i n s t a l l a t i o n  of th i s  se a l were s tra ig h t-fo rw a rd  and the completed 

in stru m en t i s  shorn in  F igure  4 and, fo r  the sake of the  fo llo w in g  

d isc u ss io n , ty p ic a l  co n fig u ra tio n s  fo r  the r a d ia l  face  sea l a re
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shown in  F igure  9# E ith e r  the se a l r in g  or the face r in g  can be 

sp rin g  loaded , in  the p re se n t case the s t a t i c  se a l p rov ides the 

n ecessary  alignm ent adjustm ent should th is  be re q u ire d . The 

balahce p ressu re  a re a  can be ad ju s ted  to give the  req u ired  p re ssu re  

ac ro ss  the  face-w id th  and fo r  h igh  p re ssu re s  th i s  balanced 

co n fig u ra tio n  i s  e s s e n t ia l .  I t  i s  thought th a t  a t  the low r o ta t in g  

speeds used in  th i s  v iscom eter th e re  w ill  not be a hydrodynamic 

f ilm  genera ted  and th a t  a con d itio n  of boundary lu b r ic a t io n  e x i s t s ,  

a t  the h ig h e s t p re ssu re s  anyway. Success of the sea l th e re fo re  

depends on the co m p atab ility  of the m ating su rfa ce s  which in  th i s  

case a re  tungsten  carbide and carbon. P ro v is io n  of a flow  of 

co o lan t around the back of the s ta t io n a ry  sea l r in g  p rev en ts  over

h e a tin g  of the se a l when o p e ra tin g  a t  e lev a ted  tem pera tu res.

Mayer (119) has l i s t e d  s u ita b le  form ulae fo r  the c a lc u la tio n  

of f r i c t i o n  and leakage in  both  unbalanced and balanced face  s e a ls .

He p o in ts  o u t, however, th a t f o r  both types of se a l the leakage 

in c re a se s  w ith  rougher su rface  f in is h ,  w ith speed and w ith  o th e r 

f a c to r s  such as v ib ra t io n , w hile leakage may be expected to  decrease  

w ith in c re a s in g  r a t i o  of sea l in te r f a c e  p re ssu re  to the p re ssu re  

being  sea led  ( i . e .  le s s  leakage through unbalanced s e a l s ) .  Mayer 

compared the  r e s u l t s  c a lc u la te d  from these  equations w ith  observed 

v a lu es of leakage and f r i c t i o n  under t e s t  co n d itio n s . The r e s u l t s  

a re  of p a r t ic u la r  i n t e r e s t  here because they in c lu d e  t e s t s  made on 

the s e a lin g  of polybutane a t  3000 lb f / in ^  in  which the ]sakage r a te  

was only 0 .15  cc/m inute f o r  an unbalanced sea l and 0 .2 5  cc/m inute
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fo r  a 0*9 r a t io  balanced sea l ( i . e .  in te r f a c e  p re ssu re  » 0*9 x 

p re ssu re  of f lu id  being  sealed)*  However, no d i r e c t  comparison can 

be made w ith a sim ple face  se a l because Mayer had improved the 

se a l perform ance by p rov id in g  r a d ia l  grooves ac ro ss  p a r t  of th e  

face  w idth udiich, he c la im s, a s s i s t s  the g en era tio n  of a hydrodynamic 

film * These are  the only experim ental r e s u l t s  known to  the  au thor 

where th e  f lu id  p re ssu re  approaches th a t  to  be used in  the  

v iscom eter and Mayer*s o b se rv a tio n s  are  p a r t ic u la r ly  encouraging 

in  th i s  re s p e c t. The review  of fundam ental s tu d ie s  in  m echanical 

face  s e a ls  c a rr ie d  ou t by Hau (l2 0 ) i s  a comprehensive survey of 

th i s  to p ic .  He p o in ts  ou t th a t ,  on the b a s is  of o th e r workers* 

o b se rv a tio n s , i t  may be shown th a t  Mayer*s o p e ra tin g  co n d itio n s  were 

w ell in to  the reg io n  of boundary lu b r ic a t io n  e f f e c t s .  Mayer* s 

r e s u l t s  a re  th e re fo re  taken a,s a p o in te r  to  the perform ance of the  

face  se a l under the co n d itio n s of the p re se n t a p p l ic a tio n

The se a l r in g  i s  u su a lly  prevented  from  r o ta t in g  by a 

p in  p ro tru d in g  in to  a re c e ss  somewhere on the low p re ssu re  sid e  

of the s t a t i c  s e a l ,  the p in  being  lo ca ted  in  the se a l housing . In. 

the f i r s t  t e s t  on the  se a l the s t a t i c  se a l was a PTFE ?© "-ring and 

because of the low f r i c t i o n  c o e f f ic ie n t  th e re  were s tro n g  

ten d en c ies  f o r  the se a l r in g  to  r o ta te  and the r e ta in in g  p in  broke

the edges away from the  re c e ss  and ev en tu a lly  destroyed  the seal*
*7 I ,
This d i f f i c u l t y  was overcome by re p la c in g  the s t a t i c  r in g  by a 

s tan d ard  rubber *0* r in g .  PTFE had been p rev io u sly  chosen fo r  a l l  

s t a t i c  r in g s  because i t  was thought th a t  * Thermex’ migjit be used 

as a c o o lan t, in  which event rubber compounds would have been u n su ita b le .
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4*2*3 The m agnetic coupling  which forms a p a r t  of the

second v iscom eter was considered from the beginn ing  to  be the  

id e a l means f o r  p u tt in g  the steady  ro ta t io n  in to  the p re ssu re  v e s s e l .  

I t  was:net r e a l is e d  u n t i l  the p rev io u sly  d escrib ed  se a lin g  method 

was b e in g  in s t a l l e d  th a t  permanent m agnetic m a te r ia l had been 

developed which makes th i s  type of coupling  a p r a c t ic a l  p ro p o s itio n . 

M essrs. P ressu re  P roducts Inc (U.K.) have supp lied  an extrem ely 

compact u n i t  w ith a to rque of 4 I b . i n ,  (See F ig u re  9*5 Appendix C),  

the p ressu re  tube screw ing in to  the side  of the p re ssu re  v e s se l and 

s e a lin g  on a g o ld -p la ted  w ave-ring. A bank of c i r c u la r  ceram ic 

magnet&is ro ta te d  about the p ressu re  tube by a s im ila r  d riv e  

arrangem ent to  th a t  a lread y  d esc rib ed . The d riv e  s h a f t in s id e  

the p re ssu re  tube has a  second banlp of permanent magnets a long  i t s  

len g th  which flo c k - in f w ith those on the o u ts id e . The a p p lic a tio n  

of sm all r e s i s t i n g  to rques to the in s id e  tube r e s u l t s  in  an 

o u t-o f-p h ase  of the two s h a f ts  due to  d i s to r t io n  of the m agnetic f i e ld  

b u t no change in  the  steady  angular v e lo c ity  tra n sm itte d . This 

f a c t  has been confirm ed by a t ta c h in g  tachom eters to  both  the 

i n i t i a l  d riv e  and the  in n e r  c y lin d e r .

4 , 3 . 1  There are  a v a r ie ty  o f ways by which the  v iscous

drag  on the s ta t io n a ry  cy lin d e r may be measured. In  a l l  methods the 

c y lin d e r  i s  supported  by some s t r a in - s e n s i t iv e  dev ice , fo r  in s ta n c e , 

a c o ile d  sp rin g  (Thomas, Hewn and Dow (6 6 ) )  or a s t r a in  gauge 

a tta c h ed  to  a su p p o rtin g  rod could p o ss ib ly  be made s u f f i c ie n t ly  

s e n s i t iv e  (Tucker ( l 2 l ) ) .  P robably the most commonly used suspension



-  76 -

i s  the s in g le  to rs io n  w ire, although b i f i l a r  and t r i f i l a r  

suspensions have been used in  which case the  r e s to r in g  torque 

I s  n o t a fu n c tio n  o f the mechanical p ro p e r tie s  of the w ire bu t 

of the geometry of the suspension . In the case of t r i f i l a r  

suspension the  r e s to r in g  torque i s  given by

T * 3 m g R tan  ( )

where m i s  the mass of the suspended system , R i s  the ra d iu s  a t  

which the  w ires are  a tta c h ed , L i s  the  len g th  of the w ires  and 

Q i s  th e  angle through which the suspended body d e f le c ts .

Hov/ever, t h i s  suspension has the d isadvan tages th a t  the 

c y lin d e r  would undergo a change in  v e r t i c a l  p o s it io n  du ring  

d isp lacem ent and the guard cy lin d e r w idth would have to  be la rg e  

enough to  accommodate th i s .  There would a lso  be p r a c t ic a l  d i f f i c u l t i e s  

w ith  a d ju s tin g  the len g th  of w ires to give p e r fe c t  c e n te r in g  of 

fhe c y lin d e r . This would perhaps be a reasonab le  p ro p o s itio n  

In  an ap p ara tu s  to o p era te  a t  atm ospheric p re ssu re  b u t in  the  

a u th o r 's  opinion, the  lim ite d  space a v a ila b le  in s id e  the  p re s su r is e d  

system  makes the system  p ro h ib it iv e .  E arly  experim enters provided 

b ea rin g s  f o r  the suspended c y lin d e r . Obviously i t  was n ecessary  to 

design  these  w ith the minimum f r i c t i o n a l  r e s is ta n c e .  Drew (88) 

who made a s in g le  ac cu ra te  v is c o s i ty  d e te rm in a tio n  of w ater a t  20°C 

had the suspended c y lin d e r  suspended between ag a te  b ea rin g s  and 

an a i r  b ea rin g  was u t i l i s e d  by Oldroyde e t  a l  (122). Other workers 

have found i t  s a t i s f a c to ry  to  d ispense w ith any supporting  b ea rin g
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since  th i s  i s  l ik e ly  to  cause a r e s i s t in g  torque of ap p rec iab le  

amount (excep t f o r  the a ir -b e a iin g  which i s  im p rac ticab le  in  th i s  

h ig h -p re ssu re  a p p l ic a t io n ) .  I f  the cy lin d e r i s  f r e e ly  suspended, 

a s e n s i t iv e  means fo r  a d ju s tin g  the w ire-su p p o rt must be provided 

and i t  must a lso  be ensured th a t  the supporting  w ire i s  lo c a te d  very  

c lo se ly  to the ce n tre  of the cy lin d e r in  o rder th a t  the a x is  of the 

cy lin d e r  i s  n e a rly  v e r t i c a l .  In  th is  in strum en t a s in g le  to rs io n  

w ire has been used and -the above p recau tio n s  c lo se ly  adhered to .

The cover and guard cy lin d e rs  are  f i r s t l y  assem bled,w ith the in n e r  

c y l in d e r ,In  a sep a ra te  fram e. An accurately-ipade stand  i s  then f i t t e d  

to the top of the main p ressu re  v esse l which p rov ides the same 

p h y sica l lo c a tio n  fo r  th e  cover th a t  i t  experiences when a c tu a l ly  

in  p o s i t io n . F in a l ad justm ents to  the in n e r  cy lin d e r support are  

made w ith  the coverin  th is  s tan d . S uccessfu l suspension can only be 

achieved i f  the in stru m en t i t s e l f  stands v e r t i c a l l y .  This has been 

achieved w ith the help  of a H ilger-W atts p re c is io n  s p i r i t - l e v e l  and 

by in tro d u c in g  packing shims under the ' f e e t 1 upon which th e  main 

p re ssu re  v e sse l s ta n d s . Then, du ring  assem bly, the  top face  of the  

above mentioned stand  i s  h o r iz o n ta l and the v e r t i c a l  and c e n te r in g  

ad justm ents can be made to  the suspension w ith  f u l l  knowledge th a t  

the c y lin d e r  w i l l  be c e n tra l  when the v iscom eter i s  fu lly -a sse m b le d .

I t  may be noted  th a t  the guard cy lin d e rs  a re  an e x c e lle n t guide as 

to  w hether su c cessfu l suspension of the in n e r  c y lin d e r  has been 

ach ieved , s ince  a s u ita b ly  p laced  l ig h t  and s t r a ig h t  edge make sm all 

d isc re p a n c ie s  very  c le a r  to  the eye. The v e r t i c a l  h a i r - l in e  on a



p re c is io n  ca thetom eter was a lso  used to  check th a t  the c y lin d e r  was 

v e r t i c a l  w hile in  th i s  pre-assem bled p o s it io n .

4*3*2 Having decided to  measure the drag  upon the s ta t io n a ry  

cy lin d e r  by the d e f le c tio n  of a s in g le  to rs io n  w i r e , i t  i s  e s s e n t ia l  

to  determ ine a c c u ra te ly  -the to r s io n a l behaviour of th i s  suspension 

w i r | .  F i r s t l y ,  i t  i s  worth co n sid erin g  the  experiences of o th e rs  

in  th e i r  choice of w ire m a te r ia l and the p o ss ib le  d e fe c ts  or 

p e c u l i a r i t i e s  to  be expected . The equation  connecting  the  to r s io n a l

co n s tan t w ith the  m a te r ia l and p h y sica l dim ensions i s  given by

T 0 0 .  77a4 77 a4j-  —  where J  = —  -  —  —

1  m r  -  -IC.S a4 e * 21

where a ® ra d iu s  of the w ire 

£ s  le n g th  of w ire

G « modulus of r i g i d i t y  of w ire m a teria l..

The p o s s ib i l i t y  of p re d ic tin g  the to rs io n a l co n s tan t of

the w ire from knowledge of a , ^ and G should be considered .

U n fo rtu n a te ly  G i s  n o t pub lished  w ith any g re a t accuracy and may only

be accep ted  as an approxim ate value fo r  eng ineering  c a lc u la t io n s .

Since w ire drawing i s  norm ally a cold working p rocess the m echanical

p ro p e r t ie s  are  norm ally m odified as a r e s u l t .  For example, i t  has

been shown by Kuczynski (123) th a t  m a te r ia ls  of c lo se  packed hexagonal

and o th e r  s t ru c tu re s  have th e i r  e l a s t i c  modulus a l te r e d  by drawing due

to  e lo n g a tio n  of g ra in s  in  the lo n g itu d in a l d i r e c t io n .  Tungsten 

(hody cen tred  cubic) i s  an exception  in  th a t  i t s  s tru c tu re
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I s  i s o r t r o p ic  and u n affec ted  by drawing. Benton (124) made the 

p o in t th a t  the general to rs io n a l behaviour of a w ire w ith v ary ing  

ten sio n  could n o t be p re d ic te d  from the experim ental o b se rv a tio n s  on 

a  s in g le  w ire . I t  seems l ik e ly  th a t  the  converse w i l l  be tru e ,  i . e .  

th a t  the behaviour of a p a r t ic u la r  w ire cannot be a c c u ra te ly  p re d ic te d  

from r e a d i ly  a v a ila b le  d a ta . Bearden (8) r e p o r ts  th a t  pure tungsten  

w ire behaved c o n s is te n tly  w ith n e g lig ib le  zero d r i f t  over long p e r io d s . 

Phosphor bronze was a lso  acqu ired  because i t  i s  so commonly used 

in  galvanom eter and o th e r  in stru m en t suspensions and Nimonic 90 f o r  

use a t  h igh  tem peratu res where creep may be im p o rtan t. I t  i s  

obvious th a t  the to r s io n a l  co n s tan t of the wire must be measured in  

some way p r io r  to  use in  the v iscom eter.

The to r s io n a l  co n s tan t may be determ ined s t a t i c a l l y  by 

a c c u ra te ly  m easuring the to rque necessary  to d e f le c t  th e  w ire by Q 

ra d ia n s . E arly  workers achieved reasonab le  success in  t h i s  way, 

f o r  example, Drew (88) u s in g  s i lk  th read s  and c lo se ly  d iv ided  s e a le s  

ob ta ined  a r e s u l t  q u ite  c lose  to the  value ob ta ined  dynam ically f o r  

the  same w ire . No doubt, w ith a s u i ta b le  e lec tro -m ag n e tic  technique 

and the use of a  s te e l  bob a t  the end of the w ire the  s t a t i c  method 

could be developed to much g re a te r  accuracy. However, the dynamical 

method, v iz .  tim ing  the  p erio d  of f re e  to rs io n a l o s c i l l a t io n s  of 

the  system ,lends i t s e l f  to  much g re a te r  p re c is io n  w ithout the  n e c e s s ity  

f o r  excessive  p re c a u tio n s . Since the o s c i l la t io n s  w i l l  be damped 

the fo llov /ing  two r e la t io n s h ip s  fo r  damped f re e -v ib ra t io n s  of a 

to r s io n a l  pendulum can be used .



From o b se rv a tio n s  of the am plitude of successive v ib ra t io n s  the 

lo g a rith m ic  decrement A can "be c a lcu la te d

A  = log Xle x2

o r co n s id erin g  n o s c i l la t io n s

A = 7 logn e x n

Thus having observed ^  and ca lcu la te d  A  the damping c o e f f ic ie n t  C 

can be determ ined from ( l ) .  This value of C can then be s u b s t i tu te d  

in  (2 ) . Equation (2 ) can be r e -w r i t te n  as

^  na tu ra l. m L  ^  t  ^  
damped /N|

where = J  4 I&  a a i  i s  the c r i t i c a l  damping c o e f f ic ie n t .

A ty p ic a l  value fo r  F « 123.1 dyne cm/radi&n and f o r  C

(c a lc u la te d  from observed A — O.OOl) = 0.17

• • ^  ng iv in g
t d

2

2

=  1 .  % (1 .3 8  x 10“5) +  ..................
-6

m  1 — -g- . 1*9 X 10
-6

-  1 -  0 .9 5  x  10
- ^

Thus, i t  can be seen th a t  an e r ro r  of only 1 in  10 i s  in troduced  by
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c a lc u la t in g  F from the undamped v ib ra tio n  form ula, v i z . ,

F =  3
r 2

4*3*3 The accuracy of o b ta in in g ^  , the  period  of o s c i l l a t io n ,  

can be g re a t ly  in c reased  by observing  a la rg e  number of o s c i l l a t io n s .

The coun ter i s  accu ra te  to  ^ 1 count on th e  5 th  decade, th e re fo re , 

to  improve the p re c is io n  of ^  observed the fo llo w in g  procedure has 

been adopted.

e .g .  Time f o r  1 o s c i l l a t io n  * 7*5491 -  1

Time fo r  10 o s c i l la t io n s  * | 7/5*4918 * 1
i— 1

Time fo r  100 o s c i l la t io n s  =* j 75(4*9174 * 1

The f ig u re s  in  / ! a re  added by observ ing  the o s c i l la t io n s  w ith  a

stop-w atch sim ultaneously  w ith the coun ter. In p r a c t ic e ,  v a lues f o r  the 

p e rio d  a re  n o t reproducab le  to th i s  accuracy due to e x te rn a l in f lu e n c e s  

such as tem peratu re changes and random v ib ra tio n s  from the su rround ings. 

N ev erth e less , i t  i s  u se fu l to  record  the perio d  accu ra te  to  6 s ig n i f ic a n t  

f ig u re s ,  p a r t ic u la r ly  i f  the e f f e c t  of am plitude on the p e rio d  i s  to  

be taken in to  account (see  Appendix B i i i ) .  Although the damping e f f e c t  

of a i r  i s  sm all i t  i s  im possib le  to  ca rry  out o b se rv a tio n s on a 

f r e e ly  o s c i l l a t in g  system over sev era l h o u rs  w ithou t the am plitude 

becoming too sm all. F o r th is  reason  a moderate vacuum ( c .a .  10 ^ to r r )  

has been provided fo r  the pendulum which enables se v e ra l p e rio d  

d e term in a tio n s^o v er the tim e req u ired  f o r  100 o s c i l l a t io n s ,  to  be made 

w ithou t d is tu rb in g  the ap p a ra tu s . Since the to r s io n a l  p ro p e r t ie s  of 

the  w ire a re  tem perature dependent a th e rm o sta tic  ja c k e t has been
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provided f o r  th i s  appara tu s (see F igure  5 ) . This c a l ib r a t in g  r i g  

w i l l  be b r ie f ly  described  w ith  re fe ren ce  to  F igure  9*3 in  Appendix G.

The upper w ire support can be assembled in to  the top member 

4 in  ex a c tly  the same way th a t  i t  f i t s  in to  the v isco m eter. Thus 

the  w ire does no t have to  be removed from the c o l le t s  during  the 

t r a n s f e r  from the c a l ib r a t in g  r i g  to  "the v iscom eter, which i s  a 

co n s id erab le  advantage. The complete assembly of top member and 

suspended system i s  lo c a te d  in  the vacuum v esse l 2 and i s  enclosed by 

the  cover 3* The upper member has two a l te r n a t iv e  p o s it io n s  fo r  

h e ig h t depending on whether the spacer 5 i s  in c lu d ed . This allov/s 

w ires of d i f f e r e n t  len g th s  to  be c a lib ra te d  which i s  e s s e n t ia l  s in ce  

the  two v iscom eters d escrib ed  have d i f f e r e n t  o v e ra l l  dim ensions.

The complete system i s  supported  by a heavy m etal f lan g e  1 which i s  

b o lte d  to  a tr ip o d -s ta n d . This stand  i s  mounted on a heavy s te e l  

ta b le .  The lower member 7 forms p a r t  of the vacuum system and co n ta in s  

a t r ip le x - g la s s  window 8 and p ro v is io n  fo r  the p lunger 10 and 

connections 9> H  and 12 fo r  the P ira n i gauge, ro ta ry  backing pump 

and d if fu s io n  pump re s p e c tiv e ly . Although o th e r workers have c o n tro lle d  

the  pendulum m ag n e tica lly  (e*g. K estin  and Moszynski ( l2 5 ) )o r  used 

a  stand  mounted on a la rg e  b a l l - r a c e  (Moszynski ( l0 7 ) ) to  provide th e  

i n i t i a l  o s c i l l a t io n ,  the method used here  has been s a t i s f a c to r y .  The 

p lunger 10 can be moved slow ly inwards u sing  the d i f f e r e n t i a l  screw 

u n t i l  the re c e s s  in  the bottom end of the m irro r stem i s  fnudged*.

Since the stem i s  never ly in g  ex ac tly  p a r a l le l  to  the  p lunger i t
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r o ta te s  s l ig h t ly  to  r e s t  square ly  ag a in s t the end f a c e . When the 

p lunger i s  withdrawn the suspended system o s c i l l a te s  both to r s io n a l ly  

and as a sim ple pendulum. Those l a t t e r  movements can be damped out 

by cau tio u s removal of the p lunger bu t w ithout d es tro y in g  the to r s io n a l  

movement which con tinues long a f t e r  the o ther v ib ra tio n s  have died away.

O s c il la t io n s  have been timed by p ro je c tin g  a spot of l ig h t  

onto the m irro r and fo cu sin g  the r e f le c t io n  onto a p h o to -c e ll .  The 

s ig n a l has been am plified  and used in  conjunction  w ith  the  Schm itt 

t r ig g e r  c i r c u i t  shown in  F igu re  10 to  operate the Yenner co u n te r.

Once the coun ter has been " tr ig g e re d ” the p h o to -ce ll i s  sh ie ld ed  from 

the l ig h t  u n t i l  the a p p ro p ria te  number of o s c i l la t io n s  have o ccu rred .

At th i s  p o in t the l ig h t  i s  again  allowed to a c t iv a te  the coun ter and 

the read in g  i s  reco rd ed . In  the case where these  tim ings have been 

made in  con junction  w ith am plitude measurements (see Appendix B i i i )  

a sca le  was mounted approxim ately 70 cm from the m irro r and the 

d is ta n c e  which the  r e f le c te d  l ig h t  spot moved was seen on the s c a le . 

However, t h i s  could only be c a rr ie d  out fo r  sm all am plitudes because 

the angle of access through the th e rm o sta tic  ja c k e t i s  q u ite  sm all.

(The e f f e c t  of am plitude was no t thought to be s ig n i f ic a n t  when th i s  

r i g  was designed and th e re fo re  no sp e c ia l p ro v is io n  was made to  i t s  

o b se rv a tio n )• In  o rder to  observe up to  100 o s c i l la t io n s  the Yenner 

Counter has been used in  con junction  w ith an accu ra te  stop-w atch 

(supp lied  by M essrs. Camerer-Cuss) in  the manner described  e a r l i e r .
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The prev ious s e c tio n  d esc rib es  how the to r s io n a l  co n s tan t,

F, of the w ire i s  obtained* Having c a lib ra te d  the wire i t  i s
Tc a re fu l ly  tr a n s fe r re d  to the viscom eter* Since F * ~  and F i s  

known, then the to r s io n , T, exerted  by the v iscous f lu id  i s  given 

by the measured d e f le c tio n  0.

T es ts , w ith  th e  p re lim in ary  design of v iscom eter, were made 

w ith a f ix e d  support f o r  the to rs io n  w ire in  which case th e re  v/as no 

means fo r  a d ju s tin g  the angu lar p o s it io n  of the in n e r  cy lin d e r once 

the w ire had been damped in to  the c o l le t s .  This proved to  be 

extrem ely inconven ien t because i t  was d i f f i c u l t  to  clamp the w ire to; 

n e a re r  than  5° of the req u ired  p o s it io n  and th i s  o f te n  r e s u l te d  in  

the  m irro r being  unfavourably  lo ca te d  w ith re sp e c t to the window 

and scale* I t  was concluded th a t  a r o ta t in g  to rs io n  head was

e s s e n t ia l  to enable adjustm ent of the i n i t i a l  p o s it io n  of the in n e r

cy lin d e r so th a t  the m irro r  and sca le  could be a c c u ra te ly  l in e d  up. 

Having made th i s  d ec is io n  i t  was an obvious development to  adopt 

th i s  device as a n u ll  method fo r  m easuring the an g u lar d e f le c tio n .

This device and i t s  a p p lic a tio n  have been adequate ly  describ ed  in  

Appendices C and D.

The sca le  i s  a "Chesterman*1 machine engraved s ta in le s s  s te e l  

and i s  200 cm in  len g th  and standard  a t  68°F. I t  has been mounted

on a ta b le  in  sm all sw iv e llin g  clamp blocks s e t  in  an a rc  of ra d iu s

$00 cm. Once mounted/ the sc a le  to v iscom eter d is tan ce  was s e t  to  

$00 cm by means of a sp e c ia lly  mounted mild s te e l  b a r  $00 cm in  le n g th .
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A B arr and Stroud te lesco p e  and pentagonal prism  

conven ien tly  mounted n ea r the in strum en t allow s the ang u lar 

i movement of the  to rs io n  head to  be observed on th i s  sca le  which i s  

s u ita b ly  illu m in a te d  by s t r i p  l ig h t in g  from the f ro n t  and k ep t a t  

n e a rly  room tem perature by a fan  blower# A second sca le  of 

engraved perspex  i s  used to  m aintain  the cy lin d e r a t  some R e fe re n c e 1 

p o in t on the sca le  as seen through a te le sc o p e . This sc a le  i s  

I llu m in a ted  from behind and g ives b e t te r  c o n tra s t of the engraving 

than ob ta ined  f o r  the s te e l  sca le  which i s  e s s e n t ia l  since  the image 

through the  window o ften  tends to  become le s s  d i s t in c t  a f t e r  the 

v iscom eter has held  a sample of w ater fo r  some tim e.

4*4 A d e s c r ip tio n  of th i s  appara tus would not be complete w ithout 

n o tin g  the  p a r t ic u la r  m a te r ia ls  used# A lso, s in ce  a co nsiderab le  

e f f o r t  has gone in to  the problem of both high p ressu re  and low 

p re ssu re  s e a lin g  the  se a lin g  methods used w i l l  be described#

4»4»-^ Since the f i r s t  v iscom eter i s  lim ite d  to  approxim ately 

2$0°C by the use of a h e a tin g  f lu id  p assin g  through the th e rm o s ta tic  

ja c k e t i t  was unnecessary to  use a h igh  tem perature s te e l  f o r  the  

p ressu re  v e s s e l .  In th i s  in s ta n c e , F i r th  V ickers S .80 s ta in le s s  

s t e e l ,  made to EH57 s p e c if ic a t io n , has been used fo r  a l l  p a r ts  

coming in to  co n tac t w ith th e  t e s t  f lu id  in c lu d in g  the p ressu re  

v e s s e l ,  cover, to r s io n  head and mechanical f a c e -s e a l  housing. The 

m a n u fa c tu re rso f  the  se a l have a lso  used s ta in le s s  s te e l  to a 

s im ila r  s p e c if ic a t io n .  The second instrum en t has been co n s tru c ted
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m ainly from F ir th -V ic k e rs  FDP q u a lity  s ta in le s s  s te e l  which i s  

a u s te n i t l c .  This m a te r ia l i s  an 18/8 Mobium s ta b i l i s e d  s te e l  

s u i ta b le  f o r  use a t  tem peratures up to  600°C. FDP s t e e l  was a lso  

used fo r  the  in n e r cy lin d ers  of b o l t  in strum en ts since the  design 

i s  such th a t  they may be in te rchanged . S pecial p recau tio n s  were 

taken when m achining th e se  cy lin d e rs  since  i t  was noted by 

Whitelaw ( 5 ) th a t  t e s t s  showed th a t  dim ensional i n s t a b i l i t y  of up 

to  0.008 in .  occurred in  s im ila r -s iz e d  p a r ts  when exposed to  

tem peratu res of 500° C fo r  a sh o rt time and slow ly cooled in  a i r .

These changes obviously  r e s u l t  from s t r e s s - r e l ie v in g  of the  m a te r ia l 

and f u r th e r  t e s t s  showed th a t  a f in a l  h e a t trea tm en t of two hours 

ab;1050°C and slow a i r  coo ling  reduced the  change in  dim ensions to  

0.0002 in .  a t  the  m ost. I t  was necessary  to  perform  th i s  trea tm en t 

when the c y lin d e rs  were alm ost com pletely machined, i . e .  p r io r  to  

making the f in a l  la th e - c u t .  The main p re s su re -v e sse l of the 

second v iscom eter was co n s tru c ted  from F ir th -V ic k e rs  FCE(T) q u a l i ty

s ta in le s s  s te e l  and was d es ig ied  on a b a s is  of a s t r e s s  to  ru p tu re
o 2in  5000 hours a t  600 C and 500 Kgf/cm • The m agnetic d r iv e  was made

by P ressu re  P roducts Inc (U.K.) to  a s im ila r  s p e c if ic a t io n .

P ro v is io n  of s u i ta b le  s tuds to  hold  the cover to  the p re ssu re  

v e s se l f o r  the second v iscom eter p resen ted  a problem w ith regard  to  

the  choice of m a te r ia l .  On the advice of Jessop  S a v ille  th e i r  

(*68 high tem perature fo rg in g  a l lo y  has been used . The 0 .1  Jo p roof 

s t r e s s  f o r  th i s  m a te r ia l i s  40 T /in^ a t  room tem perature and
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36 T /in  a t  600°C. The s t r e s s  to ru p tu re  in  100 hours a t  650°C 

i s  28T/in and the c o e f f ic ie n t  of expansion i s  com patible w ith  

th a t  of FCB(t) .

As recorded  by th e  au thor in  Appendix C the f i r s t  te s t in g  of 

the appara tu s was by m easuring the v is c o s i ty  of a i r .  This l im i ta t io n  

was imposed by the f a c t  th a t  i t  was im possible to  ob ta in  s ta in le s s  

s te e l  b earin g s of the req u ired  s iz e  and no m anufacturer approached 

was p repared  to  make th ese  up as a ’’s p e c ia l11. However, M essrs.

Ransoms and M aries Ltd. supp lied  u s w ith s ta in le s s  s te e l  b a l l  b ea rin g s 

and suggested th a t  we design  our own bearin g s and make them up 

o u rse lv e s . This id ea  proved rem arkably su ccessfu l and the o u te r  

cy lin d e r  assembly i s  shown in  F igu re  4 which i l l u s t r a t e s  th e  

v iscom eter w ith these  b ea rin g s  in  p o s it io n . Each ra c e  c o n s is ts  of 

one co n ica l su rface  having  a s l ig h t  rad iu s$ d  re c e ss  in  which the 

b a l l s  run and a p lane co n ica l su rface  on the o th e r p a r t .  By 

c a re fu l ly  a d ju s tin g  the screwed r in g  a t  the top of the assembly 

both b ea rin g s may be loaded sim ultaneously  to  remove any ’’p la y ” and 

to  pu t a s l ig h t  ten s io n  on the b ea rin g s . Ho doubt i f  such b ea rin g s 

were h ea v ily  loaded they would f a i l  because s ta in le s s  s te e l  p a r ts  

moving r e la t iv e  to  each o th e r a re  n o to rio u s fo r  ’’sc u ff in g ” or 

”p ic k in g -u p ” u n le ss  s p e c ia l p recau tio n s  are  taken (such as the 

a p p lic a tio n  of a g rap h ite  p a s te ) .  In  th i s  case the b ea rin g  load  

i s  l i g h t  and r o ta t io n a l  speeds never exceed 100 r .p .m . The maximum 

e c c e n tr ic i ty  of the in n e r  c y lin d e r  when assembled in  i t s  b ea rin g s
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and lo c a te d  in  the bore of the p ressu re  v e sse l was observed

to  be 0.0005 in .  M isalignm ents of th i s  magnitude a re  alm ost c e r ta in

to  accum ulate u n le ss  f i n a l  dimensions can be machined i n - s i t u .

This procedure was adopted by Bearden (8) b u t would appear to  be

im p rac tic ab le  in  th i s  ca se .
transm it

The gears used to / th e  d riv e  from the s h a f t  to  the o u te r 

cy lin d e r  a re  s t r a ig h t  bevel gears in  the f i r s t  v iscom eter and 

s p ir a l  bevel in  the second. Again th i s  was due to  e a r ly  in v e s tig a tio n s  

in d ic a t in g  th a t  only s t r a ig h t  beve ls  could be made econom ically in  

such sm all s iz e s  w hile a t  a } a te r  stage a m anufacturer was 

d iscovered  who could cu t very  sm all s p ir a l -b e v e ls .  The advantage 

of u s in g  s p ir a l  bevel gears i s  th a t  a t  l e a s t  two te e th  are  always 

engaged so th a t  th e re  i s  no d isc o n tin u ity  as one to o th  disengages 

and the nex t to o th  takes up the d r iv e . In  the case of the f i r s t  

in strum en t th i s  e f f e c t  has been reduced to  n e g lig ib le  p ro p o rtio n s  

by u sin g  a s ta in le s s  s te e l  p in io n  w ith  24 te e th  and a T.ufnol d riv en  

gear w ith  54 te e th .  The use of a s o f t  m a te r ia l fo r  the driven gear 

w ith  a la rg e  number of sm all te e th  has alm ost com pletely e lim in a ted  

the e f f e c t  of v ib ra t io n s .

The high p re ssu re  window was i n i t i a l l y  ob tained  only in  

pure sapph ire  from th e  Linde D iv ision  of Union C arbide. This has 

been su c c e s s fu lly  te s te d  i n  the 2nd v iscom eter a t  p ressu re s  up to  

15,000 l b f / i n 2 and w ill  ev en tu a lly  be used to  1000 Kgf/cm2 . For 

lower p re ssu re  work i t  has been rep laced  by a T rip lex  g la ss  window



-  89 -

of s im ila r  dim ensions. The sapphire window has been supported 

by a hardened to o l - s te e l  p lug  w hile fo r  the lower p re ssu re  t e s t s  

a s ta in le s s  s te e l  r e ta in in g  r in g  has been used. The window i s  an 

o p t ic a l ly  f l a t  d isc  -§- in .  d ia . and ■§■ in .  th ic k . The window se a l 

i s  of the P o u lte r  (126) type which u t i l i s e s  th e  Bridgman unsupported 

a rea  p r in c ip le .  In th eo ry , i f  the m etal r e ta in in g  p lug  i s  lapped 

to  the same degree of f la tn e s s  a s  the window then no leakage w ill  

occur. This has been found to  be the case a t  p re ssu re s  above 

approxim ately  100 Kgf/cm b u t a t  low p re ssu re s  i f  the sea l has n o t 

been e s ta b lish e d  a f ilm  of l iq u id  p e r s i s t s  and le ak in g  occurs.

For th i s  reason  a th in  f ilm  of A ra ld ite  epoxy r e s in  has been used 

to  f i x  th e  window to  the r e ta in in g  r in g  in  the f i r s t  v iscom eter.

This procedure was a lso  adopted by Moszynski (107)*

The high p ressu re  tubes and f i t t i n g s  in c lu d in g  v alves a re  a l l  

of s ta in le s s  s te e l  and were standard  item s supp lied  by Aminco.

The h e a tin g  tank and the double w alled ja c k e t and connecting tubes 

fo r  the h e a tin g  f lu id  a re  a l l  copper. Where fa b r ic a t io n  has been 

n ecessa ry , fo r  in s ta n c e , around the top f la n g e , s i lv e r  so ld e r has 

been used . Where two so ldered  jo in t s  are  f a i r l y  close and were 

made a t  d i f f e r e n t  tim es in  the m anufacturing sequence, b raz in g  has 

been used fo r  the f i r s t  j o in t  follow ed by s i lv e r  so ld e rin g .

However, in  some cases s i lv e r  so ld e rin g  has provded the i n i t i a l  

j o in t  w hile neighbouring  jo in t s  have been made w ith  s o f t  so ld e r .
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This procedure has been necessary  because i f  the same type of 

so ld e r i s  used in  subsequent o pera tions the so ld e r runs from e a r l i e r  

jo in t s  w ith r e s u l t in g  leakage when the system i s  f i l l e d  w ith f lu id .  

Wherever p o ss ib le  o th er p a r ts  no t coming in to  d i r e c t  con tac t w ith 

w ater have been made from m ild s te e l .

The c a l ib ra t in g  r i g  fo r  the to rs io n  w ire i s  alm ost e n t i r e ly  

made from b rass  except f o r  the h e a tin g  ja c k e t , which i s  again  

fa b r ic a te d  from copper. W h e n in i t ia l  t e s t s  were made u sin g  w ater as 

the th e rm o s ta tic  f lu id  sev e ra l m ild s te e l  p a r ts ,  f o r  in s ta n c e , 

the red u c tio n  gears fo r  a d ju s tin g  the to rs io n  head and the heavy 

flan g e  supporting  the vacuum v e sse l began to  corrode bad ly . These 

p a r ts  were then n ic k e l p la te d  and have since  showed no signs of 

co rro s io n .

4*4*2 The main sea l between the p ressu re  v esse l and the cover i s  the  

wedge r in g  or d e l ta  r in g  type of the form described  by Niemeier (127 ) .  

Although th i s  i s  e s s e n t ia l ly  a h igh  p ressu re  sea l i t  re q u ire s  a 

r e la t iv e ly  sm all i n i t i a l  t ig h te n in g  and experim ent has shown th a t  

i t  can be capa/ble of supporting  a vacuum of b e t te r  than 10 to r r .

The e s s e n t ia l  design p o in t to be observed here i s  to  ensure th a t  

the r in g  i s  made s l ig h t ly  la rg e r  in  diam eter than the  vee-groove 

in to  which i t  f i t s .  This means th a t  when tig h ten ed  i n i t i a l l y  the 

p o in t of the d e l ta  r in g  i s  s l ig h t ly  deformed to conform w ith the 

m ating grooves and one g e ts  the i n i t i a l  sea l from the c lose  su rface  

co n tac t r a th e r  than from a l in e  co n tac t. Once the in terna-l p ressu re
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i s  ap p lied , the d e l ta  r in g  o p era tes on the unsupported a rea  p r in c ip le  

and the se a l becomes even b e t t e r .  A p ra c t ic a l  d i f f i c u l ty  was o b ta in in g  

a good su rface  f in i s h  a t  the po in ted  'r o o t 1 of the grooves since  the 

form to o l began to  'c h a t t e r '  when c u ttin g  the f u l l  depth . The su rface  

produced from th is  co n d itio n  i s  poor and the sea l was in e f f e c t iv e .

The grooves were l a t e r  p o lish ed  to  remove a l l  machining marks by a 

b ra ss  r in g  ( in  the form of the groove) mounted on a hand le . G rinding 

p as te  was used between the r in g  and the groove to remove unwanted 

machining marks. The b e s t d e l ta - r in g  dim ensions were found by te s t in g  

se v e ra l r in g s  in  a sm all h igh  p ressu re  te s t in g  v e s s e l .  The f i r s t  r in g  

was too heavy in  c ro s s -s e c tio n , being  o v e ra ll about -§- in .  deep. The 

sm aller r in g  te s te d  showed no signs of leakage and can be seen in  

F igure  4*

The r o ta t in g  to rs io n  head was a lso  p ressu re  te s te d  on the 

above mentioned v e sse l befo re  being  f i t t e d  to  the v iscom eter. The 

problem here  was to  f in d  a s u ita b le  *0' r in g  m a te r ia l fo r  the 

ro ta t in g  se a l since  i t  was d iscovered  th a t  n i t r i l e  rubber and s i l ic o n e  

rubber were both damaged by ro ta t io n  a t  330 Kgf/cm and the seal 

was d estroyed . At th is  time P .T .F .E . '0* r in g s  were becoming 

a v a ila b le  and a lso  the g la s s - f ib r e  re in fo rc e d  (so -c a lle d  g la s s - f i l l e d )  

m a te r ia l . The com bination of a P .T .F .E . '0* r in g  and a g la s s - f i l l e d  

P .T .F .E . a n ti-e x tru s io n  r in g  have proved a s a t is f a c to ry  combination 

fo r  th is  purpose. With the  exception of the mechanical face  sea l 

and the window a l l  o th e r s e a ls  are  e i th e r  le n s  r in g  or 1Q* r in g s  

(backed by a n t i-e x tru s io n  r in g s ) .
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I t  should be noted  th a t  le n s - r in g  se a ls  need to be h ea v ily  loaded 

or tig h ten e d  to  provide the i n i t i a l  s e a l .  With th e  to rs io n  head 

le n s  r in g  th i s  o p era tio n  was made d i f f i c u l t  because although the 

bottom h a lf  of the head i s  machined hexagonal i t  i s  alm ost 

in a c c e s s ib le . This was overcome by tig h te n in g  b locks onto the stu d s 

used fo r  ho ld ing  the r e ta in in g  cover, so th a t  the face s  of the 

blocks r e s te d  l ik e  sp a n n e r - f la ts  onto opposite  fa c e s  of the to rs io n  

head. A f a i r l y  massive torque could then be ap p lied  to the le n s  

r in g  which produced the req u ired  e f f e c t .  The P .T .F .E . cone through 

which the sheathed therm ocouples pass i s  s im ila r  in  design to the 

fConaxr type s e a ls  which are  a v a ila b le  com m ercially.

4 .5  Method of tem perature co n tro l

Since two v iscom eters have been constructed  to cover the 

f u l l  range of tem perature and p ressu re  under co n s id e ra tio n , the 

d i f f e r e n t  methods of h e a tin g  each w il l  be d esc rib ed .

4 * 5 f i r s t  in strum en t was designed to  cover the tem perature 

range 0° -  250°C and p re ssu re s  of 1 -  250 Kgf/cm • I t  was decided 

th a t  the c lo s e s t  tem perature co n tro l in  th is  range could be achieved 

by means of a th e rm o s ta tic a lly  c o n tro lled  h e a tin g  ja c k e t through 

which a h e a tin g  f lu id  i s  c irc u la te d . The ja c k e t i s  of double 

w alled copper co n s tru c tio n  w ith th ree  equally  spaced i n l e t  

connections in  the base . The h ea tin g  f lu id  then passes up between 

the in n e r w all and the p ressu re  v esse l before t r a n s f e r r in g  to  the  

annu lar space between the in n e r and o u te r  w alls  n ear the top .

I t  then p asses down through th is  annulus and out through th ree  more
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eq u a lly  spaced connections a t  the  bottom* The f lu id  was heated 

and c irc u la te d  from a sep ara te  vesse l s im ila r  in  o v e ra ll  dim ensions 

to  the one co n ta in in g  the v iscom eter and a system of 0*5 in .  bore 

copper p ip in g  was designed to connect the h e a tin g  tank to the 

v iscom eter ja c k e t .  I t  i s  obvious th a t  equal flow s through each 

of the ja c k e t i n l e t  connections could only be achieved by p e r fe c t  

symmetry in  the p ip e -la y o u t which in  th is  case i s  im possib le  due 

to  the f a c t  th a t  the p ip es  have had to  be designed around o th e r 

f e a tu re s  of the  ap p a ra tu s . To o b ta in  an approxim ately equal 

flow , sm all r e s t r i c t i n g  o r i f i c e s  were f i t t e d  in to  the two tubes 

through which the  f lu id  was d isch arg in g  a t  a h igher r a t e .  This 

was achieved by connecting  the p ipe system i n l e t  to the mains 

w ater supply and c o l le c t in g  the w ater from a l l  th re e  branches 

sim u ltaneously . The s iz e  of the f lo w - re s t r ic t in g  o r i f i c e s  was 

ob ta ined  by t r i a l  and e r r o r .  The h ea tin g  tank contained an immersion 

pump w hich^for p re lim in ary  te s ts^  c irc u la te d  w ater as the h e a tin g  

medium. In th is  se t-u p  th e re  was a f re e -s u r fa c e  in  the tank and 

w ater could be added or d rained  o ff as req u ired  by v is u a l ly  observ ing  

th i s  le v e l .  P re lim in ary  measurements were made of the  v is c o s i ty  of 

a i r  u sin g  th i s  method and the system operated  su c c e ss fu lly  to  j u s t  

below 100°C. However, i t  was req u ired  to c i r c u la te  h e a tin g  f lu id  

to  the to rs io n -w ire  c a l ib r a t in g  r ig  (which i s  a lso  jack e ted  fo r  

tem perature c o n tro l)  and the m odified f lu id  h e a tin g  system i s  

shown in  F igu re  11. With the h ea tin g  tank com pletely closed  o f f  

and ex p erien c in g  a co n s tan t s t a t i c  head of about 4 ^  ^  w ater the
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immersion pump has been f i t t e d  in to  the cover of the v e sse l and 

sea led  by a s t a t i c  g land . To p reven t f lu id  le ak in g  up the  connecting  

tube jo in in g  the pump casin g  to  the motor a small housing co n ta in in g  

a l ip - s e a l  was f i t t e d .  An advantage of th is  design i s  th a t  s in ce  

the d r iv in g  motor i s  always remote from the pump in  the immersion 

type , i t  i s  a r e la t iv e ly  simple m atte r to  p reven t the motor from 

being  overheated by p ro v is io n  of a coo ling  c o il  on the connecting  

tube . U nfo rtuna te ly  the s h a f t  i s  unsupported over a co n sid erab le  

len g th  and due to  m isalignm ent and v ib ra t io n , f a i lu r e  of the  l i p -  

se a l was a c c e le ra te d  and re p la c in g  th is  se a l has caused co n sid erab le  

delay  and inconvenience.

The h e a te r  i s  a 3-kW immersion type made as  a s in g le  u n i t  

w ith sep a ra te  te rm in a ls  f o r  each of th ree  1 kW elem ents. The h e a te r  

was m anufactured fo r  th is  sp e c if ic  purpose by M essrs. Duncan Lowe Ltd. 

w ith  the elem ents sheathed in  Inconel tube and s u ita b le  fo r  

tem peratu res exceeding 250°C. The upper 1 kW elem ent i s  supp lied  

by power sw itched by the therm osta t; the o th er two elem ents each 

have manual co n tro l through ,rV ariac" v a r ia b le  tran sfo rm ers .

Maximum power fo r  th ese  elem ents i s  mainly req u ired  during  i n i t i a l  

h e a tin g  to  the working tem peratu re; a t  th is  stage power i s  reduced 

to  the le v e l where c o n tro l by the re g u la to r  can b e s t  meet the 

rem aining h e a t requ irem en t.

T herm ostatic c o n tro l i s  by to luene re g u la to r .  In  o rder 

to  extend the tem perature range of th is  instrum ent the to luene has 

been rep laced  by an ilen e  which has a b o il in g  p o in t of 186°C. This
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has lim ite d  o p e ra tin g  tem peratures w ith the  v iscom eter to  a 

maximum of I80°G* This re g u la to r  i s  used in  co n junction  w ith an 

A .E .I . p ro p o rtio n in g  head which cdamps out f lu c tu a t io n s  in  power in p u t 

when the o p e ra tin g  tem perature has been reached . This device i s  

f i t t e d  in to  the top of the  re g u la to r  and o p era tes  by means of a 

hea ted  b i-m e ta l s t r ip  which withdraws the co n tac t w ire when 

co n tac t i s  made w ith the mercury. U ltim ate ly  the  ,fon“ to  "o ff"  

time r a t io  of the h e a te r  e x ac tly  balances the h e a t lo s s e s ,  and 

very  f in e  co n tro l i s  o b ta in ed . This re g u la to r  was s e t  up to  prov ide 

a th e rm o s ta tic  co n tro l in  a s im ila r  r i g  f o r  te s t in g  purposes and 

a P t /P t  -  1 0 %  Hh. thermocouple and galvanom eter a m p lif ie r  vwerfe used 

to  feed  a  tem perature-dependent s ig n a l to  an e le c tro n ic  ch a rt
x  Qre c o rd e r . This p lo t  in d ic a te d  th a t  tem perature was held  to  -  0*01 C 

f o r  p e rio d s  of sev era l hours b u t th a t  f lu c tu a tio n s  of as much as 

0.1°C o cc as io n a lly  occurred , probably due to  d i r ty  co n tac ts  in  the  

r e g u la to r  or sudden changes in  mains v o lta g e . C e rta in ly  the  

c o n tro l le r  has proved adequate fo r  the t e s t s  describ ed  h e re . The 

f lu c tu a tio n s  describ ed  were in  the viscom eter ja c k e t whereas the 

la rg e  therm al i n e r t i a  of the viscom eter h e lp s to  reduce these  

changes in s id e  the instrum ent once steady  co n d itio n s have been 

reached . The f i r s t  v is c o s i ty  on l iq u id  w ater a t  atm ospheric 

p re ssu re  and up to 100°C were made w ith w ater as the h e a tin g  f l u i d .  

A fte r  t h i s ,  the th erm o sta t was f i l l e d  w ith Turbotherm fA* which i s  

a com m ercially a v a ila b le  h ea tin g  f lu id  composed of a m ixture of
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isom eric  t r i a r y l d i  m ethanes. This l iq u id  has an i n i t i a l  b o il in g  

p o in t a t  760 mm Hg of approxim ately 390°C and thus p resen ted  no 

l im i ta t io n  to  the p re se n t in v e s t ig a t io n . Temperature s t a b i l i t y  

has been improved and h ea t lo s s e s  g re a t ly  reduced by covering  the 

exposed su rfa ce s  of the r i g  with sev era l la y e rs  of composite 

co rrugated  asb esto s  and aluminium f o i l .  This has proved a s a t is f a c to ry  

method of in s u la t io n .

The second instrum en t was designed to  extend the range of 

measurements to  400°C and 1000 Kgl/cm^. Problems encountered w ith 

the f i r s t  in strum en t l iq u id  h ea tin g  system in d ic a te d  th a t  some o th e r  

h e a tin g  system would be n ecessary  u n le ss  a p re ssu r ise d  h e a tin g  

c i r c u i t ,  fo r  expmple, as developed by Sauer ( 144) , could be used .

Since th i s  second a l te r n a t iv e  would have involved a d is -p ro p o rtio n a te  

expense a sim ple e l e c t r i c a l ly  heated  ja c k e t has been m anufactured 

to  s u i t  the p re se n t requ irem en ts. This was made by Isopad to  th e  

a u th o r ’s s p e c if ic a t io n s .  I t  c o n s is ts  o f a base h e a te r ,  which f i t s  

under the main p ressu re  v e sse l w ith h o les  fo r  the leg s  and high 

p re ssu re  connection to  pass through; a main ja c k e t Y/hich f i t s  

around the o u ts id e  of the base h e a te r  as w ell as the p re ssu re  v e s se l 

ajid a se p a ra te  h e a te r  or mantle fo r  the top of the in s tru m en t.

The base h e a te r  and top m antle are  s in g le  windings bu t the main 

ja c k e t has th re e  sep ara te  windings which may be c o n tro lle d  

s e p a ra te ly . Each of the f iv e  windings has a sep a ra te  rh e o s ta t  f o r  

c o n tro l l in g  the power in p u t and t e s t s  are  to  be c a r r ie d  out w ith
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therm ocouples placed a t  in te rv a ls  around the v iscom eter to  f in d  

the s e t t in g s  which make the instrum ent iso th e rm a l. A 7A v a r ia b le  

transfo rm er su p p lie s  power to a l l  of the windings so th a t  having 

p re s e t  the rh e o s ta ts  to g ive reasonab le  iso therm al co n d itio n s the 

main ad justm ents can be made by manual co n tro l of the tran sfo rm er.

I t  i s  expected th a t  minor •trim m ing1 of in d iv id u a l h e a te rs  (by 

v ary ing  the r e s is ta n c e s ) ,  w ill be necessary  to  o b ta in  the req u ired  

tem pera tu res along the whole len g th  of the v iscom eter. The c i r c u i t  

i s  shown in  F igu re  12.

4 .5 .2  Temperature measurement

The choice of method of tem perature measurement has been 

g re a t ly  in flu en ced  by the m achanical d i f f i c u l ty  o f p lac in g  the 

therm om etric device in  the close proxim ity  of the t e s t  f lu id .

A fu r th e r  com plication  in  b rin g in g  the lead s  out of the r o ta t in g  

cy lin d e r  and through the p ressu re  v e s se l. A fte r i n i t i a l  c o n s id e ra tio n s  

chrom el/alum el therm ocouples sheathed in  s ta in le s s  s te e l  were 

se le c te d  since  the o u te r  d iam eter of the sheath  was only 0.021 in  

and the in strum en t could be designed to  accommodate th ree  or more 

of th ese  embedded in  the lower guard cy lin d e r w ithou t d i f f i c u l t y .  

Sheathed therm ocouples have the advantage th a t they can be sea led  

in to  the p re ssu re  v e s se l by a conventional method w ithout s t r a in in g  

the thermocouple w ires . In  a d d itio n  th i s  method allow s the 

ap p ara tu s to  be s tr ip p e d  and r e b u i l t  w ithou t permanent damage to  the  

therm ocouples and w ithou t the n e c e ss ity  f o r  r e - c a l ib r a t io n .  An 

a l te r n a t iv e  method which has none of these  advantages i s  th a t  of
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le ad in g  th e  hare w ires through an in su la te d  p lug  in  the p ressu re  

v e sse l w all and se a lin g  the whole assembly by l ib e r a l  a p p lic a tio n  

of an epoxy r e s in ,  fo r  in s tan ce  ‘'A ra ld ite ” . A fte r th e  c a l ib r a t io n  

of the chrom el/alum el thermocouples^measurements were c a rr ie d  out 

on the v is c o s i ty  of w ater between ambient and 100°C u sin g  th ese  

therm ocouples. I t  was apparen t a t  th i s  s tage  th a t  in  o rd er to  

in c re a se  the accuracy of the measurements from -  0*5$ to  b e t t e r  than 

* O .lJ^a  b e t te r  therm om etric device would be re q u ire d . The 

l im ita t io n s  w ith regard  to  access s t i l l  ap p lied  and i t  was decided 

to  supplement measurements from the  base-m etal therm ocouples w ith 

a s in g le  platinum /platinum -rhodium  thermocouple e n te r in g  the t e s t  

f lu id  in  the same manner as w ith those a lread y  in  u se . The minimum 

o u te r  d iam eter of s ta in le s s  s te e l  sheathed thermocouple a v a ila b le  of 

th i s  type was 0*065 in .  The thermocouple w ires had been p rev io u s ly

annealed and th e  ab so lu te  accuracy had been determ ined befo re
+ o od e liv e ry  and quoted to be no t w_orse than -  1 .0  C a t  1000 C. In

th i s  type^the te rm in a tio n  of the sheath  no longer n e c e s s ita te d

jo in t s  in  the thermocouple wire and the emerging 1 t a i l s 1 w ere^in

th i s  caseyreq u ested  to  be of s u f f i c ie n t  len g th  to  be taken s t r a ig h t

to  the cold ju n c tio n  -  thus reducing  th e  occurrence of therm al

emf*© due to  jo in t s  e tc .  to  a minimum. A fte r  i n i t i a l  measurements

of the v is c o s i ty  of a i r  u sin g  u n c a iib ra te d  Cr/AJ. therm ocouples,

these  were then c a lib ra te d  ag a in s t a standard  pla,tinum re s is ta n c e

thermometer p r io r  to  m easuring the v is c o s i ty  of w ater. Some

in te r e s t in g  bu t d isa p p o in tin g  f a u l t s  were d iscovered  in  these
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therm ocouples during  c a l ib ra t io n  which req u ired  se v e ra l experim ental 

p recau tio n s  to  be taken in  order to o b ta in  an accuracy of measurement 

b e t t e r  than 0.1°C. The d e ta i l s  a re  given more f u l ly  in  Appendix A.

I t  was decided th a t  i f  the accuracy of tem perature measurement 

was to  be improved to  allow  a c e r ta in ty  of ^  0.01°C to be achieved the 

base m etal therm ocouples would have to  be abandoned in  favour of the 

p rec io u s m etal type . The most re c e n t measurements have th e re fo re  been 

made w ith the tem perature given by a s in g le  s ta in le s s  s te e l  sheathed 

p la tinum /p latinum  -  10$ rhodium therm ocouple. This thermocouple was 

c a l ib ra te d  a g a in s t a s tandard  platinum  re s is ta n c e  thermometer w hile 

both thermometers were lo c a te d  in  the v iscom eter ja c k e t .  A T in s le y  

v e rn ie r  po ten tiom eter read ing  d i r e c t ly  to  0.1 yw V was used to  o b ta in  

R, and ^  w hile the th e rm o sta t m aintained a steady tem perature.

The procedure i s  given more f u l ly  in  Appendix A. More ex ac tin g  

in s tru m e n ta tio n  has been necessary  fo r measuring the emf from th i s  

therm ocouple, in c lu d in g  a p h o to ce ll galvanom eter a m p lif ie r , a therm al 

compensator and a more s e n s it iv e  galvanom eter.

4 .6  P ressu re  measurement

A diagrammatic sketch  of the appara tus used to  p re s su r is e

the  equipment i s  shown in  F igure 13 • The Budenberg dead w eight

t e s t e r  has been used to  r a is e  the xoressure in  the appara tu s and

a lso  as a means fo r  m easuring and m ain ta in ing  the p ressu re  du ring
2v is c o s i ty  measurements. The dead weight gauge has a 0.02 in  

p is to n  a rea  which i s  based on a p is to n  diam eter guaranteed by 1T.P*L.
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to  5 p a r ts  in  100,000. The w eights used on the gauge t e s t e r  are  

annu lar and are  guaranteed to  w ith in  2 gra,ins of the nom inal weight* 

The e r ro rs  a r i s in g  from the use of f re e  p is to n  gauges a re  

known, and measurements a re  based on the fo llow ing  assumptions#

(a) The p is to n  i s  t r u ly  c y l in d r ic a l  and moves in  

the cy lin d er w ith no f r i c t i o n .

(b) The p is to n  and cy lin d e r do n o t d i s t o r t  under 

p re s su re .

(c) There i s  no leakage of o i l  p a s t  the p is to n .

The c a l ib ra t io n  of the p is to n  diam eter i s  s u f f ic ie n t ly

accu ra te  to allow  out of roundness to be n eg lec ted . F r ic t io n  i s  

p re se n t in  the p is to n -c y lin d e r  assembly bu t i s  minimised by r o ta t io n  

of the weight c a r r ie r  and hence the p is to n . The in v e s t ig a t io n s  of 

B e tt, Hayes and F ew itt (128), Dadson (129) and o th e r  workers a t  

F .P .L . in d ic a te  th a t up to  the maximum p ressu re  used in  the  p re se n t 

appara tu s any d is to r t io n  e r ro r  may be n eg lec ted . Leakage of o i l  

p a s t the p is to n  i s  a lso  a fu n c tio n  of p ressu re  and causes an e f f e c t iv e  

in c re a se  in  the a rea  of the p is to n . I t  has been shown th a t  provided 

th e re  i s  no dim ensional change, the e f fe c t iv e  a rea  may be taken as 

the mean of the c ro s s -s e c tio n a l a reas  of the p is to n  and the c y lin d e r . 

The makers of the dead weight gauge s ta te  th a t  th e -c y lin d e r  i s  

m anufactured to  f i t  the p is to n  w ith a minimum of c learan ce  and i t  i s  

assumed th a t  any c o rre c tio n  req u ired  from th i s  source w il l  be le s s  

than Q.lfo and th e re fo re  n e g l ig ib le . The in h e re n t e r ro rs  of the
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dead weight gauge w ill no t s ig n if ic a n t ly  a f f e c t  the measurement of 

p ressu re  in  the p resen t appara tus. A c a lib ra te d  Bourdon tube i s  

a lso  connected in to  the high p ressu re  l in e  to give an immediate 

v isu a l check on the fu n c tio n in g  of the p ressu re  system. This i s  

necessary  because the te lescope fo r  ad ju s tin g  the n u ll  p o s itio n  of 

the to rs io n  cy lin d er i s  some 10 f t .  away from the dead weight gauge.

The p re ssu rised  f lu id  in  the dead weight gauge and Bourdon 

tube i s  c a s to r  o i l  so th a t  an in te r fa c e  between o i l  and w ater needs 

to be provided. The ad ap ta tio n  of a Greer Mercer h y d rau lic  

accum ulator fo r  th is  purpose i s  s im ila r  to  the manner described  by 

Yenart (l^O ). A rubber bag f i l l e d  w ith water hangs in s id e  a 

small hem ispherical-ended p ressure  v esse l in to  which the c a s to r  o i l  

i s  pumped. The water in  the bag i s  then sub jected  to  the same 

p ressu re  as the o i l  and i s  forced in to  the v iscom eter. The accum ulator 

used i s  1 q u art capac ity  and may be sa fe ly  sub jected  to a p ressu re  

of 330 kgf/cm ^.

With the exception of the p is to n  cy lin d er assembly and the 

mechanical face  se a l, a l l  jo in ts  and se a ls  in  the p ressu re  v esse l 

and a s so c ia ted  p ressu re  equilament are  le a k - f re e . However, the p is to n  

cy lin d e r assembly has alm ost n e g lig ib le  leakage and the leakage 

from the face  sea l i s  very sm all. The use of the dead weight gauge 

i s  advantageous in  th a t  the leakage from the face sea l i s  

continuously  made up by the  e f fe c t iv e  stroke volume of the p is to n  

cy lin d e r assem bly. Under most running cond itions the c a r r ie r  

needed to be ra is e d  every 10 minutes or so by in je c t in g  more o i l  

in to  the system.



The use of a magnetic d riv e  on the second v iscom eter has

allowed leakage to be reduced to n e g lig ib le  p ro p o rtio n s by the

use of alm ost e n t ire ly  s t a t i c  s e a ls ,  the ro ta t in g  to rs io n  head being

the one excep tion . A Chas. Cooke hand pump w ith a phosphor-bronze

body was f i t t e d  w ith g la s s - f i l l e d  P .T .F .E . chevron type packings

and has proved su ita b le  fo r  p re s s u r is in g  the v e sse l d i r e c t ly  w ith

w ater a t  p ressu res  up to  800 Kgf/cm • When h igher p ressu res  are

req u ired  the h ea tin g  ja c k e t can be ra is e d  in  tem perature s l ig h t ly

w ithout allow ing any escape of f lu id .  The r a te  of ro ta t io n  of the

to rs io n  head i s  1 rev o lu tio n  in  10 minutes and so f a r  the leakage

has been extrem ely small when the assembly i s  r o ta t in g  and zero

when i t  i s  s ta tio n a ry .

4*7 Water and F i l l in g  procedure

The a v a i la b i l i ty  of a supply of very pure ^ a te r  has been of

g rea t a s s is ta n c e . This water i s  tre a te d  fo r  use in  a s u p e rc r i t ic a l

steam gen era to r and hence i t s  m ineral content and e l e c t r i c a l

co n d u c tiv ity  are  p a r t ic u la r ly  low. This w ater i s  obtained  by p assin g

d i s t i l l e d  w ater through a bed of mixed re s in s .  I t  i s  then b o iled

to expel d isso lv ed  gases and then adm itted to  the v iscom eter which

i s  under vacuum from a Bunsen pump. A cooling  c o il  has been put

between the b o i le r  and the viscom eter so th a t th e re  i s  no excessive

coo ling  of the w ater as i t  en te rs  the v iscom eter. The w ater i s

allowed to flow through the instrum ent fo r  a time once i t  has been

f i l l e d  and any trapped a i r  i s  d isso lved  or d islodged by r o ta t in g

the o u te r c y lin d e r . The f i r s t  viscom eter has a ven t which i s  

ev en tu a lly  sea led  o ff when the top m irro r no lder i s  connected.
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The second viscom eter has vents “both a t  the top of the apparatus 

and a lso  a t  the ex trem ity  of the high p ressu re  tube fo r  the 

magnetic coupling. These are closed by valves once the appara tus 

has been f i l l e d .

F lask s  are  connected to both the o i l  and w ater s id es  of the 

p ressu re  system as shown in  F igure 14* The by-pass l in e  to  each 

f la s k  i s  provided so th a t  the high p ressu re  tube may be evacuated 

before f i l l i n g  with l iq u id  i n i t i a l l y .  The w ater f la s k  i s  f i l l e d  

w ith gas f re e  pure water from the b o ile r  Yfhen re q u ire d . When the 

w ater in  the accumulator i s  expended the vacuum pump can be s ta r te d  

above the o i l  f la s k  w hile the p ressu re  above the w ater f la s k  i s  

atm ospheric. The o i l  i s  g radually  pushed out of the accum ulator 

as the rubber bag f i l l s  w ith w ater. A ca re fu l check has to  be 

kept on the amount of o i l  which has been added to the p ressu re  system 

because considerab le  inconvenience can be caused by damage to the 

rubber in te r f a c e .

t
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CHAPTER 5

ASSESSMENT OF ERRORS

5.1 D eviation  from the id e a l v iscom eter

In  order to reproduce the flow  fo r  which the th e o re t ic a l  

so lu tio n  i s  derived the cy lin d ers  would need to be in f in i t e  in  leng th  

and p e r fe c t ly  co n cen tric . The e f f e c t  of l im ita tio n s  imposed by 

p ra c t ic a l  co n s id era tio n s w ill be d iscussed .

5*1*1 End e f f e c t s .

Id e a lly  the f lu id  should be contained in  the space between 

in f in i t e  c y lin d e rs . In  the ac tu a l instrum ent the drag on the ends 

of the in n e r cy lin d er has been g re a tly  reduced by the p ro v is io n  of 

guard r in g s .  These r in g s  extend some d istance  from the ends of 

the in n e r cy lin d e r with only 0.010 in .  c learance a t  each end. The 

guard r in g s  are  of the same diam eter as the in n e r cy lin d er and give 

co n tin u ity  to  the primary flow between the cy lin d e rs  over the whole 

len g th  of cy lin d er upon which the torque i s  measured. However, a 

co rrec tio n  of the order of magnitude of the c learance between the 

in n er cy lin d er and guard r in g s  must be added to  the measured leng th  

of the in n e r cy lin d er to  account f o r  drag on the ends. Houston (63) 

obtained  a th e o re t ic a l  so lu tio n  fo r a p a r t ic u la r  co n fig u ra tio n  where 

the w all th ick n ess  of the guard cy lin d er was much la rg e r  than the 

in n e r c y lin d e r , the sec tio n  of which he tre a te d  as a th in  sh ee t. 

T rea ting  the problem as a two dim ensional one ( i . e .  fo r  the case when 

the r a t io  of rad iu s  to gap i s  la rg e )  he deduced th a t  0*47 of the
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c learance must be added to each end of the in n e r c y lin d e r . Using 

the same reason ing  fo r the case where symmetry e x is ts  the co rrec tio n  

i s  0*5 of the clearance to  be added to each end. In the design of 

the f i r s t  viscom eter care was taken to ensure th a t  symmetry e x is te d . 

The guard cy lin d e rs  have a so lid  face  and the ends of the inner 

cy lin d er are  closed by small p la te s .  Thus the  e f f e c t  of flow 

in  the c learances i s  shared equally  baetween the guard r in g s  and the 

in n er c y lin d e r . The magnitude of th i s  e f f e c t  amounts to  only 0*34$ 

of the measured drag so th a t even i f  the  value of 0 .47  ob tained by 

Houston was used the d iffe re n ce  would only be 0.02^ from the 

co rrec tio n  ap p lied .

For the sake of s im p lic ity  many ro ta t in g  cy lin d er v iscom eters 

have been used w ithout guard c y lin d e rs , since in  many le s s -a c c u ra te  

requirem ents these  may be considered unnecessary. However, fo r  

th is  co n fig u ra tio n  severa l th e o re t ic a l  so lu tio n s  e x is t  (e .g . Roscoe 

(68)) fo r  the torque due to the ends of an immersed cy lin d er so th a t  

c o rrec tio n s  may be applied  fo r  th i s  i f  more accu ra te  r e s u l ts  a re  

req u ired . Although the method of u sing  a v iscom eter w ithout guards 

may be b e t te r  from the p o in t of view of s im p lic ity  (w ith the 

p rov ision  th a t  an exact co rrec tio n  may be made fo r  the ends) the 

guards do serve a d d itio n a l purposes, fo r  in s ta n c e , they a s s i s t  w ith 

mechanical cen te rin g  of the suspended cylinder., du ring  assembly. 

Also, in  th is  instrum ent, the ex tension  of the lower guard cy lin d e r  

serves to  sh ie ld  the m irro r stem from turbulence caused by the

moving mechanical p a r ts .

In  ad d itio n  to the prim ary concen tric  flow which e x is ts  in
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the annular space there  w ill he f lu id  v e lo c i t ie s  m odifying th is  

flow due to  the proxim ity a t  one end of the base of the ro ta t in g  

cy lin d er and a t  the top end due to  the s ta tio n a ry  top cover of the 

v iscom eter. The d is tan ce  which these e f fe c ts  p e r s i s t  a long  the 

annular space w il l  vary with the angular velocity of the ro ta t in g  

cy lin d e r and w ith the gap th ick n ess . I t  i s  apparent th a t  the guard 

cy lin d ers  must be long enough fo r  these  e f f e c ts  to  have become 

n e g lig ib le  in  the space around the suspended c y lin d e r . For in s ta n ce , 

the f in d in g s  of Hatschek (57) th a t  the v is c o s ity  of w ater appeared 

to in c re ase  w ith h igher r a te s  of shear in d ic a te s  th a t  the  e f f e c t  

of Hie cy lin d e r ends was not e lim inated  by the sh o rt guard cy lin d ers  

used in  h is  instrum ent.

According to Couette, each of the guard r in g s  should be 

about / 5  of the leng th  of the suspended cy lin d e r , in  which case 

he considered  th a t  d istu rbance was, fo r  p ra c t ic a l  purposes, confined 

to the space between guard r in g s  and the ou ter c y lin d e r . Considering 

the r e la t io n  of Hie len g th  of Hie guards to  the gap w idth , Couette ( 56 ) 

and G ilc h r is t  (60) made the guard len g th  approxim ately 14 (R^ -  B2) 

while Leroux (62) worked w ith 10 (R. -  With sh o r te r  guards

than th i s  Drew (88) found th a t the e lim in a tio n  of end e f f e c ts  was 

considerab ly  improved by adding wedge shaped r in g s  to  the 

e x tre m itie s  of the guard cy lin d e rs , thus p a r t i a l ly  c lo s in g  the gap 

between the cy lin d e rs . The idea  underly ing  th is  i s  th a t  the l iq u id  

near the ends may have a speed which corresponds w ith the  rad iu s  

^  ^  -  H2 ) a t  approxim ately th is  same ra d iu s  in s te a d  of



some much sm aller rad iu s  as would be the case w ithou t the

attachm ents.

R . i k j < * S  A D D C . 1 X  

e>Y OtLEW.

Using th is  method Drew made an accu ra te  determ ination  of the

v is c o s i ty  of w ater a t  20 C and observed th a t the re la tio n s h ip  b e t ween 

d e f le c tio n  and angular v e lo c ity  was l in e a r  only a f t e r  the wedge 

shaped r in g s  had been added.

Several papers d escrib in g  experim ental s tu d ies  of the flow  

between r o ta t in g  cyM nders have been s c ru tin is e d  to  see i f  end e f f e c ts  

had been observed and to  what ex ten t the q u a n ti ta t iv e  r e s u l t s  were 

a l te re d  by i t .  Taylor (79) in  P a r t I I  of th i s  paper measured 

the d is t r ib u t io n  of v e lo c ity  between concen tric  cy lin d e rs  when the 

o u te r cy lin d e r was ro ta te d  and the in n er cy lin d er was a t  r e s t  by 

means of sm all p i to t  tu b es . With a r a t io  of gap to  r o ta t in g  cy lin d e r  

R -  R
ra d iu s  —— = 0 .38  and a cy lin d er speed of 33 revs/second

R1
he showed th a t  although the motion was s t i l l  no t tu rb u le n t the 

v e lo c ity  d is t r ib u t io n  under these cond itions was somewhat m odified .

I t  was shown th a t  the observed v e lo c ity  of f lu id  nor the in n er
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cy lin d er was g rea te r  than the ca lcu la ted  value due to c irc u la tio n  

of the f lu id  "by the ac tio n  of the ends. Several t e s t s  a re  described  

which v e r ify  th is  explanation , inc lud ing  flow v is u a lis a t io n  u sing  a 

g la ss  ou ter cy lin d er. I t  m i^ it be noted th a t  in  these te s t s  the 

v e lo c ity  g rad ien t was modified to a g rea te r  ex ten t near the inner 

cy lin d er than near the ro ta t in g  outer cy lin d er, where the v e lo c ity  

g rad ien t remained almost the same. One would th e re fo re  expect th a t  

the torque on the inner cy lin d er would be a l te re d  to  a g rea te r  

ex ten t than on the ou ter c y lin d e r . The fa c t  th a t  T ay lo rfs torque 

measurements*, which were made on the ro ta t in g  c y l in d e r  show no 

appreciab le  dev ia tion  from the th e o re tic a l value confirm th is  

observa tion .

An im portant d iffe rence  between Taylor*s apparatus and

the viscom eter described here i s  th a t T a y lo r^  o u te r cy lin d er was

a lso  the con ta iner and was closed a t both ends, while in  the

viscom eter the ro ta tin g  cy linder i s  closed only a t the bottom.

The flow due to  th is  s ing le  ro ta tin g  end and th e  s ta tio n a ry  boundary

a t  the top would th e re fo re  be a v e lo c ity  outwards a t  the bottom

giv ing  a f lu id  v e lo c ity  Up the inner surface of the ro ta t in g  cy lin d er

and down the ou ter surface of the inner cy lin d e r. However, in

making th is  comparison w ith Taylor, the im portant f a c t  i s  th a t the

cy lin d er speed of 33 rev s /sec  gives a Reynolds number of 1.1 x 10^

whereas the viscom eter described here has been designed such th a t

the Reynolds number does not exceed 100. This p o in t a lso  ap p lie s

to Drew, whose outer cy lin d er speed was varied  between 3*6 and 13.6 

re v s /s e c  g iv ing  corresponding Reynolds numbers of 1653 to  6246 .



Thus i th a s  been concluded th a t the small e f f e c ts  observed by 

these  experim enters a t  high Re in d ic a te s  th a t  the e f f e c t  w ill be 

n e g lig ib le  in  an instrum ent designed to  operate a t  very low Reynolds 

numbers. In  f a c t ,  te s ts  made with the viscom eter have shown no 

s ig n if ic a n t  dev ia tion  from a l in e a r  r e la t io n  between angular 

d e f le c tio n  and angular v e lo c ity , which has been taken to  confirm 

th a t  a t  very low speeds the end e f fe c ts  are  n e g lig ib le . Should the 

e f f e c t  become n o ticeab le  a t  any time or fo r  some p a r t ic u la r  f lu id ,  

the p recau tion  su ccessfu lly  applied by Drew could q u ite  e a s ily  

be taken.

The more recen t measurements by Donnelly (77) confirms the 

sm allness of end e f fe c ts  r ig h t  up to the p o in t a t  which in s t a b i l i ty  

occurs. Over the range of speeds a t  which the torque was measured 

p r io r  to the onset of in s t a b i l i ty  the 1 apparent v isco s ity *  of the 

liquid],; as in d ica ted  by h is  instrum ent f e l l  by approxim ately 

0*5$. The exact f ig u re  was no t reproducable because th i s  d ev ia tio n  

a lso  con tains tgie e f fe c t  of e c c e n tr ic i ty , which v a ried  s l ig h t ly  from 

day to  day. By comparison, sec tion  5*1*3 shows th a t  the v is c o s ity  

measurements described here were taken over a narrov/ speed range 

te rm inating  w ell sho rt of the po in t of i n s t a b i l i ty  ( fo r  e i th e r  

cy lin d er ro ta tin g )  which would suggest th a t in  th i s  p resen t 

instrum ent the end e f fe c t  i s  only a f ra c tio n  of th a t  observed by 

Donnelly over h is  wider range of speed.
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5 .1 .2  E c c e n tr ic ity

The e f fe c t  of p o ssib le  e c c e n tr ic i ty  of the two cy lin d ers  

on the measured torque must be considered . The flow  crea ted  by 

e c c e n tr ic i ty  resem bles the problem of the lu b r ic a tio n  of a jo u rn a l 

bearing  except th a t in  the bearing  the  e c c e n tr ic  displacem ent i s  no t 

small compared to the gap between the cy lin d e rs , although the gap 

i t s e l f  i s  small compared to  the rad iu s  of cu rv a tu re . The e f f e c t  

of e c c e n tr ic i ty  in  the v is c o s ity  measurement was f i r s t  considered by 

Couette ( 56 ) i n  a very rough approxim ation which re s u lte d  in  a 

th e o re t ic a l  in c rease  in  v iscous drag on the s ta tio n a ry  cy linder w ith 

e c c e n tr ic i ty .  K ellstrom  ( 64) ,  however, observed a decrease in  the 

torque on the s ta tio n a ry  cy lin d er due to  e c c e n tr ic i ty  in  an 

experim ental in v e s tig a tio n . This observation  i s  in  agreement w ith 

H arrison*s (13$ theory of the lu b r ic a tio n  of a jo u rn a l bearing , 

in  which i t  i s  shown th a t  the movement a c tin g  on the s ta tio n a ry  

cy lin d er should decrease with e c c e n tr ic i ty , w hile th a t  on the 

ro ta t in g  cy lin d e r should in c re a se . Since H arrison*s equations were 

obtained  by an approxim ation n eg lec tin g  curvatu re the question  

of whether the in n er or ou ter cy lin d er i s  r o ta t in g  does no t a r i s e .

Thus, h is  r e s u l t  may be app lied  to v iscom eters where the torque i s  

ne asured  on e i th e r  the in n er or ou ter cy lin d e r, whichever i s  the 

s ta tio n a ry  member. In g l is  (132) has p resen ted  a fu r th e r  s im p lif ic a tio n  

of H arrison*s trea tm en t of the problem by means of the approxim ations 

th a t  the e c ce n tric  displacem ent i s  sm all compared to  the width of 

the gap and th a t  the in e r t i a  terms may be n eg lec ted . His value
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f o r  the m odified torque M* on the s ta t io n a ry  (o u te r)  cy lin d er i s

M» = 2* 'f )Tr 1 2 2 ^  . ( i  - c2 + ...........) ...5*1

and the torque on the moving (in n er) cy lin d e r i s  given by M where

277 P  U R 2 2
K = -  (  ^ ------—  ) ( 1 + 2 C .................. ) . . . 5 .2

The to ta l  torque on the in n er ( s l ig h t ly  d isp laced ) cy lin d e r about 

the o r ig in a l  cen tre  i s  equal and opposite to th a t  on the  ou ter 

cy lin d e r

M + R CcL = -  M1

making the re a c tio n  torque on the  f lu id  v an ish , as i s  necessary  fo r

co n stan t flow . Here, R i s  the moment due to  the l a t e r a l  fo rce  

(per u n it  h e ig h t)  on the in n e r cy lin d er due to the d iffe re n ce  of 

p ressu re  on the  opposite s id e s .

(L, i s  the e c c e n tr ic i ty

C = -j- where cl i s  the gap between the  cy linders

i . e .  R^ -  R2 * d

R = ----------- x  -----

» d  l i t  .  S i r ?  IT e /
5.3

Using the  equation 5*3 the e f fe c t  of e c c e n tr ic i ty  in  the 

p re se n t in strum en t has been c a lc u la te d . For the maximum angular 

v e lo c ity  of the  instrum ent the  p e r ip h e ra l v e lo c ity  of the moving



-  112 -

cy lin d e r  IT = 6*24 cm/sec and considering  the  s p e c if ic  case

of w ater a t  20°C the e f f e c t  of 6  * 0 .005  in  53 0.0127 cm was found 

to  be 1.36/^. I f ,  however, &  i s  lim ite d  to  a value n o t exceeding

0.002 in ,  which i s  a p ra c t ic a l  f ig u re  in  th a t  e c c e n t r ic i t ie s  in  

the pre-assem bly stage g re a te r  than th i s  can be co rrec ted  f o r ,  then 

the r e s u l t in g  e r ro r  w ill  be only 0 .22$. I t  should perhaps be 

po in ted  out here th a t  severa l e r ro rs  were n o tic ed  in  th e  s c r ip t  

of I n g l i l s ^  paper. For in s ta n c e , in  P a r t I  where cu rvatu re  i s  

n eg lec ted , h is  equation (3 ) should read,,

In subsequent equations the terms F and G a re  both wrongly w r it te n . 

They become

I n g l i s ^  paper was propared p a r t ic u la r ly  w ith the measurements 

of Bearden on the v is c o s ity  of a i r  by the r o ta t in g  cy lin d er method 

in  mind. When considering  the equation of motion

I n g l is  was ab le  to  n eg le c t the l a s t  term , which a r is e s  from i n e r t i a ,  

because fo r  the case of a i r  th i s  can e a s ily  be shown to  be very  sm all

)

and

)

1T.B. I n g l i s ’s n o ta tio n  fo r the gap i s  *gf whereas the
/ *

p resen t n o ta tio n  of d  has been used h e re .

2 i
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compared w ith  v iscous e f f e c ts .  However, th is  i s  n o t tru e  fo r

been ca lcu la ted  to he about 29fa of the  v iscous term a t  the h ig h e s t 

speeds of ro ta t io n  and th e re fo re  should no t be n eg lec ted  in  the 

a n a ly s is . At lower angu lar v e lo c i t ie s ,  fo r  in s ta n c e , i f  the speed 

i s  lim ite d  to  0.4 of the p re sen t maximum, th e  i n e r t i a  term has a 

much sm aller e f f e c t  and can be n eg lec ted  and equation  5*3 a p p lie s . 

B ather than to  solve the f u l l  equation  of motion in  o rder to work 

out a more accu ra te  estim ate of e r ro r  th is  p resen t l im ita t io n  has 

been taken to apply.

P revious ca lcu la tio n s  were made w ithout tak in g  curvatu re  

in to  account. The P a r t  I I  of In g lis* s  paper dea ls w ith the case 

of ap p rec iab le  cu rvatu re , and small e c c e n tr ic i ty .  In  th i s  case the 

v iscous torque on the s ta tio n a ry  cy lin d er i s  given by

Using th i s  equation and the same conditions as b efo re , the torque 

on the  s ta t io n a ry  cy linder was c a lc u la te d  to  change by Q.20/o 

which i s  s l ig h t ly  le s s  than the value obtained n e g le c tin g  

cu rv a tu re •

d isp laced  to  an ec ce n tric  p o s it io n  a p ressu re  g rad ie n t w ill  be 

generated  which tends to r e s to re  c o n c e n tr ic ity . Since the in n er 

cy lin d e r i s  supported on a s in g le  w ire i t  seems reasonab le  to 

suppose th a t  i n i t i a l  e c c e n tr ic i ty  of the in n er cy lin d er may w ell be 

removed by s l ig h t  l a t e r a l  displacem ent of the cy lin d er due to  th e

liq u id s  and in  p a r t ic u la r ,  fo r  w ater a t  20°C the i n e r t i a  term has

I n tu i t iv e ly ,  one would expect th a t  when one cy lin d er i s
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p ressu re  g rad ie n t produced# I f  the fo rc e s  tend ing  to  re tu rn  the 

cy lin d er to  i t s  i n i t i a l  p o s it io n  are g rea t enough an o s c i l la to ry  

motion would occur# Ho such o s c i l la t io n s  have been observed during  

t e s t s  and i t  i s  thought th a t  the p ra c t ic a l  p recau tio n s observed 

have reduced the e f f e c t  to a value le s s  than 0*2
^ I .

5•1*3 S ta b i l i ty  of flow

The equations governing in s t a b i l i t y  have been given f u l ly  

in  sec tio n  3«1«3« However f u l l e r  co n s id era tio n  has been given

to  th is  equation  w ith regard  to  th is  p a r t ic u la r  in strum en t. For
T ndynamic s im ila r i ty  -----  must be a fu n c tio n  os —7  fo r  any

given p a ir  of d iam eters, where n i s  the  speed of the ro ta t in g  cy lin d er 

in  revs/second  and T i s  the to rque . In o rder to  show the e f f e c t  of 

r o ta t io n  on tu rbu lence the th e o re t ic a l  value of T has been 

c a lc u la te d  fo r  steady motion. Since in  th is  case T ^  n, then

*  i
P * .2 n

so th a t  w ith logarithm ic  co -o rd in a tes  the th e o re t ic a l  irnrve i s  

always a s t r a ig h t  l in e  a t  -  45° to the h o rizo n ta l a x is . To compare

these  r e s u l t s  w ith those of Taylor (7 l)(79)>  F igure  15 has been
T u /^drawn where lo g 1Q  £ i s  p lo tte d  a g a in s t log1Q y r -  . A

p a r t ic u la r  s e t  of cond itions has been used to  c a lc u la te  the 

th e o re t ic a l  l in e  and a curve s im ila r  to  th a t  shown in  F igure 1 has 

been used to  c a lc u la te  the p o in t a t  which in s t a b i l i t y  i s  to be expected 

when the o u te r  cy lin d er i s  r o ta t in g .  At these  co n d itio n s severa l
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irLscosity measurements have "been made w ith the  instrum ent a t  

d i f f e r e n t  cy lin d er speeds. These experim ental p o in ts  are  shown 

superimposed on F igure 15* I t  can he seen th a t  whereas the upper 

l im i t  a t  which v is c o s ity  measurements have been made corresponds 

to lo g  ^  1 . 2 , i n s t a b i l i t y  would no t been expected u n t i l

^  ^  2 .4  according to  Taylor.

The speed a t  which in s t a b i l i t y  would have occurred had the 

in n e r cy lin d e r been ro ta t in g  h a s  a lso  been c a lc u la te d  u sing  T ay lo r1 s 

th e o re t ic a l  so lu tio n . For th i s  case i n s t a b i l i t y  would occur f o r  

lo g  —-  1.73 and th i s  p o in t has a lso  been p lo tte d  on F igure 15*
r

I t  i s  of in t e r e s t  to note th a t  had the p resen t v iscom eter been 

designed to  operate w ith a r o ta t in g  in n e r cy lin d er and s ta tio n a ry  

ou te r c y lin d e r the measurements would have been made much c lo se r  to 

the onset of i n s t a b i l i t y .  For in s tan ce  a ^Ofo in c rease  in  the p re sen t 

maximum speed would have caused Taylor v o r tic e s  to appear. However, 

fo r  the p re se n t design of viscom eter i t  i s  apparen t th a t  p o ss ib le  

in s t a b i l i t y  of flow i s  no t a problem and the speed would, in  f a c t ,  be 

in c reased  considerab ly  w ithout any tro u b le  from tins source.

5.2 Accuracy of d ir e c t  measurement

and i s  a lso  d ir e c t ly  dependent on the tem perature and p ressu re  

recorded , the estim ated  accuracy with which these f a c to rs  have been 

obtained  i s  d iscussed  below

Since the v is c o s ity  may be ca lcu la ted  from the  equation

K P Q t 5-5
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5 *2 .1  K -  the apparatus constan t 

This constan t i s  given by

( \ 2 -  r 22 )
K =   p 2  5 .6

1 . R- . R„

In  the p re sen t an a ly s is  the standard  d ev ia tio n  CT  has been 

considered throughout, r a th e r  than o b ta in in g  a maximum probable 

e r ro r  f o r  each v a r ia b le . At the end the maximum probable e r ro r  can 

be c a lc u la te d  from the estim ated  o v e ra ll standard d ev ia tio n  obtained  

from combining in d iv id u a l e r r o r s .

The e rro r  in  K can be obtained by talcing p a r t i a l  

d e r iv a tiv e s  in  equation 5 *6 *

K t i / ^ V 2 +  < 8

which reduces to

5*7

CT k
Using th is  equation the value of -gr- has been obtained  by two 

methods. In the f i r s t  method each dimension was measured a la rg e  

number of tim es using  s l ip  gauges and an e le c tro n ic  com parator.

The standard  d ev ia tio n  of each of these  s e ts  of measurements from

the mean value used to  ob ta in  K has been used to  o b ta in  CT K.
ct K —3The value of obtained was 2*98 x 10 , i . e .  approxim ately 0 .3$.

K

At a l a t e r  date the standard  d ev ia tio n  was re -c a lc u la te d
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u sin g  standard  dev ia tions obtained from Talyrond p lo ts  of the 

cy lin d e r d iam eters. These d ev ia tio n s  are d i f f e r e n t  because the 

Talyrond method of c a lc u la tin g  the d ev ia tio n  allow s out of

roundness to  be much more accu ra te ly  taken in to  account. By th is
CT" K 2

method - g -  has been ca lcu la ted  to be 4-51  x 10 which i s  about

50fo g re a te r  than the previous e s tim a te . This was because the in n e r 

cy lin d er was much more ou t-of-round than comparator measurements had 

in d ic a te d . A comparison of the r e s u l ts  by the two methods i s  given 

in  Table 1.

TABLE 1

C ylinder Standard d ev ia tio n  0 “
Prom Talyrond Prom com parator

o u te r 1 .07  x 10“ 4 1 .5 5  X 10-4

in n e r 2.83 x 10"4 1 .5 0  x 10-4

The m agnification  used in  the Talyrond method can be v a rie d

bu t in  most cases a x400 m agnification  was used, i . e .  a  change of

0.00025 in .  becomes 0.1 in  on the p lo t .  The precedure follow ed was

to  draw the mean circum ference through the p lo t  so th a t  the sum of

a reas  in s id e  th is  l in e  were equal to  the areas o u ts id e . This was

achieved by t r i a l  and e r ro r , the a reas  being measured by p lan im eter.

The d is ta n c e , &  , betv/een the mean circum ference and the p lo t  was

then measured a t  24 in te rv a ls  around the circum ference. The standard

d ev ia tio n  of th is  dimension has then be c a lcu la te d  from
j  2 2 2 2

&  55 x >y<£l + £ : 2  + ^ 5  +  * ^ x
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The Talyrond method was very rev ea lin g  of the sh o rt

comings in  the method of manufacture fo r  these c y lin d e rs . Although 

the cy lin d e rs  had been s t r e s s - re l ie v e d  before the f in a l  machining 

o pera tion  (which involved removing only a few thousandths of an 

inch) the p lo ts  revea led  d is to r t io n  due to  ho ld ing  of the cy lin d e rs  

in  a 5 -jaw la the-chuck . S ince, a t  th i s  tim e, the cy lin d e rs  fo r  the 

second v iscom eter had no t been completed a new sequence of o pera tions 

fo r  m anufacturing the cy lin d e rs  has been worked out which should 

reduce the standard  d ev ia tio n  to  0.00005 in .  or b e t t e r .  In a d d itio n  

to  these p recau tio n s a ir-g au g in g  equipment i s  to be used fo r  g iv in g  

an independent value fo r  the abso lu te  dimensions of these  c y lin d e rs . 

This method of in sp ec tio n  i s  a f a i r l y  recen t innovation  but i s  

extrem ely u se fu l where v a r ia tio n s  in  s iz e  sm aller than 0.0001 in .  are  

to  be d e te c te d . The p r in c ip le  used i s  th a t  a m aster gauging r in g  

or p lug i s  made s l ig h t ly  d if fe re n t  in  size  to  th e  range in  which the 

s iz e  of the component i s  expected to f a l l .  The r in g , fo r example, 

has two or more small ap e rtu re s  around the circum ference through 

which compressed a i r  can escape.. When th is  r in g  i s  pushed over 

the component to be measured, the f ilm  of compressed a i r  between the 

cy lin d ers  has a p ressu re  which can be used, by su ita b ly  c a l ib ra t in g  

the equipment, to give v a r ia t io n s  from the gauge s iz e  very a c c u ra te ly . 

The g re a t advantage here i s  th a t  the re  i s  an in te g ra t in g  e f f e c t  over 

the reg ion  a t  which the a i r - f i lm  p ressu re  i s  sensed so th a t  the 

presence of small su rface  i r r e g u la r i ty  does no t give a m islead ing  

measurement.
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5*2.2 F -  the w ire c a lib ra tio n

Since F « ^  5*8

The ex te rn a l e rro r  w ill  be the r e s u l t  of e r ro rs  in  the determ ination  

of I  and in  the measure of ^  . I  i s  the moment of in e r t i a  and

fo r  a simple d isc  of mass Mp i s  given by ■§■ MJEL . For a d isc  w ith 

a ho le rad iu s  r  along i t s  ax is

I  = i  (MpE2 -  mr2) , . . .5 * 9

where m i s  the mass of metal removed in  making the h o le . For a

homogenious m a te ria l equation 5*9 may be re -w r it te n  as 

I  = j  ( R2 + r 2) . . . . 5 . 1 0

where M i s  the mass of the r in g  ** KL -  m, R i s  the ou ter rad iu s

and r  i s  the in n e r ra d iu s .

This equation i s  only v a lid  i f  the end face s  of the r in g  

are  p a r a l le l  and perpend icu lar to the a x is . This cond ition  has been 

approached by f i r s t  of a l l  tu rn in g  the r in g  a c cu ra te ly  in  a la th e  

so th a t  although the ends may n o t be f l a t  they a re  perpend icu lar to  

the a x is . The r in g  v/as then ground f l a t  on the end face s  and 

f in a l ly  lapped. The probable e r ro r  has th e re fo re  been ca lcu la ted  

from the estim ated  e r ro rs  in  M, R and r .

The e r ro r  a n a ly s is  w ill  be considered p a r t ic u la r ly  fo r  the 

r in g s  designated  C2 and Dg which have the la rg e s t  i n e r t i a .  Since 

these  have a. la rg e  o u tsid e  diam eter and bore, they r e s t  on an 

aluminium d isc  and are  clamped to  the m irro r stem w ith the a s s is ta n c e  

of a b rass  spacer. Thus the e r ro r  in  the value of I  f o r  these 

o th e r p a r ts  must a lso  be considered .
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R e-w riting  equation 5*10 in  terms of the d iam eters . 

I m (d2 + a2)

1 -[ t  M)2°^ + ( Id)2 ^ d)2 + < f l  )2 ^ d)
which can he re -w r it te n

< ^ > 2 * < >2 ' *  
(_ (D + d ) (D + d ) ••••5•11

The mass of the r in g  was obtained w ith an O ertlin g  autom atic

chemical balance u sing  c a lib ra te d  w eights a llow ing  an accuracy of

£ 0.1 mg to  be ob tained . The dimensions of the r in g s  were obtained

by s l ip  gauges and a comparator which can d isc r im in a te  to 

-51 x 10 in c h . I f  the r e q u is i te  p recau tio n s are taken regard ing  

tem perature c o n tro l, th is  rep re se n ts  the accuracy of the physical 

measurement. However, each machined p a r t  has some degree of 

our-of-roundness and the standard  d ev ia tio n  of the measured 

dimensions has again been found using  the Talyrond p lo t .

Considering now the experim ental e r ro r  in  o b ta in in g  the 

in e r t i a  of the m irro r stem, which forms a p a r t  of the o s c i l la t in g  

system. The in e r t i a  Ai was found from sev era l experim ents where 

the r e la t io n s h ip

A i  = i
2

U A I

or

A

Ai

rT  AI------
aA2 2 2

A Ir2 -r
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has been used* Here j- i s  the period  of o s c i l la t io n  of the

m irro r stem alone and ^  ^ and ^   ̂ a re  th e  p e rio d ic  tim es fo r

the pendulum when r in g s  A  ̂ and A^ a re  timed re s p e c tiv e ly . For the

m irro r stem used in  the f i r s t  v iscom eter A I  has been ca lcu la ted

to  be 6*475 * 0*007 gm cm • Since A I  i s  sm all compared w ith the

to ta l  in e r t ia : ,  of the system, i t  does no t need to know b e t te r  than

th i s .  Using th is  e r ro r  and s im ila r  es tim a tes  of e r ro r  fo r  the
CX Ialuminium c a r r ie r  and the b ra ss  spacer the value of —

Total

has been estim ated  to  be 1.02 x 10~ '̂ o r approxim ately 0.01$.

Now, F = ^

th e re fo re

¥  -  { ( &  * < - * # -  >2j  1   5.12

Although the  Venner type T.S.A.3 counter i s  claimed to  be 
-5

accu ra te  to  1 x 10 th e re  m i l  be s l ig h t  v a r ia t io n s  in  performance

due to  changes in  ambient tem perature. The standard  d ev ia tio n  could
. -5

th e re fo re  be taken as -  5 x 10 which should allow  fo r  changes in  

room tem perature. However, the p re c is io n  w ith which r  can be 

ob tained  i s  le s s  than th is  and v a r ie s  s l ig h t ly  w ith such th ings as 

v ib ra tio n  from o ther machinery in  the reg ion  of the t e s t  r i g  and 

changes in  the response time of the p h o to ce ll tim ing device fo r  

d if f e r e n t  experim ental co n d itio n s . The e f f e c t  of the l a t t e r  causes 

the g re a te s t  lo s s  of p re c is io n  a t  small am plitudes of o s c i l la t io n  

and i t  can be seen from F igures 18 to  20 th a t  th i s  can amount to
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£ 2 x 10 5 seconds in  the period  ' t  of 14 seconds ( i . e .  approxim ately 

± 15 X 10"5 o r ± 0 . 015^ ) .

Using these f ig u re s , has heen estim ated  as

^ 1.81 x 10 I t  might be noted th a t  the c a lib ra tio n  r e s u l ts  of

r in g s  Agg, C2 and D2 given in  Appendix E ( i i i )  f a l l  w ith in  7 x 10~^

of each o th e r. Although. no conclusion can be drawn from so few 

r in g s  i t  i s  thought th a t  th is  assessm ent of accuracy may be applied  

to the most rece n t c a lib ra tio n s  of the w ire. However, fo r  the r in g s  

made to  a le s s  rig o ro u s s p e c if ic a tio n  and where the tim ings were 

made w ithout es tim atio n  of the am plitude e f f e c t ,  i t  i s  apparent 

th a t  e r ro rs  have en tered  the experim ent which have no t been fu l ly  

accounted fo r  so f a r .  I t  can be seen from Appendices B and E 

th a t  the  standard  d ev ia tio n  was m ostly about 9 x 10~^ fo r  the 

ea rly  experim ents. Some no tes th a t  fo llow  are  thought to  contain the 

exp lanation  fo r  th is  s c a t te r .

explained by tem perature v a r ia tio n s  a lo n e .

Other p o ss ib le  causes of v a r ia t io n  in  the observed to rs io n  

constan t may be l i s t e d  b r ie f ly .

For in s tan ce , 

in  the room of -  3°C from Appendix E ( l i i )  we know

1.196 x 10 ^ where t  i s  in  °C
d t

± 3°C -  -  3 .588  X 10-4  in  ( —  )

-4However, since estim ated  <T F = 9 x 10 the p resen t s c a t te r  cannot be
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(a) I t  i s  p o ssib le  th a t in s p i te  of the p recau tio n s and 

adjustm ents made p r io r  to the tim ing of o s c i l la t io n s  th a t  

du ring , say, the tim ing of 50 o s c i l la t io n s ,  the cen tre  of 

the swing has moved s l ig h t ly  away from the pho tocell 

(p o ssib ly  due to  r e f ra c t io n  of the l ig h t  passing  through 

the window) which would mean th a t  the time deduced fo r  

one o s c i l la t io n  would be s l ig h t ly  in  e r r o r .

(*) The in te rn a l  e rro r in  the determ ination  of F has been 

obtained  by tim ing a s e r ie s  of in e r t i a  r in g s  which vary in  

mass and moment of i n e r t i a .  Although the aim was to  t r e a t  

the te s t in g  of each r in g  id e n t ic a l ly ,  a d i f f i c u l ty  in  .the 

tim ing  of one p a r t ic u la r  r in g  which could mean rep ea tin g  

the t e s t ,  o r removing the suspended system tem porarily  

to  clean  the m irro r, meant th a t  the w ire was sub jected  to 

many thousands of cycles between the 1 s t and the 9th in e r t i a  

r in g . Such trea tm ent alm ost in e v ita b ly  w ill  cause a work 

hardening of the m a te ria l and thus a change in  the 

to rs io n a l behaviour. Furtherm ore, the removal of the 

suspended system from the vacuum r i g  and the changing of
'-J

i n e r t i a  r in g s  su b jec ts  the w ire to a considerab le  handling

s tr e s s e s  which could have a s im ila r  e f f e c t .  Since some of

these  e f f e c ts  may no t be permanent, i . e .  the w ire may re tu rn

to  i t s  i n i t i a l  re lax ed  s ta te  when l e f t  u n stra in ed  fo r

sev e ra l days, i t  i s  d i f f i c u l t  to  apply any co rrec tio n s  or

to  assess  the e f fe c t  of th is  behaviour q u a n ti ta t iv e ly  except 

by comparing the r e s u l t s  f o r  sev era l r in g s .



For example, the r e s u l t s  f o r  the th ree  most a c c u ra te ly  made r in g s  may 

he considered  s u f f ic ie n t ly  accu ra te  w ith  regard  to the p resen t s ta te  

of development of the appara tus. The technique fo r  tim ing  the r in g s  

may have to  he re f in e d  in  order to  in c rease  the accuracy to 

-  1 x 10 which should he a t ta in a b le .  This may involve using  a 

technique s im ila r  to th a t  used hy Bearden (8) in  which the end of each 

swing i s  recorded hy high-speed cine photography. Thus the peak-to - 

peak time can he deduced very a c c u ra te ly . A method s im ila r  in  

p r in c ip le  has heen developed hy Copley (133) u sin g  a pho tocell 

technique fo r  determ ining the in te rn a l  f r ic t io n  of g la ss  f ib r e s .

In th i s  arrangem ent Copley uses 4 p h o to ce lls  arranged e q u id is ta n t 

along the a rc  through which re f le c te d  l ig h t ,  from the to rs io n a l 

pendulum, t r a v e ls .  As the am plitude of the o s c i l la t io n  decays the 

tu rn in g  p o in t of the swing gets  n ea re r to  each p h o to ce ll in  tu rn .

The n ea re r  the p h o to ce ll i s  to the tu rn in g  p o in t of the swing the 

longer the l ig h t  dw ells on the c e l l  an d 'th e  s tro n g er i s  the s ig n a l 

rece ived  from the c e l l .  This s ig n a l i s  recorded and the  logarithm ic  

decrement can he ca lcu la te d  from counting the number of o s c i l la t io n s  

which have lapsed  between peaks on the record  (which corresponds 

w ith the am plitude decaying an amount equal to  the d is tan ce  between 

p h o to c e lls ) • Each o s c i l la t io n  g ives a d i s t in c t  l in e  on the reco rd - 

c h a r t . I f  an accu ra te  time base could he b u i l t  in  to such a 

reco rd in g  system i t  would seem l ik e ly  th a t  a method s im ila r  to  th is  

could he used to  determ ine the p e rio d ic  time w ith g re a te r  accuracy .
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5*2*3 0 - the angular d e fle c tio n

Although the angular displacem ent of the to rs io n  head i s  

obtained  d i r e c t ly  from the m irro r and sca le  arrangem ent, e r ro rs  may 

a r is e  in  the operation  of the n u ll  technique since the suspended 

cy lin d e r must be moved to the  n u ll  p o s itio n  (which i s  some refe ren ce  

p o in t on the lower sca le ) before the upper sca le  read in g  can be made* 

The lower sca le  i s  150 cm from the viscom eter and the d iv is io n s  are  

0*5 nmi. Id e a l ly  the p o s itio n  of the in n er cy lin d er may be ad ju sted  

to -  0 .25  mm although in  p ra c tic e  th is  cannot always be achieved 

due to the m irro r su rface being clouded. The p re c is io n  w ith which 

the n u ll  p o s itio n  may be obtained i s  a lso  lim ite d  by the re a c tio n  of 

the opera to r in  stopping the motor which r o ta te s  the to rs io n  head.

In the f i r s t  viscom eter the sca le  image i s  moving a t a v e lo c ity  of 

0.63 cm/sec r e la t iv e  to the te lesco p e  and the o pera to r must 

th e re fo re  must be able to stop the motor with a p re c is io n  of b e t te r  

than * o . l  second i f  the suspended cy lin d er i s  to  be placed a t  

the n u ll  p o s it io n  w ith in  0.6 mm. In p ra c tic e  sev era l attem pts 

have to  be made to do th is  since during  ro ta t io n  of the to rs io n  head 

the suspended cy lin d er lag s  behind and then over-runs when the 

motor i s  stopped. There i s  u su a lly  the t  endency fo r  the cy lin d er 

to 1 c reep 1 towards some equ ilib rium  p o s itio n  a f te r  adjustm ent has 

been completed which may appear as a s l ig h t  move away from the 

n u ll  p o in t i f  th i s  was the p o s itio n  a t  which the cy lin d e r i n i t i a l l y  

same to  r e s t .  I t  i s  considered th a t the re  i s  a  to ta l  experim ental 

u n c e rta in ty  of * 0*6 mm in  o b ta in in g  the n u ll  p o in t on the lower 

sca le  which re p re se n ts  ± 0.5 m inutes of a rc  of the c y lin d e r . Ways
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of improving th is  aspec t of the instrum ent are  being  in troduced  

fo r  the second viscom eter (see Appendix J ) .  E rro rs  a r i s in g  in  the 

measurement of d e f le c tio n  may be l i s t e d  as follows*

(a) P o ssib le  e r ro rs  in  read in g  the upper sca le  and the 

sm a lle st d is tan ce  on the sca le  which may be reso lv ed .

(b) E rro rs in  the machine d iv id in g  of the sca le  and 

therm al expansion of the sc a le .

(c) E rro rs  in  the d is tan ce  of the sca le  from the v iscom eter.

(d) E rro rs  in  a sc e r ta in in g  the n u ll  p o in t from observation  

of the lower sca le  image.

Considering (a) th e re  i s  always the p o s s ib i l i ty  of a g ross

e r ro r  i f  ju s t  one read ing  i s  made a t  the req u ired  cond ition . For

th is  reason a l l  ab so lu te  v is c o s i ty  determ inations involved sev era l

read ings a t  d if f e r e n t  angular v e lo c i t ie s  which was a check ag a in s t

a g ross e r ro r  in  any in d iv id u a l read in g . The to ta l  e r ro r  in  the

d e f le c tio n  &  due to the top sca le  read ing  i s  taken to be * 0*5 mm.

This e r ro r  may be combined w ith the e r ro r  mentioned in  (d) and

d iscussed  e a r l i e r  which amounts to  * 0 .6  mm. u n c e rta in ty  in  ach iev ing

the n u ll  p o in t, ( th is  amounts to  * 1*2 mm. on the upper sca le  which

i s  tw ice the d istance  away). The p o ss ib le  e r ro r  of * 0*5 uam*

read in g  the lower sca le  ( i . e .  -  1 mm on to d e f le c tio n  of upper sca le )

must a lso  be considered .

These th ree  e r ro rs  have been combined to  give the probable

e r ro r , ^ , in  o b ta in in g  the n u ll  p o in t. I t  was found th a t1J. Jr »

^ N . P .  =  1 , 6 4

Since the n u l l  p o in t must be obtained a t  l e a s t  tv/ice to
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ob ta in  a d e f le c tio n  & the probable dev ia tion  in  £  w ill  be given 

by O' &  where

cr £ =

Considering (b) the e r ro rs  in  the machine d iv id in g  of the

sca le  are  thought to have had a n e g lig ib le  e f f e c t  on the  measured

d eflec tio n *  The sca le  i s  described as standard  a t  20°C and i t  i s

c e r ta in  th a t  the m anufacturers e r ro r  w ill  amount to  no more than

i  0*05 nun in  the 200 cm o v e ra ll leng th  of the sc a le , which i s

n e g l ig ib le . However, th e re  i s  a system atic e r ro r  as a r e s u l t  of

the scale  being  a few degrees above 20°C due to the ra d ia n t hea t

from the s t r ip  lamps which provide illu m in a tio n . This i s  kept to

le s s  than 5°C by a blower which keeps the  sc a le  coo l. The
-6e r ro r  due to  th is  i s  of the order of 90 x 10 , i . e .  le s s  than

4-1 in  10 which fo r  p resen t purposes i s  in s ig n if ic a n t .

The e r ro r  under heading (c) may be taken to be -Imm in  

the to ta l  d is tan ce  of 300 cm which was achieved in  the fo llow ing  way. 

A s te e l  rod was manufactured w ith the req u ired  len g th  and a frame 

was made to  hold  the rod h o r iz o n ta lly  a t  the sca le  h e ig h t. A small 

b ra ss  f ix tu r e  was made which f i t t e d  in to  the p lace norm ally occupied 

by the m irro r stem which a ttach ed  to the to rs io n  head. The v e r t ic a l  

face  of a re c e ss  cut in to  th is  f ix tu r e  corresponded to  the cen tre  

l in e  of the v iscom eter. Thus the p o s it io n  of the sca le  ?/as 

ad ju sted  so th a t  the rod touched the sca le  a t  one end and the c e n tre 

l in e  lo ca ted  b rass  face  a t  the o th e r. I f  th is  d is tan ce  i s  

designated  r  then the angular d e f le c tio n  of the in n e r cy linder 

obtained  by th is  method i s  given by 9 where

2 x 1 . 64^ = 2 .3 2  mm



-  128 -  

•  -  4-

and

L  ,  <T6 2
0 r  & • - . . 5.13

BT.B. The assumption i s  being made th a t  i s  a t  le a s t  100 cm. 

This then ev a lu a tes  to
i

CTq -3
= 2.35 x 10 p

5*2.4 The e rro r  in  t , the time fo r  1 rev o lu tio n  of the o u te r 

c y lin d e r .

The tachometer i s  f i t t e d  to  the f a s t e s t  moving sh a ft so

th a t  a la rg e  number of pu lses are produced by the phonic wheel fo r

counting purposes. The amount of deduction between the tachom eter

and the o u te r cy lin d er i s  p o s it iv e  w ith no p o s s ib i l i ty  of s l ip .

The time fo r  1 rev o lu tio n  of the o u te r cy lin d e r i s  given by t

where t  = ■ - and N i s  the e le c tro n ic  counter read in g .

The maximum value of N which can be obtanned i s  2000.0 and most

read ings are  taken when N = 1000.0 (o r in  th i s  r e g io n ) . The counter

i s  claimed to  be accu ra te  to -  1 in  the l a s t  f ig u re  so th a t the e rro r
» -4in  t  w ill  be the e r ro r  in  IT which i s  th e re fo re  *  1 x 10 * In

ad d itio n  th e re  are sh o rt and long  term f lu c tu a tio n s  in  the speed of

the synchronous motor due to  changes in  mains frequency . This has

been d iscussed  more fu l ly  in  Appendix F. In  the sh o rt time req u ired

to  make a measurement, the probable e r ro r  caused by n o t being ab le

to  record  the counter read ing  and the d e f le c tio n  a t  the  same time 

i s  of the o rder of * 1 x 10~4 . This e r ro r  could be e lim inated  by
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c h a rt reco rd in g  the tachom eter read in g  throughout the  period  of 

measurement. This a d d itio n  to  the appara tus may he necessary  a t  

some l a t e r  stage of the development of the in s tru m en t. Combining 

these  two sources of e r ro r  g ives a probable e r ro r  in  o b ta in in g  t  of

-jT~ = ± 1 4 l  10-4

5*2.5 Temperature -  e r ro rs  in  measurement.

Some of the tem perature measurements a t  atm ospheric

p ressu re  were made u sing  th ree  chrome]/alumel thermocouples lo c a te d

in  the lower guard c y lin d e r . The accuracy of these therm ocouples i s
+ oestim ated  to  be -  0 .1  C, however, th e re  were experim ental d i f f i c u l t i e s

a s so c ia te d  w ith these  thermocouples which are  f u l ly  d iscussed  in

se c tio n  4*6. These thermocouples were c a lib ra te d  ag a in st a standard

platinum  re s is ta n c e  thermometer p r io r  to u se . At a l a t e r  date one

of these  chrom el/alumel thermocouples was rep laced  by a p la tin u m /

p la tinum -10$ rhodium thermocouple which again had been c a lib ra te d

a g a in s t a s tandard  platinum  re s is ta n c e  thermometer.

This was f i r s t  used in  conjunction  w ith the o th er two

chrom el/alum el thermocouples u sing  the l a t t e r  only as a check.

However, th i s  procedure was found to  be too time-consuming when

o th e r read in g s of d e f le c tio n  and angu lar v e lo c ity  needed to be

recorded  c o n s ta n tly . For th is  reason q u ite  a la rg e  p ro p o rtio n  of

the 1 atmosphere and e lev a ted  p ressu re  r e s u l t s  depend upon the

tem perature recorded by the platinum /platinum -rhodium  thermocouple
+ oonly, fo r  which the estim ated  accuracy i s  -  0.03 C.
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The 1 atm* r e s u l t  were found to  f i t  an equa tion  of the form

B
11 A T -  140

^ — A. ^  ****5*14

B
AB O ^ *^0

dT (T -  140)

B
dT . . . . 5 .1 5

V  (T -  140) 2

where B = 573*59 and T i s  the tem perature in  K.

The p o ss ib le  u n c e rta in ty  in  the value of tem perature recorded

w ill  c o n trib u te  to  the o v e ra ll u n c e rta in ty  of the v is c o s i ty

measurement. The u n c e rta in ty  in  **) u sin g  equation  5*15 i s  -  0*25$

a t  20°C when the chromel-alumel thermocouples a re  used, the p o ss ib le

e r ro r  d ec reasin g  a t  highei? tem peratu res. For the  P t/P t-R h  thermocouple

the w orst e r ro r  should be of the o rder of £ 0 . 1$*

5*2*6 P ressu re  -  e r ro rs  in  measurement

In  the experim ents w ith  compressed w ater a dead-weight

gauge t e s t e r  in c o rp o ra tin g  a f r e e  p is to n  balance was used to  measure

and r e ta in  the p ressu re  in s id e  the ap p ara tu s . B e tt, Hayes and Hew itt

(128), Johnson and Bewail (134) and D&dson (129) have c a rr ie d  out

experim ental in v e s tig a tio n s  of the e r ro rs  involved in  a f re e  p is to n

balance . Using Dadson*s r e s u l t s  the maximum p o ss ib le  e r ro r  in  the
2measurement of p ressu re  a t ,  say, 800 Kgf/cm i s  found to  be of the 

o rder of ± 0 . 05$  when using  ca s to r  o i l  as a tra n s m ittin g  f lu id .

The e r ro r  due to  f r i c t io n  between the  p is to n  and the cy lin d e r cannot
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be com pletely elim inated  but can be minimised by ro ta t in g  the p iston  

during  an experim ent. The p ressu re  c o e f f ic ie n t of v is c o s ity  i s  a t  

the most 5 x  10 J c'P/Kgf/fcm in  the tem perature range considered so 

th a t  an e r ro r  of -  0.1% in  the p ressu re  would have a n e g lig ib le  

e f f e c t  on the absolute value of v is c o s ity  and only a very small 

e f f e c t  an the pressure c o e ff ic ie n t of v is c o s ity  c a lcu la te d .

5*2*7 Comparison of ex te rn a l and in te rn a l  e r ro rs  of measurement 

The observations of in d iv id u a l e r ro rs  l i s t e d  in  5*2.1 to 

5*-2.6 may be combined to give the estim ated  probable e r ro r  of the 

measurements which i s  sometimes ca lled  the ex te rn a l e r ro r  of measurement. 

Thus,., since

cr_
"*} = k p e t

/< «  ( i t ) 2 , <°le >2 ,  < >2» ( t

* *>» *5*16

Using the probable e r ro rs  l i s t e d  above th is  evaluates, to

a  V
— * = ±  5.7  *  1 0 " 5 =  0 .5756

Considering the ac tu a l measurements made during  the course 

of th is  work, some 33 experim ental r e s u l t s  were f i t t e d  to an equation 

of the form
B

7 T -  140
= a  6  . . . 5 .17

In order to  f in d  the equation which f i t t e d  the r e s u l t s  o ther equations 

of the form

A + BT + CT3 + ........... . . .5 .1 87
were f i t t e d  using  the method of le a s t  squares but even a f i f t h  o rder 

equation of th is  form gave a standard dev iation  g re a te r  than the
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exponentia l f i t  given by equation 5 . 17 .

The standard dev ia tion  of experim ental p o in ts  from the 

exponentia l curve was 7 .3 7  x  10-3  CP which i s  about ± 0.75$ in  the 

low tem perature range but in c reas in g  w ith the tem perature. There i s  

obviously some underlying cause fo r  the disagreement between the 

estim ated  probable accuracy and the ac tu a l standard  d ev ia tio n  of 

the r e s u l t s  about the smooth curve through them. In f a c t  the s c a t te r  

of the r e s u l t s  about a smooth curve i s  more a m atte r of the p re c is io n  

obtained  than the o v e ra ll accuracy, however, the two are  complementary,

Examination of in d iv id u a l r e s u l t s  suggests th a t the 

p rec is io n  a t ta in a b le  should be h igher than so f a r  achieved. For 

in s ta n c e , most r e s u l t s  were obtained from severa l measurements of 

the  d e f le c tio n  of the inner cy lin d er while the angular v e lo c ity  of 

the ro ta t in g  cy linder was being increased  and decreased in  s tag es from 

the maximum. The slope of ihe s t r a ig h t  l in e  through these  p o in ts  has 

been obtained  from a le a s t  squares f i t ,  the average standard 

d ev ia tio n  of observations from th is  f i t  being in  the order of -  „2 mm.

This f ig u re  i s  reasonable compared w ith the estina te  in  5*2*3 which 

i s  quoted as 2 .2  mm. where the to ta l  d e fle c tio n  i s  100 cm on the 

upper sc a le . However, a t  h igher tem peratures the d e f le c tio n  

a t ta in a b le  was only about 30 cm so th a t the same p rec is io n  of ± 2 mm 

in  a t ta in in g  the n u ll  p o in t now rep re sen ts  an o v e ra ll d ev ia tio n  of 

3 tim es th i s  value . This, i t  i s  thought, exp la in s the more or le s s  

constan t s c a t te r  of the r e s u l t s  over the tem perature range covered 

and the lo s s  of p rec is io n  a t  h igher tem peratures. The obvious
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so lu tio n  i s  to  have a s e t of in  te r  chan gable red u c tio n  gears which 

allow  the d e f le c tio n  to be m aintained a t  about 100 cm on the upper 

scale* S teps have been taken to do th is  w ith the second viscom eter 

where q u ite  a wide speed range may be obtained by in terchang ing  

p in ions in  the  main reduction  gear*

5*3 Experimental C orrections

may, or may n o t, a f f e c t  the determ ination of v is c o s ity  by the ro ta t in g  

cy lin d er method. Some of these e f fe c ts  are  d iscussed  below and where 

the r e s u l t s  may be su b s ta n tia l ly  a l te re d  the co rrec tio n  to the b as ic  

equation i s  derived .

which the e f f e c t  of expansion needs to  be ca lcu la te d  are  the c y lin d e rs . 

The suspension wire i s  a lso  a ffec ted  bu t th is  i s  taken in to  account 

by the c a l ib ra t io n .

Both cy lin d ers  are machined from FDP q u a lity  s te e l  which has a

There are  a number of tem perature dependent e f fe c ts  which

5*3*1 Thermal expansion: The only p a r ts  of the viscom eter fo r

and

How

K const

c o e f f ic ie n t of l in e a r  expansion of 16 x 10 per C

K 5.19
't ( l  + cxC't)^

where t  i s  the amount by which the tenrperature i s  above 20°C, 

Kj. i s  th e  new instrum ent constan t a t  (20 + t )  C

and K,’20
Q,i s  the constan t ca lcu la ted  from dimensions a t  20 C

There w ill  a lso  be a s l ig h t  change in  the gap between the
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in n e r cy lin d e r and the guard r in g s  hu t th i s  i s  n e g l ig ib le .

5*3*2 The tem perature dependence of the to r s io n a l s t i f f n e s s  of

the wire has been determ ined experim entally  between 20°C and 150° C. 

This has been f u l ly  described  in  Appendix E ( i i ) .  The ra te  a t  which 

the to rs io n a l p ro p e r tie s  change with tem perature has been expressed 

by the c o e f f ic ie n t X  where

(^ 2  >* = >20 ( 1 + X * )  . . . . 5 .20

and the  su ff ix e s  have the same meaning as in  the previous se c tio n .

X  was found to  be -  1 .196  x 10~^ per °C f o r  pure tungsten  

w ire . W ithin the l im ita tio n s  of the experiment the re la tio n s h ip  

between to rs io n a l s t i f f n e s s  and tem perature was observed to be 

p e r fe c t ly  l in e a r .

5•3•3 E ffe c t of non-Sookian behaviour of wire

That th i s  e f f e c t  e x is ts  has been confirmed by observation  

of the changing to rs io n a l behaviour of the wire w ith am plitude during 

c a l ib ra t io n . The f u l l  im p lica tio n  of th i s  e f f e c t  was only r e a l is e d  

in  the l a t e r  s tages of the p resen t s e r ie s  of experim ents. However, 

the problem has been d e a lt  w ith f u l ly  in  Appendix B ( i i i )  which would 

suggest th a t  whereas the  v is c o s ity  may be c a lc u la te d  from

'Q  = k p e t

assuming th a t  the w ire obeys Hooke*s Law, experiment has shown th a t  

P i s  a fu n c tio n  of ©. In th is  case the re la tio n s h ip  has been found 

to be l in e a r  so th a t  F can be w ritte n

F = F0 (X + k«) . . . . 5 .21

where F0 i s  th e  to rs io n a l s t i f f n e s s  a t  zero d e f le c tio n  of the w ire
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( i* e . the s t i f f n e s s  given "by the to rs io n a l pendulum a t  zero 

am plitude) and the constan t |C is  found "by experim ent,© i s  in  rad ian s .

In the p resen t experim ents the co rrec tio n  ( a t  20°C) 

i s  given by Ic ■ -  1*40 x 10 2 per rad ian  fo r  a w ire 9*2 cm in  leng th  

and 0*0127 nrni in  diam eter a t  "which cond ition  the w ire i s  su b jec t to 

a d i r e c t  s t r e s s  of 25*8 Kgf/cm . num erically , the co rrec tio n  amounts 

to  -  0 *23$  fo r  a d e f le c tio n  © of 0*167 rad ian s  ( i . e .  100 cm on the 

upper s c a le ) .  The main bulk of the r e s u l t s  had been computed before 

the co rrec tio n  could be app lied  to  a l l  the d e f le c tio n s  observed, 

however, when th is  co rrec tio n  was made to  a few r e s u l t s  there would 

appear to be an improvement in  the abso lu te  accuracy. For in s ta n c e , 

the c o rrec tio n  to a ty p ic a l r e s u l t  a t  23.20°C amounted to a decrease 

in  the p rev iously  observed v is c o s ity  of 0.44$ and. when applied  to a 

r e s u l t  a t  47*36°C the co rrec tio n  was a decrease of 0.31$ (assuming 

the same value of Ĵ ) • From the computed smooth curve through the 

r e s u l t s  i t  would appear th a t the v is c o s ity  a t  20°C i s  1.0078 CP 

which i s  0*5^$ h igher than the standard  value of 1.0020 CP. The 

a p p lic a tio n  of th is  co rrec tio n  would th e re fo re  go a long way to 

removing th is  d iscrepancy . However, the p o s s ib i l i ty  remains th a t  

k ' i s  a tem perature dependent e f f e c t  and i t  i s  f e l t  th a t  th is  should be 

f u l ly  in v e s tig a te d  before applying a c o rrec tio n  to  a l l  observa tions.
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5*3*4 Temperature r i s e  in  f lu id  due to  shear h e a tin g  and 

f r i c t io n a l  hea t

Although a f a i r l y  good tem perature s t a b i l i t y  has been

imposed on the viscom eter by the th e rm o sta tic  ja c k e t the re  remains

the p o s s ib i l i ty  of a tem perature r i s e  in  the  t e s t  f lu id  due to  the

continuous shearing  imposed by the ro ta t in g  cy lin d e r . The amount

of th is  tem perature r i s e  depends upon the tem perature of the system

boundaries, the geometry and speed of the system, f lu id  p ro p e rtie s

and tim e. I t  i s  e s s e n tia l  to  know when th is  change of tem perature

becomes s ig n if ic a n t ,  in  which case an allowance must be made fo r  i t .

The ra te  of energy d is s ip a tio n  by viscous flow i s  the product

of shear s t r e s s  tim es the s t r a in  r a te
dv

3 s

When the system has operated fo r a s u f f ic ie n t  tim e, steady s ta te  i s  

c lo se ly  approached and the r a te  of energy d is s ip a tio n  by viscous flow 

i s  equal to  the r a te  of hea t conduction to the surroundings, ( i t  i s  

assumed th a t  the therm ostat m aintains the system boundaries a t  

constan t tem peratu re).

The r e s u l t in g  energy balance i s  given by

s  (  f 2- )  =  i  fc ^ 4  . . . 5.22'  d r '  J  , 2dz
where J  i s  the mechanical equivalen t of hea t

k i s  the therm al conductiv ity  of the m a te ria l

and z i s  the d is tan ce  from the su rface of the in n e r cy lin d er.

The so lu tio n  of th is  equation  fo r  p a r a l le l  plane su rfaces
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in  r e c t i l i n e a r  motion fo r  the case of equal boundary tem perature i s  

considered  here* This so lu tio n  has been taken from "V iscosity  and 

Flow Measurement11 by van Wazer, (135) in  which T, the  p o s itio n  

average tem perature in  the gap i s  g iven by

2 R T 2 , C E ' O v 2 ")
T = T. + — +  Le_e—.. .7 ...5.25

° 5E I  8 R Tc2 J  k J

where /  i s  the v is c o s i ty  a t  the boundary tem perature T and the 1 c cvc
nominal r a te  of shear i s  r  =r and where v i s  the l in e a r

f? "" 21 c

v e lo c ity  of the moving boundary » S l o  and H i s  th e  U niversal Gas

Constant, E i s  the a c t iv a t io n  energy of v iscous flow , which fo r  water 

i s  no t co n s tan t due to  m olecular associa tion*  However, the value fo r  

E i s  quoted fo r  w ater in  sev era l te x ts  in c lu d in g  th a t  of van Y/azer.

To c a lcu la te  the shear h e a tin g  e f f e c t  in  w ater a t  20°C a t  

the maximum o p era tin g  speed of the v iscom eter the fo llow ing  values 

have been used .

E = 4*05 x  10  ̂ cal/gm

R = 1-986 cal/gm mole °C

G?c -  293°K
ft

y » 10"* gm/cm.sec

J  = 4*18 e rg s /c a l

k  ■ 816 x ICf7 c a l /h r  °C cm

= 1.225 x 10”^ c a l /s e c  °C cm
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Using these f ig u re s

E ^7 v 2f c c j —j a ~-123— ;—  = 4*34 x 10
8 R T J  K c

and since U i ( l  + x)s£^ x fo r  th is  case

* 9  v  2T -  T * — -r—c 1 2 J K

—6 owhich ev a lu a tes  to 6*8 x 10 C fo r  the cond itions described  above* 

Thus i t  can be seen th a t  the shear h ea tin g  e f f e c t  i s  

n e g lig ib le  fo r  a l l  p r a c t ic a l  purposes and i s  l ik e ly  to  be small 

compared with f r ic t io n a l  h ea t in  the bearings which cannot be re a d ily  

c a lc u la te d .

The most se rio u s  source of f r i c t io n a l  h ea t i s  the mechanical 

face  sea l in  the f i r s t  v iscom eter. Although th i s  sea l i s  f a i r l y  

remote from the t e s t  f lu id  the h ea t of f r i c t io n  must r a is e  the 

tem perature of the nearby components to  some e x te n t, depending upon 

the p ressu re  being sea led . At low p ressu re  te s t in g  th i s  has had no 

n o tic ea b le  e f f e c t  bu t a t  high p ressu res  a tem perature g rad ien t was 

s e t  up which increased  the tem perature in d ica ted  by the thermocouple 

lo ca te d  in  the lower guard c y lin d e r . However, due to  the tem perature 

g rad ien t the thermocouple i s  then no longer ac cu ra te ly  in d ic a t in g  the 

f lu id  tem perature, which i s  s l ig h t ly  fu r th e r  away from the s e a l .

This p resen ted  problems in  in te rp r e t in g  the high p ressu re  r e s u l t s  

ob tained  w ith the f i r s t  v iscom eter, which i s  d iscussed  more f u l ly  in  

the nex t ch ap te r. I t  i s  expected th a t  the use of a magnetic coupling 

in  the second v iscom eter w ill  e f fe c t iv e ly  e lim in a te  th i s  p a r t ic u la r
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problem in  fu tu re  measurements#

5*4 E stim ation  of o v e ra ll accuracy

I t  I s  expected th a t  the r e s u l t s  of measurements made near 

20°C should f a l l  w ith in  -  \+$fo which was the f ig u re  a r r l  In the

es tim a tio n  of e r ro rs  described e a r l i e r  in  th i s  ch ap te r. Since the  

co rrec tio n  fo r  n o n -lin ea r behaviour of the wire has n o t been app lied ,

fo r  o pera tion  a t e lev a ted  tem peratures th e re  rem ains a fe a tu re  of the 

apparatus which i t  i s  f e l t  may have some in flu en ce  on the r e s u l t s  

ob ta ined , th i s  being  the p o ss ib le  conduction of h ea t from the 

viscom eter through the leg s  which support the in strum en t. Although 

p recau tio n s have been taken to  in s u la te  these le g s , as can be seen in  

the assembly drawing, the p o s s ib i l i ty  of conduction rem ains. The 

question  may be asked as to the n e c e ss ity  f o r  these  le g s , i . e .  why 

cannot the v iscom eter p ressu re  v esse l stand in s id e  the therm ostat 

w ithout o u ts id e  con tact?  The answer i s  th a t  the leg s  provide several 

im portant fu n c tio n s . The f i r s t  being th a t  th e re  i s  a re a c tio n  from 

the h y d ro s ta tic  th ru s t  on the d riv e  s h a f t which i s  t ry in g  to push 

the v iscom eter away from the th ru s t  race  which i s  mounted independently . 

This fo rce  amounts to  about 1000 Kgf a t  the  upper p ressu res  used in  

the  v iscom eter. Thus the leg s  have to  anchor the viscom eter f irm ly  

a g a in s t any tendency to move under th i s  fo rc e . Secondly, the le v e ll in g  

of the v iscom eter i s  c r i t i c a l  i f  the in n e r cy lin d er i s  to  hang in  such 

a way th a t  th e re  i s  no con tac t between surrounding components.

This has been achieved by p la c in g  m etal shims beneath the legs

one may expect the r e s u l t s  a t  20°C to  be s l ig h t ly  h igh . However,
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during  assembly, a procedure which would be alm ost im possible i f  

the viscom eter stood in s id e  the therm osta t, due to  in a c c e s s ib i l i ty .

A th ird  reason  i s  th a t  the design of the f i r s t  viscom eter i s  such 

th a t  a t  e lev a ted  tem peratures th e  d i f f e r e n t ia l  expansion between the 

ja c k e t (copper) and the p ressu re  v e sse l ( s ta in le s s  s te e l)  can be 

taken up by a f a i r l y  f le x ib le  lo c a tio n  of the ja c k e t on the le g s , 

( i . e .  by f0* r in g  se a ls  in  th i s  ca se ) . A le s s  f le x ib le  se t-up  could 

cause s t r a in in g  of the f lan g e s  through which the se a l housing and 

window p en e tra te  the  ja c k e t.

The e f f e c t  of conduction through the  leg s  can be expected 

to produce a temperature g rad ien t in  the viscom eter so th a t a t  

e levated  tem peratures the top of th e  instrum ent i s  h o t te r  than the 

bottom. Thus the mean tem perature of the t e s t  f lu id  would be h igher 

than the tem perature recorded by the thermo couples in  the lower guard 

cy lin d e r , i . e .  one would expect the v is c o s ity  recorded to be 

c o n s is te n tly  lower than those of o th e r workers i f  th e  tem perature 

g rad ien t i s  s u b s ta n tia l .  Should the e f f e c t  be consid erab le , then i t  

i s  thought th a t  the p ro v is io n  of guard h ea t, p o ssib ly  in  the form of 

h e a tin g  tapes wound round the  le g s , could provide a simple so lu tio n  

to  the problem. A lte rn a tiv e ly , the p lac in g  of thermocouples of some 

o th er tem perature s e n s itiv e  device such as a th e rm is to r in  c lo se r 

proxim ity to the t e s t  f lu id  would le ssen  the e f f e c t  of tem perature 

g rad ien ts  in  the in strum en t. This procedure i s  fe a s ib le  in  the 

second viscom eter since a g rea te r  a re a  of the top cover i s  f re e  fo r  

the p ro v is io n  of thermometer pockets.
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I t  may be concluded th a t  the approach has been to 

e lim in a te  tem perature g rad ien ts  ra th e r  than to  allow  fo r  them by 

making a more p en e tra tin g  in v e s tig a tio n . The success of th is  

procedure can only be judged by c r i t i c a l  examination of the r e s u l t s  

ob ta ined .
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CHAPTER 6

RESULTS, DISCUSSIQU OF RESULTS Aid) COITCLUSIONS

6.1 Measurement of the v is c o s i ty  of w ater a t  stm ospheric p ressu re

The f i r s t  viscom eter was completed in  19&5 and some 

p re lim inary  measurements on the v is c o s ity  of a i r  were recorded in  

the paper included here as Appendix C. At the same time te s ts  were 

commenced on w ater which in d ica ted  t h a t  sev era l m od ifications needed 

to  he c a rr ie d  ou t. This included changing the seal on the d riv e

sh a f t  from the ©ne described  in  Appendix C to the mechanical face

s e a l .  Also the s ilv e re d  m irro r a ttach ed  to the in n er cy linder was 

changed fo r  one of s ta in le s s  s te e l  a f t e r  i t  was d iscovered th a t when 

immersed in  ho t w ater the q u a lity  of s ilv e re d  su rfaces d e te r io ra te d .

T ests a lso  in d ic a ted  th a t the re s id u a l s tr e s s e s  in  the co iled  

tungsten  w ire used caused some so lid  f r i c t io n  between the inner 

cy lin d e r and i t s  surroundings. This was overcome by annealing  the 

w ire in  hydrogen p r io r  to use , as described  in  Appendix E ( i ) .  These 

adjustm ents re s u lte d  in  a steady improvement in  the q u a lity  of the 

r e s u l t s  obtained so th a t  during 1966 a number of measurements were 

made a t  atm ospheric p ressu re  which a re  included in  Table 6 .1 .

At the same time the  c a lib ra tin g  r i g  was being  s e t up and 

a number of t e s t s  were c a rr ie d  out to  determ ine the e f f e c t  of 

tem perature on the to rs io n a l p ro p e r tie s  of the w ire (see Appendix E ( i i ) ) .

Other te s ts  on the behaviour of to rs io n  w ires had been made p r io r

to  th is  as described  in  Appendix D.

F u rth e r minor d i f f i c u l t i e s  were encountered before r e s u l t s



were ob tained  a t  e levated  p re ssu re s , mainly due to im perfec tions

in  one or o th e r of the se a ls  employed. For example, id e a l ly ,  th e

window should seal due to the close con tac t w ith the re ta in in g

r in g  provided both su rfaces are po lished  to  an o p tic a l f in is h .

However, th i s  id e a l s i tu a t io n  only ex is te d  a t  p ressu res  above about

100 Kgf/cm . At p ressu res  below th is  the window tended to leak ,

n o t only l e t t i n g  w ater out but allow ing a i r  bubbles in ,  which caused

considerab le  inconvenience. The mechanical face  s e a ls  had been

provided by the makers w ith P .T .F .E . *0* r in g s  which caused a number

of s e a l - f a i lu r e s ,  mainly due to  the f a c t  th a t  when the sea lin g

p ressu re  i s  removed the *0 * r in g  r e ta in s  a semi-permanent " s e t” in

the p o s itio n  taken up a t  high p re ssu re . This r e s u lte d  in  leak in g  a t

lower p re ssu re s . A ll these  r in g s  were even tually  changed fo r  n i t r i l e

or s il ic o n e  rubber f0 f r in g s .

At f i r s t  w ater was c irc u la te d  through the therm ostat which
olim ite d  the upper tem perature to  about 90 C. L ater measurements have

been made u sin g  ’’Turbotherm -  A" h ea t t r a n s f e r  f lu id  which has been

c irc u la te d  a t  tem peratures up to  l60°C around the c a l ib ra t in g  r i g

ja c k e t and 120° C around the v iscom eter. Some of the values l i s t e d
2

in  Table 6.1 v/ere reduced to  1 Kgf/cm by apply ing  a co rrec tio n  to
2

measurements taken a t  up to 125 Kgf/cm during  the high p ressu re  te s t s  

The values f o r  the p ressu re  c o e ff ic ie n t of v is c o s ity  obtained by 

Moszynski (4 2 ) have been used fo r  c a lc u la tin g  th is  co rrec tio n .

Nearly a l l  measurements involved observation  of the 

d e f le c tio n  of the in n e r cy lin d e r, a t  sev era l speeds, while in c re a s in g
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and decreasing  from the maximum d e fle c tio n  of th a t  p a r t ic u la r  t e s t .  

The le a s t  squares f i t  to the sp e e d R e fle c tio n  d ata  has been used in  

the c a lc u la tio n  g iv ing  the v is c o s i ty .  At a l l  tem peratures a 

co rrec tio n  has been app lied  fo r  the e f f e c t  of tem perature on the 

instrum ent constan t K and on the to rs io n a l s t i f f n e s s  of the w ire F, 

as described  in  Chapter 5«

TABLE 6.1

Temperatur e
t ° c

V
C entipoise

Temp e ra tu re
t  °c

1
Centipoise

12.53 1.2221 40 .65 O.64OI
15*22 1*1974 40.68 0.6515
13.24 1 .2070 47 .56 0.5856
13.64 1.1818 51.56 0.5257
13-74 1.1929 55.68 0.4823
14 .12 1.1773 55.95 0.4879
17.29 1.0917 61.38 O.4615
18.50 1.0473 72 .68 0.3935
19-30 1.0148 83.01 0.3380
19 .64 1.0033 83.89 0.3386
19.70 1 .0190 89.75 0.3127
20.42 0.9897 89.81 0.3132
21.87 0.9610 89 .85 0.3111
23 .20 0.9243 107.92 0.2477
31.99 0.7669 108.01 0.2538
40.26 0.6539 116.56 0.2471

116.61 0.2344

These r e s u l t s  were f i r s t l y  f i t t e d  to  equations of the

form

+ Bt + Ct2 + . . . . . . .  . . .* 6 .1

up to  the 5th order polynomial in  t .  The b e s t f i t  of th is  type Y/as 

-  A + Bt + Ct2 + Dt"* + Et^ 

the  standard  d ev ia tio n  of experim ental p o in ts  from the equation
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0.0074C cP. With h i^ ie r  order equations the standard  dev ia tio n  

began to  in c re a se .

HoY/ever, many in v e s tig a to rs  have stud ied  the dependence 

of the v is c o s i ty  of l iq u id s  upon tem perature and vario u s o ther 

r e la t io n s  between v is c o s ity  and tem perature have been proposed.

One of the most widely quoted i s  the A rrhenius or Andrade (136) 

equation vdiich in  the in te g ra te d  form may be v /r itten

i n 1]  = A + J -  . ► . . . 6 . 2

where A i s  a co n s tan t, R i s  the gas co n s tan t, T the abso lu te  

tem perature and E i s  termed the a c tiv a tio n  energy fo r  v iscous flow . 

Howevever, th i s  equation i s  n o t ap p licab le  to a sso c ia ted  l iq u id s ,  

since E i s  then a fu n c tio n  of tem perature and cannot be regarded as 

a constan t in  th is  equation .

Fulcher (137) and Tamman and Hesse (138) derived 

em p irica lly  an equation to describe  the tem perature dependence of the 

v is c o s ity  of l iq u id s

Ui *0 = |  T"' ........... 6*3
o

An equation of s im ila r  form has since been developed 

from the A rrhenius equation by Gutmann and Simmons (139) on the 

assumption th a t  the a c tiv a tio n  energy of v iscous flow  i s  tem perature 

dependent and described  by

E
E — , •.»••> 6»4b

a + j

where a and b are  co n stan ts  and E0 i s  an a c tiv a tio n  energy fo r  

v iscous flow  which i s  independent of ta*§ •



I f  the r e s u lts  had been f i t t e d  d i r e c t ly  to  an equation

of the form 6-3 i t  would have been necessary , in  p r in c ip le , to solve 

sev era l s e ts  of th ree  sim ultaneous equations each a r is in g  from 

experim enta lly  determined values of the v is c o s ity  a t  given tem peratures

values of A* and B*.

However, th e re  was a precedent to fo llow  in  rep re se n tin g  

these r e s u l t s .  Bruges (89 ) had used an equation of th e  form 6 .3  

which he quotes as

V
He correlated o ther 1 atm. r e s u l t s  f o r  w ater ob ta in ing  the fo llow ing

Bruges (140) had a lso  varied  Tq s l ig h t ly  and found th a t  the f i t  of 

the equation  6*5 was no t g re a tly  a f fe c te d  by th is  provided and^*? 

were m odified to  s u i t .  For th is  reason Bruges’ value of Tq has been 

used to  fin d  A* and B* in  an equation  of the fonji 6.3 where ^  i s  

in  c e n tip o ise

in  order to determine an average value of Tq and th e  corresponding

6.5

con stan ts  (where ^ i s  in  m icropoise)

C><̂  = 239-4

(9  = 248.37

T = 140°K

i . e . 6 .6

The le a s t  squares f i t  gave

A* -  2.38127 x 10

and B* 5.73591  x 10
,+2
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N.B* An equation of the form 6*3 has been used by Barlo?/,

Lamb and Matheson ( l4 l)  to  rep re se n t the v iscous behaviour of 

supercooled liq u id s . Their f in d in g s  in d ic a te  th a t the value of Tq 

has some fundamental s ig n ific an ce  from thermodynamic co n s id e ra tio n s .

The standard  d ev ia tio n  of r e s u l t s  from equation 6 .6  

was 0*00738 cP which i s  a s l ig h t  improvement over the f i t  of the 

b e s t polynomial equation .

The d ev ia tio n  p lo t of experim ental values from equation 

6*6 i s  shown in  F igure 16. I t  can be seen th a t  th i s  equation f i t s  

the r e s u l t s  veiy w e ll, there  being no d e f in ite  trend  in  the s c a t t e r .  

I t  can be seen th a t  up to  50°C most r e s u l t s  are  vdth in  about 1$ of 

the smoothed curve. At h igher tem peratures the s c a t te r  has no t 

decreased and th e re fo re  expressed as a percentage the dev ia tion  i s  

g re a te r . The equation 6*6 was used to  ob ta in  v is c o s ity  values a t  

5°C in te rv a ls  and these have been p lo tte d  g rap h ica lly  in  F igure 17* 

Included in  th is  f ig u re  are  the measurements of Weber (90) and 

de Haas (103) and th e  c o r re la tio n  of Bingham and Jackson (84)*

From the v is c o s ity  values given by equation 6 .6  the
0v is c o s ity  r e la t iv e  to  the value of 20 C has been ca lcu la ted  and the 

d ev ia tio n  of o ther measurements, in c lu d in g  those of Thorpe and 

Rodger (92 ) ,  Hardy and C ottington (142 ) and Moszynski (107) have been 

p lo tte d  in  F igure 18. I t  can be seen th a t  from 5°C to  40°C most 

r e s u l t s  agree to  ± 0 .5$ except fo r  Moszynski, who i s  nearly  1$ 

lower than the smoothed curve a t  20°C. At h igher tem peratures most 

o th e r values fo r  r e la t iv e  v is c o s ity  are  g re a te r  than obtained in  the



p rese n t in v e s tig a tio n , those of Hardy and C otting ton  (which are 

probably the most r e l ia b le )  being of the order of 1 .6 $  h igher a t  

100°C. Moszynski*s experim ental r e s u l t  a t  85°C i s  only 0 .5$  h igher 

than the p resen t work. This has been taken to imply th a t the 

ab so lu te  accuracy of the instrum ent a t  e levated  tem peratures has 

been im paired because of a tem perature g rad ien t in  the instrum ent 

due to conduction ofheat through the ^ e g s* . The p o s s ib i l i ty  of 

such an occurrence was d iscussed  in  sec tio n  5*4* The smooth curve 

g ives a value a t  20°C of 1.0078 cP which i s  w ith in  1 standard 

d ev ia tio n  of the abso lu te  value quoted by Sw indells, Coe and Godfrey. 

The a p p lic a tio n  of the co rrec tio n  suggested in  Appendix B ( i i i )  due to  

the changing to rs io n a l s t i f f n e s s  of the wire w ith d e f le c tio n  would 

r e s u l t  in  the p resen t value a t  20°C being in  even b e t te r  agreement 

w ith Sw indells.

6 .2  Measurement of the v is c o s ity  of water a t  e levated  p ressu re

2
P ressu re  Kgf/cm 50 100 130 150 180 200 250

Temperature
oc

12.65
12 .65  
13-74 
18 .0 0

0.9975 0.9933
0.9938

0.9937

0*9905
0.9906

0.9960
0*9914
0.9955

0*9871
0*9872

0.9946
0.9885

/P  oTABLE 6*2 measured below 20 0
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2P ressu re  Kgf/cm 50 50 150 225

Temperature °C

55-78
55-78
89-75
89-75
89-75

107-95 1.0025

1.0018
1.0024
1.0019
1.0015
1.0018

1.0067
1.0060

1.0141 
1.0139
1.0141 
1.0189

HTABLE 6.3 Measured above 20 C

The high p ressu re  r e s u l t s  so f a r  obtained are regarded as 

p re lim inary  in  th a t  there  has n o t, so f a r ,  been a system atic  cover 

of the whole f i e ld .  The values recorded in  ta b le s  6*2 and 6*3 are  

m ostly the mean of severa l experim ental r e s u l t s .  The procedure was 

to cycle the p ressu re  in  the instrum ent reco rd ing  the  tem perature, 

the tachom eter read ing  and the angular d e f le c tio n  of the in n e r 

cy lin d e r f o r  each p re ssu re . Since the tem perature was norm ally 

changing s l ig h t ly  during th is  procedure a l l  v is c o s i ty  values 

ob tained  were co rrec ted  to  a common tem perature. The ev a lu a tio n  

of r e s u l t s  i s  described  more fu l ly  in  Appendix F ( i i ) . These 

r e s u l t s  have been rep resen ted  g rap h ic a lly  in  F igure 19> where the 

experim ental values obtained by o th e r workers are p lo tte d  fo r  

comparison. I t  can be seen th a t  the p resen t low tem perature 

r e s u l t s  agree vdth those of B e tt and Cappi (48) r a th e r  than w ith 

Borne and Johnson (52)* At h igher tem peratures th e  r e s u l t s  a re  

in  f a i r  agreement w ith the f in d in g s  of Moszynski (42)* A more
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d e ta ile d  d iscu ssio n  on th i s  f in d in g  can he ob ta ined  from refe ren ce  

(143) (see 4pp<wU* K ).

The conclusion to  be drawn from the r e s u l t s  ob tained up 

to the p resen t may be l i s t e d  b r ie f ly .

1 . The r e s u l t s  obtained a t  1 atm and a t  tem peratures between

12°C and 117°C i l l u s t r a t e  the abso lu te  accuracy ob ta inab le  from the 

r o ta t in g  cy lin d er viscom eter in  i t s  p resen t stage of development.

The accuracy i s  expected to  be improved considerab ly  as a r e s u l t  of 

p u ttin g  in to  e f f e c t  c e r ta in  of the f in d in g s  of the p resen t in v e s tig a tio n . 

Examples of these beings-

(a) The manufacture o f cy lin d ers  w ith g re a te r  

dim ensional accuracy and using  a i r  gauging as an 

in sp ec tio n  technique.

(b) A pplies.tion of a c o rrec tio n  fo r  non-Hookian 

behaviour of the w ire.

(c) The p ro v is io n  of guard h e a te rs  around the le g s  

of the viscom eter to prevent conduction of hea t from 

the instrum ent a t  e levated  tem peratu res.

2 ,  The ad d itio n  of the second viscom eter w ith  severa l new

fe a tu re s  w il l  allow  no t only a g re a te r  range of t e s t  cond itions to  

be covered but w ill  improve the ab so lu te  accuracy of r e s u l t s .  The 

p a r t ic u la r  featuresw hich  have a b ea rin g  on the p re se n t r e s u l t s  may 

be l i s t e d

(a) The p ro v is io n  of a magnetic coupling to  tran sm it

the angular r o ta t io n  through the p ressu re  v esse l means 

th a t  f r i c t io n a l  h ea tin g  from the r o ta t in g  sea l (experienced
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w ith the  f i r s t  v iscom eter) i s  no longer a problem.

(b) The use of a r a d ia l  o p tic a l  g ra tin g  w ith Moir^ 

fr in g e  counting and f r in g e  in te rp o la t io n  techniques 

(described  in  Appendix j ) ,  in  conjunction  with an au to 

co llim a to r device fo r  o b ta in in g  the n u ll  p o in t, w ill 

allow  the null-m ethod to be used w ith g re a te r  p re c is io n .

(c) P re lim inary  te s t in g  of the second viscom eter 

in d ic a te s  th a t the in n er cy lin d er i s  more s e n s i t iv e

to  the movement of the to rs io n  head. This improvement 

i s  a t t r ib u te d  to the use of two suspension Y/ires in  the  

second instrum en t. T ests on the second instrum ent have 

showed no sign  of the s l ig h t  d r i f t  of the inner cy lin d er 

experienced w ith the f i r s t  instrum ent (d iscussed  in  

se c tio n  5*2*3)•
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APPENDIX A 

CALIBRATION OF THEKJ0C0T3PLES 

During the initial tests with the viscometer to determine 

the viscosity of air, uncalihrated chromel/alumel thermocouples were 

used since the general behaviour of the instrument was of greater 

importance at this stage than absolute accuracy. The recommended 

tolerance for these thermocouples was & 3°C in the uncalibrated 

condition. At this period of the development of the viscometer 

the expense of precious metal thermocouples did not seem justifiable 

and the favourable emf generated by Cr/Al thermocouples (approximately 

40yv v per °C) made it possible to continue using an available 

"Cambridge" vernier potentiometer with direct reading to l ^ v  

and other standard laboratory equipment. Before commencing the tests 

on water it was decided to calibrate these thermocouples against a 

standard platinum resistance thermometer since, in many respects, 

this type of instrument was ideally suited for the purpose. For 

instance, the points at Y/hich the temperature is measured i.e. along 

the upper surface of the lower guard cylinder, requires that the 

path of the thermocouple leads is through the bottom of the rotating 

cylinder and between the mirror stem and the pressure vessel before 

passing out through the seal at the bottom. The most suitable form 

of thermocouple was considered to be that produced by Messrs.

Pyrotenax in which the two conductors are contained in a stainless 

steel sheath with magnesium oxide powder acting as an insulator, 

between wires and sheath. The outside diameter of the sheath is 

only 0.021 in. and the fact that the Y/ires were sheathed allowed the
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thermocouples to  fo llow  the f a i r l y  com plicated p a th , by su ita b ly  

m anipulating  the sheath , w ithout danger of the w ires becoming 

tang led  w ith the c y lin d e rs .

I t  was d iscovered  during  the c a l ib ra t io n , however, th a t  the 

p e c u lia r  co n s tru c tio n  of th is  type of thermocouple assembly gave r i s e  

to  in a c c u ra c ie s . Namely, the emf generated was found to  be no t only 

a fu n c tio n  of the h o t ju n c tio n  tem perature but a lso  of the tem perature 

of the $ o tu, which i s  the small c y lin d r ic a l  b lock a t  the  te rm in atio n  

of the sheath  from which the thermocouple conductors emerge. I t  

was easy to  dem onstrate th a t  only the h ea t of a hand on the p o t, fo r  

a few seconds, was s u f f ic ie n t  to  move the galvanom eter p o in te r  the 

eq u iv a len t of about 0,5  C across the s c a le . S ec tio n in g  of the Mp o tu 

rev ea led  th a t  the thermocouple w ires in s id e  the sheath were so ldered  

to the emerging conductors and th a t th is  jo in t  was c o n s t i tu t in g  

ano ther therm ocouple. This meant th a t  the thermocouple was s e n s it iv e  

to  ambient tem perature as  w ell as the tem perature a t  the hot ju n c tio n .

An obvious so lu tio n  to  th is  problem was to  arrange fo r  the 

f,p o ts ,f to  be embedded in  a block of la rg e  therm al i n e r t i a  which 

would no t respond to  every small change in  ambient tem perature. 

However, since the tem perature of the la b o ra to ry  was no t co n tro lle d  

s u f f ic ie n t ly  to  p reven t f lu c tu a tio n s  of about ± 3°C over a 24 hour 

p erio d , a block of th is  s o r t  would experience co n s id er-ab le  changes 

in  tem perature u n le ss  made very la rg e , e s p e c ia lly  when, by n e c e s s ity , 

i t  i s  in  the c lose  proxim ity  of the heated  ap p a ra tu s . The procedure 

f in a l ly  adopted was to  mount the thermocouples w ith th e  po ts  between 

two Tufnol b locks which were sea led  in s id e  a sm all packet by immersion
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in  p a ra f f in  wax. This w ater-proof assembly was kept permanently 

immersed in  an ic e -b a th  during  c a lib ra tio n  of the thermocouples and 

in  subsequent v is c o s ity  measurements.

Six thermocouples were c a lib ra te d  ag a in s t a standard

platinum  re s is ta n c e  thermometer using  a small low -tem perature

fu rn ace . This furnace co n s is ted  of a s o lid  copper cy lin d e r w ith deep

ho les d r i l le d  a x ia lly  in  which the thermocouples and re s is ta n c e

thermometer could be f i t t e d .  The whole cy lin d er was immersed in  a

v esse l of p a ra f f in  and heated  e l e c t r i c a l ly .  The v esse l was surrounded,

except a t  the top by a la y e r  of co rk -ch ipp ings. The l i d  co n s is ted  of a

2 in .  th ick n ess of po lysty rene w ith sm all h o les  f o r  the thermocouples

to  pass through. The h e a te r  was manually c o n tro lle d , bu t by f i r s t  of

a l l  h ea tin g  s te a d ily  and then g rea tly  reducing  the power supplied

i t  was p o ssib le  to  arrange fo r  the tempe ra tu x e-tim e  re la t io n s h ip  to

pass through a very shallow  peak. At th i s  p o in t, the s ix  thermocouple

emffs were recorded and a Smith Bridge was used to  reco rd  the

re s is ta n c e  of the standard  thermometer. I t  was necessary  to  take

read ings before and a f t e r  the maximum read ings occurred bu t only the

peak value was taken as a c a lib ra tio n  p o in t, the r e s t  of the read ings

were l a t e r  d isca rd ed . This procedure was rep ea ted  a t  25 tem peratures

between 17°C and 150°C a t  approxim ately 5° in te r v a ls .  The tem perature-

emf observa tions were f i t t e d  to  equations of the form
2= A + Bt + Ct + . . . . . . .

u sing  the method of l e a s t  squares and a d ig i t a l  computor. By; a lso  

determ ining the standard  dev ia tion  of the observed r e s u l t s  from these 

equations i t  was p o ss ib le  to s e le c t  the b e s t f i t .
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In  a l l  cases the f i t  given by cubic eqqqiion was 

a g re a t improvement over the q u ad ra tic , b u t in c re a s in g  the form of 

the equation to  h igher powers in  t  had only a minimal e f f e c t  on 

the standard  d e v ia tio n . Table A .l l i s t s  the standard  d ev ia tio n s  

obtained w ith the d i f f e re n t  equations f i t t e d .

Form of equation
t/ c

s-tandard deviaibion of fit hv

X 2 3 4 5 6

£= A + Bt + Ct2 
e= A + Bt + ct2+ Dt5 
£.= A + Bt + Ct2+ 11 + Et4 
e  = A + Bt + ct2+ Dt5+ Et4+ Ft5

7.06

2.24
2.17
2.15

7-36
3.92

3.85
3-30

10.3
6.78

6 .3 0

6 .04

6*88
2.61

2.59
2.59

7.07

2.34
2 .31

2 .31

6.80

1.93
1.92
1 .92

Table A .l

I t  i s  apparent from Table A .l th a t  the Thermocouple No. 3 has

the g re a te s t  standard  dev ia tio n  which can be p a r t ly  explained by the 

f a c t  th a t  i t  had a sh o r te r  s ta in le s s  s te e l  sheath  than the r e s t  and, 

because i t  was sh o rte r  than the r e s t ,  i t  d id  n o t p e n e tra te  the copper 

block in  the furnace to the same ex ten t as the o th e r therm ocouples. 

From the f i r s t  computor r e s u l t s  i t  was p o ss ib le  to  see where any 

e r ro rs  had been ma.de in  the se le c tio n  of "peak11 values from the 

i n i t i a l  read in g s . The d a ta  was ad ju sted  to  take account of these  

co rre c tio n s  and Table A2 shows the standard  d ev ia tio n  of observa tions 

from the l e a s t  squares f i t  of equations w ith  the form

^  = A + Bt + Ct2 +
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Thermocouple Standard d ev ia tio n

1 2 .0 0

2 4 .O6

3 6.71
4 2.25
5 1.84
6 1 .6 2

Table A.2

The computed equation of th is  form was used as the b as is  

fo r  Measurements made w ith  these thermocouples and a p r in t  out of 

the generated emf a t  i t  in te rv a ls  was computed f o r  ad d itio n a l ease 

of in te rp o la t io n . Applying a to le ran ce  of -  2 CT to a l l  computed 

tem peratures, fo r  thermocouples 1 , 4 > 5 and 6 the to le ran ce  i s  le s s
1 Q

than -  0.1 C in  a l l  cases . Thermocouple 3 was re je c te d .

A fte r several t e s t  ru n s , in  which v is c o s ity  measurements were 

made on w ater, i t  was decided to  rep lace  one of the Cx/Al 

thermocouples with a P t /P t  -  1C$ Eh therm ocouple. This thermocouple, 

as supplied by M essrs. Johnson Matthew, was sheathed in  s ta in le s s  

s te e l  w ith an ou tside  diam eter of O.O64 in .  This sheath , in  the 

annealed s ta te ,  was s u f f ic ie n t ly  f le x ib le  to  f i t  in to  the lower g ia rd  

cy lin d er in  the same way as the Cr/Aj thermocouples a lready  described .

Since i t  was planned to  carry  out v is c o s ity  measurements 

between 0° and 20°C i t  was e s s e n tia l  th a t  the c a lib ra tio n  should be 

v a lid  over th i s  range. I t  was decided, th e re fo re , to  c a lib ra te  th is  

thermocouple in  the viscom eter ja ck e t since by th is  means the 

tem perature could be v a ried  over a s im ila r  range to th a t  a n tic ip a te d
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fo r  v is c o s ity  measurement. At the same time the th e rm o sta tic

co n tro l of the viscom eter was an advantage over the manually

co n tro lled  furnace p rev iously  used . In f a c t  a few c a lib ra tio n  p o in ts

were observed near 0°C by immersing the thermocouple and standard

platinum  re s is ta n c e  thermometer in a Dewar f la s k  con tain ing  g ly c o l,

which was tem perature co n tro lled  by an im m ersion-type r e f r ig e r a t in g

c o i l .  The Smith Bridge was no longer a v a ila b le  fo r  th i s  c a lib ra tio n

since i t  was permanently housed in  a sep ara te  room. The re s is ta n c e

of the standard  thermometer Rt was th e re fo re  ob tained  by means of

the c i r c u i t  shown in  F igure A l. Using a p h o to ce ll galvanometer

am p lif ie r  th i s  re s is ta n c e  was found from the r a t io  of the p . d . fs

across the thermometer and a 2 5 S b  s tandard  r e s i s to r  re s p e c tiv e ly .

The re s is ta n c e  Rq was a lso  obtained , when the r e s is ta n c e  thermometer

was immersed in  a m ixture of ic e  and w ater, in  the  same way.

(Notes A c a lib ra t io n  c e r t i f i c a te  fo r the 25.S1 r e s i s to r  allowed

v a r ia tio n s  of ambient tem perature from 20°C to be taken in to

C o n sid era tio n ). Although a T insley therm al compensator was in co rp o ra ted

in  the thermocouple c i r c u i t  a t e s t  fo r  spurious emf *s was c a rr ie d  out
a t  every c a lib ra tio n  p o in t and the emfSs recorded were
ad ju sted  to  lake th is  in to  account.

The Standard Platinum  R esistance Thermometer No. 155584 was

used fo r  the c a l ib ra t io n . This had been c a lib ra te d  by N.P.L. a t

5 /8 /66 . The tem perature was c a lc u la te d  from

t  =  1 £L + i.4926  c 155 - 1 ) T5o
0.00592682Ro 1UU ±UU

where t  = °C.
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For convenience, the c a lib ra tio n  r e s u l t s  were in te rp o la te d  

g rap h ica lly  in  the form ^  -  £  i  €, where was obtained  from

the re fe ren ce  ta b le s  ( l ) .

Owing to  the very small emf generated  per °C fo r  a P t/P t-1 0 ^  Rh 

thermocouple, a more s e n s itiv e  v e rn ie r  po ten tiom eter and galvanometer 

were req u ired . F o rtu n a te ly  these were tem porarily  av a ila b le  w ith 

o ther necessary  equipment. The T insley v e rn ie r  po ten tiom eter used 

could be read d ir e c t ly  to 0 . 1 v and by u sin g  a p h o to ce ll galvanometer 

am p lifie r^ th e  ad d itio n a l s e n s i t iv i ty  of th i s  appara tus coun teracted  

the f a c t  th a t  the emf*s to be measured were much sm a lle r. A ll bu t 

about the f i r s t  ten  of the r e s u l t s  recorded in  Chapter 6 were 

obtained  u sin g  the P t/P t-1 0 $  Rh thermocouple the o th e rs  having been 

ca lcu la te d  from the average of th ree  Cr/a(L thermocouple read in g s .

R eference:

( l )  American I n s t i tu t e  of P hysics. Temperature, I t s  Measurement 

and Control in  Science and In d u s try . Published by 

Reinhold P u b lish in g  Corp. N.Y., U.S.A. ( l9 4 l)
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C ( J R R £ n3T C oin) Th2cL-L-Gr^

S Q O S L

J s t a n d a r d  PLATINUM
>  R&SlSTAKJCe.

Pcjr6KT(OM£T6^ <  THEI?MOM£T€K

P o T 6 M T lO M £ T eR .

FigureAI.  C ircui t  used t o  o b t a i n  Rt when
calibrating the Pt/Pt-lO% Rh thermocouple 
in the viscometer thermostat.
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APPENDIX B

( i )  E ffe c t  of vary ing  te n s io n  in  the  t o r sion  w ire

Since the c a l ib r a t io n  of the w ire to  determ ine the to r s io n a l  

s t i f f n e s s  i s  c a rr ie d  out in  an evacuated v e s se l and the a c tu a l 

v is c o s i ty  measurements have been made on w ater th e re  w il l  be a 

d if fe re n c e  in  the tension  of the wire due to the  buoyancy e f f e c t  

in  the l a t t e r  case . Bearden ( l )  m entions th a t  he made t e s t s  on 

sev e ra l w ires , and, in  g en e ra l, observed an in c re a se  in  to r s io n a l  

co n s tan t w ith  in c re a s in g  te n s io n , a lthough  he gave no f ig u re s  to 

dem onstrate t h i s .  I t  should be expected th a t  the to r s io n a l  s t i f f n e s s  

of the w ire w i l l ,  to  some e x te n t, be a fu n c tio n  of the s t r e s s  s in ce  

the c o e f f ic ie n ts  of e l a s t i c i t y  of a body vary  s l ig h t ly  as i t  i s  

deformed. The experim ental study by Benton (2) on the  dependence 

of the modulus of to rs io n  on ten sio n  in  w ires of d i f f e r e n t  m a te r ia ls  

i s  re le v a n t h e re . However, although h is  r e s u l t s  were conclusive  in  

th a t  he observed th i s  dependence and expressed  i t  in  the form

m = Oi. + /?  E + (T P2 

where m i s  the  modulus of to rs io n  

P i s  the  te n s io n  

and and oC a re  c o n s ta n ts .

Benton found th a t  no conclusion  about the co n s tan ts  f o r  a 

substance could be drawn from o b se rv a tio n s  of a s in g le  w ire .

However, by o b se rv a tio n s  on a s e r ie s  of w ires of the same substance 

and d i f f e r e n t  d iam eters he was ab le  to  p re se n t h is  f in d in g s  in  the  

above form. He found th a t  the modulus decreased  w ith  in c re a s in g
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tension  fo r  s t e e l  and b rass  with low Cu content, but th a t  the

opposite  e f f e c t  occurred with N ickel, The tension  was v a ried  between

zero and the e la s t i c  l im i t .

In  order: to estim ate  the  magnitude of the e f f e c t  of changing

tension  on the s t i f f n e s s  of the  w ire, i n e r t i a  r in g s  were made w ith

varying mass bu t approxim ately constan t in e r t i a .  The in e r t i a  i s  the

same as fo r  the in n er cy lin d er used in  the p relim inary  design of
2viscom eter; th is  had p rev iously  been found to be 1822.1 gm cm .

Simple c a lc u la tio n  in d ic a ted  tjbat 47 cc. of w ater are  d isp laced  by 

immersion of th is  cy lin d e r, i . e .  the ten sio n  change in  w ire w il l  be 

le s s  by about 47 when the cy lin d e r i s  immersed in  w ater a t  20°C. 

Thus, the tension  in  the wire v a r ie s  between 297*7 &of an& 347*5 gmf 

in c lu d in g  the e f f e c t  of the m irro r stem. Five in e r t i a  r in g s  were 

th e re fo re  made w ith the same in e r t i a  bu t w ith the mass varying 

between 275 gm and 355 gm* The changes in  ten sio n  produced should 

sim ulate the e f f e c t  of buoyancy, i f  such an e f f e c t  i s  ap p rec iab le . 

D e ta ils  of I n e r t ia  Rings

The r in g s  were turned  from b rass  in  the b e s t la th e  a v a ila b le . 

The p re c is io n  achieved was not as high as fo r  the more rece n t i n e r t i a  

r in g s  described  in  Appendix E. The geometry of the r in g s  showing the 

p o s itio n s  a t  which the r in g s  were measured i s  given in  F igure B2(b), 

The average dimensions of the 5 r in g s  are  recorded in  ta b le  B i. 

Accurate m icrom eters were used bu t a tem perature c o n tro lled  gauge 

room was not a v a ila b le  a t  the tim e.

Measurement of the r in g s  was repea ted  when the gauge room 

had been completed u sing  p re c is io n  s l ip  gauges and "Sigma" com parator.
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These r e s u l t s  are  l i s t e d  in  ta b le  B2. I t  can be seen th a t  the 

r e s u l t  fo r  r in g  shows the most n o ticeab le  change from th a t  given 

in  ta b le  B l.

TABLE Bl

I n e r t ia
Ring

Mass
gm

Di 111 D2 in d in h
(/V*

L2
T * 2I  gm in I  gm

al 275.73 0.2490 2.9005 0.1875 1.0586 0.5002 288.02 1858.2

bl 294.17 0.2502 2.7906 0.1875 0.9777 0.5472 284.84 1857-7

CL 315.76 0.2505 2.6992 0.1875 0.9277 0.5964 284.65 1856.5

DL '5 5 .9 3 0.2505 2.6172 0.1875 0.9759 0.4492 286.56 1848.8

el
353.02 0.2505 2.5425 0.1875 0.8205 0.5044 284.84 1857-7

TABLE B2

I n e r t ia
Ring

Mass
gm h

in
D2
in

d
in

h
vs

h
V/Vx. .

I
. 2 gm m

I
2gm cm

h 275.73 0.2491 2.90062 0.1875 1.03853 0.50027 288.057 1858.50

h 294.17 0.2505 2.79055 0.1875 0.97794 0.54736 284*797 1857-33

CL 313.76 0.2505 2.69922 0.1875 0.92800 0.59640 284.655 I 856 .54

dl 333.93 0.2505 2.61722 0.1875 0.87626 0.44904 285.441 I 8 4 1 .55

El , 353.02 0.2504 2.54247 0.1875 0.82069 0.50421 284.865 1837.83
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Experimental* The 5 rings were suspended, in turn, from a Nimonic 90

wire inside the calibration rig but v/ithout the vacuum system

operating. The resulting periodic times, listed in table B4, were

taken at random amplitude and each is the average of several timings

of 50 oscillations. For example, timings made on A^ are listed in

table B5 to show the precision obtained using stop-watch, telescope,

mirror and scale technique.
*

The result for 10 oscillations has been included to illustrate 

the improved precision resulting from timing over a longer period. 

During the last four timings the amplitude was steadily decreasing 

and there appears to be a tendency for the periodic time to increase 

as a result of this. Although this phenomena was not pursued for 

Nimonic 90 wires the amplitude effect is discussed more fully for 

tungsten wires in part (iii) of this appendix.

TABLE B5

Ro. of Oscillations 
timed

Time Recorded Time for 1 Oscillation 
secmin sec

* 10 5 59.1 25*91
66 26 16.6 25.888

50 19 55.8 25.876

52 20 41.9 25.883

50 19 55.9 25.878

55 21 5.9 25.885
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(CABLE B4

I n e r t ia
Ring

Mass
gm

I
gm cm^

I
gm cm^ I T0TAL 

gm cm2 r

CM

1
.. 1 / 2

275-75 1858.30 0.91 I 859 .21 25.882 570.350 3 . 260

bl 294.17 1857 *55 0.91 1858.24 25 .774 565.203 3.252

CL 515.76 1856.54 0*91 1857.25 25.761 564.585 3.259

dl 555.95 1841.55 0.91 1842.46 25.776 565.298 3.253

el 555.02 1857-85 0.91 I 858 .74 25.777 565.346 3.252

At a l a t e r  d a te , u sing  a s l ig h t ly  d i f f e r e n t  len g th  of

Nimonic 90 w ire , the experim ent was rep ea ted  u sin g  the p h o to ce ll

c i r c u i t  shown in  F igure 10 to  ac tu a te  a Yenner T.S.A.5 tim er. The
- 2experim ent was performed in  a vacuum of 10 to r r  w ith random

am plitude. The average p erio d  obtained from re p e a tin g  the tim ing of

10 o s c i l la t io n s  10 tim es has been used to c a lc u la te  . The tim es

recorded are  given in  ta b le  B5 and the to rs io n a l s t i f f n e s s  c a lcu la te d  

i s  given in  ta b le  336. Note th a t  a d i f f e r e n t  m irro r stem was used 

to  th a t  in d ic a te d  in  ta b le  334*
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(CABLE B5

I n e r t ia
Ring

Ave. time fo r  10 o s c i l la t io n s sec Mean STD
Dev.
CT1 2 3 4 5 6 7 8 9 10

25.6809 00 0 V
M 780 781 793 794 791 792 791 797 23.6793 0.0010

bl 23.5241 53 43 60 57 70 14 57 69 68 23.5253 0.0016

CL 23.5362 73 70 71 90 82 85 73 90 70 23.5377 0.0009

dl 23.5543 40 40 45 45 45 46 43 52 50 23.5545 0.0003

EI 23.!5541 t23-5!3 4 1 2 ; 5.55:59 39 23.5540 0.0001

TABLE B5

I n e r t ia
Ring

I
2gm cm

A I
2gm cm

XT0TAL
2gm cur

r
ir V

al
1858.30 1.73 I860.03 23.679 560.965 3.3174

bl 1837.33 1.73 1839.06 23.525 553.426 3.3230

CL 1836.34 1.73 1838.07 23.538 554.037 3.3176

dl 1841.55 1.73 1843.28 23.555 554.838 3.3222

el 1837*83 1.73 I 838.56 23.554 554.791 3.3158
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Conclusions.

The average standard  d ev ia tio n  fo r the tim ing of 10 o s c i l la t io n s  

i s  only 0*0008 seconds, i . e .  0.0034$ which i s  n e g l ig ib le . From an 

an a ly s is  of e r ro r  to a s se ss  the accuracy with which the p la in  in e r t i a  

r in g s  A  ̂ and A2 were made i t  was found th a t  ± 0*065$. This

s e r ie s  of r in g s  were made by the same machine and u sin g  the same

measuring methods but these  axe su b jec t to  two e r ro rs  since they are 

made in  two p a r ts  of d i f f e re n t  d iam eter. Therefore fo r  r in g s  AT to  ETli L
the e r ro r  i s  assessed  to  be

O ' i  = ^  2 o -  2 = 0 .0 9  2i* ,

i . e .  a standard d ev ia tio n  of approxim ately 0.1$ should be expected in

the r e s u l t s .

[The r e s u l t s  fo r  l i s t e d  in  ta b le s  B4 and B6 have been

shown p lo tte d  in  F igure B l(a) and Bl(b) as a $  d ev ia tio n  fo r the mean.

I t  can be seen th a t  although both se ts  of r e s u l t s  f a l l  w ith in  a band 

of -  0 .1$ th e re  appears to  be no d e f in i te  trend  in  e i th e r  s e t  of 

r e s u l t s .  S u rp ris in g ly , the r e s u l t s  a re  d is s im ila r  in  o th e r re s p e c ts . 

The l ig h t e s t  r in g  gave the h ig h est to rs io n a l constan t in  the f i r s t  

experiment bu t was among the low est i n  the second. This could mean 

th a t  o th er e f f e c ts  a re  en te rin g  the experim ent which have n o t been 

accounted f o r ,  in  th e e r ro r  assessm ent. However, i t  may be deduced, 

w ith in  the l im ita t io n s  of the experim ent, th a t  the mass of the i n e r t i a  

r in g  has no s ig n if ic a n t  e f f e c t  on the to rs io n a l co n s tan t. From th is  

i s  may a lso  be in fe r re d  th a t  the changes in  ten sio n  in  the w ire due
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to buoyancy effect of immersion in water will not affect the 

initial calibration of the wire.

References,

(1) Bearden, J.A . Phys. Rev, 1023 (1959)

(2) Benton, J.R . Phys. Rev, 12, 100 (1901)
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Appendix B ( il)  In v e s tig a tio n  of the e f f e c t  of vary ing  period

of o s c i l la t io n  on the observed to rs io n a l constan t 

of the w ire .

Since the success of measuring the v is c o s ity  by th i s  method 

depends upon the behaviour of the wire during  c a lib ra t io n  i t  was 

f e l t  th a t  the p o ss ib le  e f f e c t  of vary ing  period  of o s c i l la t io n  should 

be assessed . This has been achieved by making seven r in g s  of d if f e re n t  

angular moment of i n e r t i a  ranging from 800 to 12600 gm cm . Bach 

can be f i t t e d  to  the m irro r stem w ithout d is tu rb in g  the c o l le ts  which 

g rip  the w ire. Several of these r in g s  were too la rg e  to  be o s c i l la te d  

in  the vacuum v esse l and the r e s u l t s  quoted were obtained  w ith the 

pendulum se t up on the bench w ith the only p recau tio n s th a t  v ib ra tio n s  

and draughts were kept to  a minimum.

In order th a t  th e re  v/as no p o ss ib le  e f f e c t  of vary ing  tension  

in  the wire (although the previous sec tio n  would suggest tha.t period  

i s  no t a f fe c te d  apprec iab ly  by tension ),, the r in g s  were made of 

constan t mass. An exception was the r in g  of la rg e s t  i n e r t i a  which was 

aluminium compared w ith b rass  fo r  the r e s t .  The mass of th is  r in g  was 

about 20^ le s s  than the o th e rs . In f a c t  the r in g s  were designed to 

ha,ve the same mass as the in n er cy lin d er of the v iscom eter, so th a t  

the d ir e c t  s t r e s s  in  the wire was s im ila r  during  these  t e s t s  to  th a t  

in  subsequent v is c o s ity  measurements.

The f i r s t  r in g  in  the s e r ie s  was a p la in  cy lin d e r  w ith a 

c e n tra l hole fo r  the m irro r stem. Other r in g s  c o n s is t of a small 

d iam eter p a r t  and a la rg e  diam eter p a r t .  The small diam eter p a r t  

i s  r e a l ly  only a spacer which allows the  r in g  to  be gripped firm ly
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on the mirror stem. The accuracy with which the larger rings 

could he made was limited hy the manufacturing facilities available. 

The largest rings tended to have a slight taper in the section of 

largest diameter, this part being slightly deeper at the outside than 

at the centre of the ring. This was allowed for, as near possible, 

by plotting the changing thickness graphically and calculating the 

inertia of the ring in two parts, one part being a flat plate and the 

other a ring with wedge-shaped cross-section.

A rigorous assessment of accuracy has not been made, since it 

is thought that insufficient precautions were taken to provide a good 

environment for the tests, which, in itself, could introduce errors 

difficult to account for. However, the previously made assessment of 

error for the rings (see previous section) would suggest a standard 

deviation for the calculated inertia of approximately 0.1$. A 

technique using a telescope, mirror and scale was used to start and 

stop a stop-watch at the turning point of the oscillations which were 

taken as the beginning and end of each test. Since the accuracy of 

the stop-watch was not taken into account in the determination of 

the period of oscillation, each ring was timed over a similar period 

of about 20 minutes. However, some of the scatter in the results was 

due to error in the stop-watch since the above procedure could not be 

rigidly adhered to on every occasion.

The measurements from which the inertia of the rings were 

calculated are given in table B7 and the results from timing the 

rings are given in table B8. Micrometers reading to 0.0001 in. were 

used to measure the dimensions except for the ring designated A^ for
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which slip gauges and comparator were used. More accurate methods 

of measurement were not used for the other rings because of the 

limited time available. However, it is felt that this type of 

experiment should be repeated with mucjh greater care in order to 

ascertain that the torsional behaviour can be regarded independent of 

the period of oscillation with even greater certainty.

TABLE B7

I n e r t ia
Ring A1 B

1 C1 D1 El- P1 Gr
1

Mass gm 372.53 372.40 372.52 372.25 375.91 576.10 288.27

Bp in 1.6256 0.5045 0.5007 0.5010 0.4991 0.5502 0.5504

B2 in - I .8468 2.1842 2.8589 4 .0129 4-7338 7*4011

d in 0.1875 0.1875 O .I875 0.1875 0.1875 0.1875 0.1875

Ll in I .5240 0.5288 0.6505 0.9219 1.1225 1.1731 1.1748

L2 in - 1.0022 0.6980 0.5981 0.2025 0.1519 0.1487
T 2I  gm cm 124.70 157.34 215.22 560.62 707.13 1052.6 1954.6

T 2I  gm cm 804.50 1015 . orJ1588.52 2526.57 4562.1 6662.2 12610.1

TABLE B8

I n e r t ia
Ring *1 B1 CX D1 E1 h G1

hoTAL
Period  
U/̂ n sec

W 2

806.23

11.437

6.1635

1016.80

12.847

6.1608

1390.25

15.033

6.1521

2328.30

19.478

6.1369

4563.82

27.192

6.1723

6665.89

32.899

6.1569

12611.8

45.306

6.1441
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A d ev ia tio n  p lo t  of the values fo r  the to rs io n a l constan t 

l i s t e d  in  ta b le  B8 i s  given in  F igure B 2(a). The standard  

d ev ia tio n  i s  0.1 dc/o and th e re  would appesj? to  be no d e f in i te  trend  

in  the r e s u l t s .
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Appendix Bfcii)

During the measurements of p e rio d ic  tim e, vdiich were necessary  

in  the previous p a r ts  of th is  appendix, i t  was observed th a t to  some 

ex ten t the period  of o s c i l la t io n  was a fu n c tio n  of the am plitude. This 

phenomenon had been observed by Bearden during  the c a lib ra tio n  of the 

w ires fo r  h is  v iscom eter, and a lso  by Benton in  h is  in v e s tig a tio n  of 

the e f f e c t  of d i r e c t  s t r e s s  on the to rs io n a l modulus. That such 

v a r ia tio n s  should occur may be deduced from th e o re t ic a l  co n s id e ra tio n s , 

as Zener (5 ) has shown in  h is  volume ‘'E la s t ic i ty  and A n e la s tic ity  of 

M etals". The d e v ia tio n  of m etals from e la s t i c  behaviour a t  h igh 

s t r e s s  le v e ls  i s  to  be expected and one would a n t ic ip a te  some 

permanent rs e t f in  m etal sub jected  to th is  trea tm en t. However, even 

a t  extrem ely low s t r e s s  le v e ls  a metal d ev ia te s  from p e r fe c t  e l a s t i c  

behaviour, w ithout n e c e ss a r ily  in c u rr in g  permanent deform ation.

A n g e la s tic ity  i s  a term which has been coined to  denote the p roperty  

by which s t r e s s  and s t r a in  are  no t s in g le -v a lu ed  fu n c tio n s  of one 

ano ther in  the low s t r e s s  range and in  which no permanent s e t  occurs. 

This behaviour i s  more obviously a problem in h e re n t in  the o s c i l la t in g  

d isc  v iscom eters, where p a r t  of the decay of v ib ra tio n s  i s  due to  

the v is c o s ity  of the f lu id  and p a r t  due to  in te rn a l  f r i c t i o n  of the 

w ire m a te r ia l . In  th i s  con tex t in te rn a l  f r i c t io n  i s  an expression  

of the a n e la s t ic i ty  of the wire and experim ents must be performed in  

a good vacuum to d isco v er how much of the decrement i s  due to  th i s  

e f f e c t .  The work of K estin  and Moszynski (4 ) on w ires of p latinum - 

tungsten  a llo y  in d ic a te  th a t the  in te rn a l  f r i c t io n  of a w ire can be
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reproduced w ith reasonable accuracy, the s c a t te r  in  th e i r  experim ental 

p o in ts  being in  the order of 20$. However, i t  appeared th a t  the

period  of o s c i l la t io n  was su b jec t to s l ig h t  changes from one t e s t

to another fo r  which they o ffe red  no ex p lan a tio n . I t  would seem to  

the author th a t  the change in  p e rio d ic  time observed by Moszynski 

was an am plitude-dependent e f f e c t .  The exp lanation  which seems most 

l ik e ly  i s  th a t  even a t  low s tr e s s  le v e ls  the s t r e s s - s t r a in  r e la t io n

i s  no t l in e a r ,  i . e .  th e re  i s  some d ev ia tio n  from Hooke*s Law.

lJ>£AL C rif fe i

F o

T
I

T -
V/)

t
V )

This n o n -lin e a r  behaviour can be expected to  have an e f f e c t  

both in  the s t a t i c  and dynamic performance of the w ire. In  the former 

circum stance i t  w ill  r e s u l t  in  a la rg e r  d e f le c tio n  fo r  a given 

torque T, i . e .  assuming th a t  to rs io n a l s t i f f n e s s  of wire remained

ACTOrVC 6 £d/W i©vj£

CF.-
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constan t a t  Fq , then the torque to produce a d e f le c tio n  0 would be 

given by

T * F ©o
However, i f  the to rs io n a l s t i f f n e s s  has changed to some new value 

which i s  a fu n c tio n  of 0, say F (0 ) , then the torque to  produce a 

d e f le c tio n  © would be given by

t ' = ^  f  (e) |  e

Considering the e f f e c t  of th is  on the dynamic performance of the w ire,

the equation of motion assuming constan t s if fn e s s  F i so
d2 ©I  + F © = 0  • • • ( ! )
d t

and i f  the s t i f f n e s s  i s  a fu n c tio n  of © the equation  of motion becomes

i  ̂ - |  + e f  f  (©) o
d t 1 *

The problem becomes one of f in d in g  the value of F (0) which d esc rib es  

the w ire behaviour w ith s u f f ic ie n t  accuracy over the ran g e  of angular 

d e f le c tio n  © which occur in  the v is c o s ity  measurements. Two cases 

have been considered

(a) F = P -  c ev ' o
(b) p  = p q -  c e2

the e f f e c t  of using  e i th e r  of these w ill  be d iscussed  in  tu rn .

(a) The equation  of motion becomes

I  + © (F -  ce) = 0 . . . ( 2 )
d t

th is  can be re -w r i t te n

+ - j  © ( l  -  IC©) where = K * ..(3 )
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For very small G the assumption can be made th a t ( l  -  KG) i s  constant 

in  which cs,se equation (5 ) becomes id e n tic a l  to  equation ( l )  and the 

so lu tio n  i s  th a t  of S.H.M. 

i . e .
G -  A sin  1 ( l  -  KQ) • t

i . e .  when the am plitude i s  G the modified frequency (;] i s  givena a
by

w a  - 'V “I (1 -

whereas the frequency given by equation ( l )  i s

lO  0

a
(Oq

- / r r KGa

the r a t io  of the period  of o s c i l l a t i o n , ^  , when the am plitude i sa
q to the period 7/hen the amplitude i s  zero, , i s

^  a _ 1
T o  ( l  -  K0 )*

)

. r a -b(
' t o

£  c2 a 2F • ®aa
. . . ( 4 )

— -=r -  -—
2  2 F 0

/Im p u t v o e  0 a
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- 0

Thus i f  the period  of o s c i l la t io n  i s  p lo tte d  ag a in s t the

am plitude O^the slope can he used to ob ta in  the constan t C which

enables the c o rre c t to rs io n a l s t i f fn e s s  F to be used in  the s t a t i c  
• -

ap p lic a tio n  of the wire i* e . F = F -  C© •o a

o o  Considering now the e f fe c t  of modified to rs io n a l s t i f f n e s s
2&iven by F = F^ -  C© the equation of motion becomes

= pe5 - q e —(5)
a t

FC owhere P = j  and Q = —  .

In te g ra tin g  equation (5 ) and applying the boundary cond itions a t

^  aet  = 0, © = 0 and a t  t  = . —  -  0 and © = © we geta t  cu
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where 2_&

Making the su b s titu tio n  © = ©^ s in  x , equation (6) may be re -w r itte n

J h  / l/ 2

p at = -  1 • d *2 J'u - V 2I r —3  . 2—Jo 7 ou I o J  1 -  K s in  x

© 2
where K2 = —^ — -

M - ©

This i s  an e l l i p t i c  in te g ra l  of the f i r s t  kind and i s  v a lid  i f  

K2<  1 i . e .  i f  > . 2  0
CL

' h  [7m 1 f  V  ,°q.2

4 ' 2 ■/M f 2 4 (u  -  e^2) 64 (m -  e 2)CL 

. . • • ( 8 )

Now when rT" = ^  © * 0
V<L ^ O CL

• O' f P 1 TP * 1’ \• * 4 1 2  = r r  g (1 + 0 + 0 + . . . . )
n f¥

• ’ • t o  -  2 h I -  which i s  the so lu tio n  to equation ( l)
* o

and a t  am plitude © r= r
% Jl Jlm 1 r ~  (1 + ____

4 > 2 /m  -  ea 2 4 (m -  «a2) 64(m -  e&2)

N eglecting terms ra is e d  to  a power h igher than 2 and d iv id in g  each 

side gives
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C a
Vo

i .e .

r 0
5 C 
8 Fo

•* • (9 )

©

A<w>UTo3£ 0 ,

I f  th i s  assumption gives the form of the dev ia tion  from

Hooke’s Law a p lo t of r a -T T o
r 0

ag a in s t 0 should allow  the s»

constan t C to  he determined from the slope so th a t  the to rs io n a l 

s t i f f n e s s  a t  d e f le c tio n  Q i s  given by
cl

f  = f  -  c e 2o a

These so lu tio n s  have been described  because both r e s u l t s  have 

been used a t  some time to  describe  the am plitude dependence of the 

frequency of a to rs io n a l pendulum. A so lu tio n  of the type (a) was 

used by Benton (2) and was found to  apply a t  am plitudes up to  50° 

fo r  a wire of to ta l  leng th  3 m etres. A so lu tio n  of the type (b) was
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used by Bearden ( l)  who found the re la tio n sh ip  tru e  fo r  am plitudes 
£

up to 100 using  tungsten w ire.

A fter many attem pts to f i t  the small am plitude p erio d ic  times 

observed to an equation of the second type, the a u th o r 's  conclusion 

was th a t  the l in e a r  re la tio n sh ip  given by the f i r s t  equation i s  more 

app licab le  to th is  work where the am plitudes are up to  10° of a rc . 

Experimental procedure

Five in e r t i a  r in g s  were timed in  the c a lib ra tio n  r i g  and a t 

the same time the am plitude of o s c i l la t io n  was observed w ith a sca le  

permanently mounted 50 cm from the m irro r. I t  was d i f f i c u l t  to perform 

the experiment w ith any g re a t p rec is io n  because the room was darkened 

so th a t  the p h o to ce ll-tim in g  device would not be s e t-o f f  a c c id e n ta lly . 

The l ig h t  spot which was re f le c te d  from the m irror a ttach ed  to the 

to rs io n a l pendulum was allowed to f a l l  on the sca le  immediately 

a f te r  the counter had been s ta r te d  and the am plitude was recorded .

The sca le  was then p iv o tted  away from the path of the spot so th a t  

the s ig n a l to  stop the counter ( a f te r  the requ ired  number of 

o s c i l la t io n s  had occurred) would not be in te r fe re d  w ith . The e f f e c t  

of amplitude has no t been exadtly  reproduced from one t e s t  to the 

next as can be seen from the standard dev iation  of the r e s u l t s .

In th is  re sp e c t these are regarded as p relim inary  measurements. When 

i t  i s  considered th a t  the  e f fe c t  of n o n -lin ea r behaviour of the w ire i s  

l ik e ly  to  n e c e s s ita te  a co rrec tio n  of no t more than 0.5$* a c e r ta in ty  

of i  10$ in  determ ining th is  e f fe c t  i s  s u f f ic ie n t  a t  p re se n t.
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R esu lts  O bservations of period ic  time have been p lo tte d  ag a in s t

am plitude and the b es t s t r a ig h t  lin e  has been drawn through these

p o in ts . F igures B4, B5 and B6 show ty p ic a l s e ts  of r e s u l t s .  The

scale  read ing  *af ca can be converted to the am plitude Q in  rad ian s
-3

by the r e la t io n  Q » 5 x 10 a . , where Q i s  in  rad ian sSI

o
a

The p o in t a t  which the l in e  through the r e s u l t s  cu ts the 'V ' -  ax isa
i s  taken to be the period  a t  zero am plitude, from which Fq has been 

c a lcu la te d .

The r a t io  — (  zb   ) was obtained fo r  each r in g
a

-5te s te d . The mean value fo r  th is  r a t io  was found to  be 3*501 x 10
, -5and the standard  d ev ia tio n  of the r e s u l t s  was -  0.337 x 10 which 

amounts to -  9*9$



where Q i s  in  rad ian s , a
But equation (4 ) derived e a r l ie r  in  th is  appendix gives

^  a ~T0 _ K C___
2 a 2 F avO O

2V  = 7 .0  X 10’ 3
O

C alib ra tio n  of the to rs io n  wire fo r  the 1 s t viscom eter gives Fq 

in  the reg ion  of 9*51 where F =
vo

From these  f ig u re s  C becomes 0.133*

The e f f e c t  of applying  th is  co rrec tio n  to  the v is c o s ity  

measurements i s  d iscussed  in  section  5*33 of th is  th e s is .
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Addendum to Appendix B ( i i i )

Considering again the equation of motion when F = Fq -  CO

i . e .
,2

i —  + e (p  - co) = o . . . (i)
d t  0

This was p rev iously  solved making the assumption th a t (1 -  K©) i s  

a constan t when © i s  sm all. An exact so lu tio n  follow s which may he 

used w ithout making th is  assumption.

Equation ( l)  can he w ritten

&  + *-* e  -  S  e 2 = o  
at i i

F r
l e t  = P and j-  = Q

9 • Vi + PQ - Q©2 = 0
d t

2 —  V i  = 2 —  Q ©2 -  2 —  P©
d t d t  d t d t

o  = o  2 -  p © +  a
3  OL O u

A -  p e a? -  f  ®, I

( I f ) 2 = ^  fc>5 -  o j )  -  p  ( e 2 -  e ^ )

________  d©_______ _____

d t " ^(«5 -  O  “ M (e" -  O
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where =* M

h u t  t  =  a t  0  =  G a n d  t  =  0  a t  Q =  0  -  T
4  c l  J

■J
Q

dO

J (0? -  e j )  -  M (e2 -  o j )

TA 0

d t  •

Q 72
Qls

dO

l e t  x
£
Q

Cu

d t  =

.  * .  d x  =  —  d  0
Ou

h rQ 2 JCl o

dx

f (x -  1) -  Q~ (x -  1)

d x

( x  -  l ) ( x 2  +  X  +  l )  -  (x - l ) ( x  +  l )

. . ( 2 )

6CU

l e t  a

( dx

e * JQ, y

1i—IIM

o f t -  *]M r t -  3
■ a  - j

where ^ = +,̂ g  -—

(x - l ) ( x  -  ax -  a )

^ ( x  -  l ) ( x  -  'V 1)(x  -  V2)

^  _ a - V >  + 4,a
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l e t  u » (x  -  V 2) 2

du = dx
2(x -  J 2

• f l i
• 3 j

T/4

d t 1 f  2> ^ 1 Q 2 du  _

® 3 /  +  ( ^ 2  -

l e t  u = ( l  -  V 2P~ v

• * . du a (l - *9 o)2

dt a

rT/4

< _ i  [ ( i - ' V 2K 2 - « 1 - * 2 ) ] y
S ) 2 - l j

#• 3 d t dv

- W  I J (y2 -  1} (1 " V2 > 2 -  < A l - V 2)

r ^ - f
V 1

T

• #

A
d t a dv

< v A v J  ^ ( x . ^ f i . ( ^ ) v i
, V . i  L Ni *2 J
^ - 1 '

l e t  k2 = ( i - J k  ) '



U  d

(

1 d t  = dv

- ^ 2F J  ( l  -  v * ) ( l  -  k2v2)

dv

so
(X - v2)(l - fcV)

This i s  an e l l i p t i c  in te g ra l  of the f i r s t  kind^ so th a t

?/4
\ ® —T------------- f  ( k | ) -  f  (k> f i)

.  —
x JL

rk . -1 / ▼2 \ 2where jo = s in  (     J
▼2 "

(\ - \)2) - f +4i_Li& _ | +v£ZL =yr7
(X _  V 2 ) = 1 -  #• + / f t 2  t  4 a

• ^2

4a

* * v o - i

&  
“ I d t

o

2 '  2 

a ^a^ + 4a 

a ~~ j. Va^ + 4a

i l l 4a a 
2 " 2

~ 7 s r r A T ' r
2 " 2

=  — r
S  2 ( a  + 4 a ) 2

ol

F (s in -1 '
+ 4a

- I /  '2 V ̂  +
-  F (d itto ^  sin

1

1 + s' J  + 4 a  -  ~

By s u b s t i tu t in g  experim ental va lues of 'fc. in to  th is  equation w ith

the observed am plitude Q the value of C can be ob tained .a
(F must a lso  be obtained  experim en ta lly ), o
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(C). EFF E C T  OF VARYING INERTIA OF RINGS, KEEPING MASS CONSTANT.
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Fig.B2.(b). Diagram showing method of dimensioning jL
measuring Inertia Rings (all except A,At/VCil D j
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DEVICE FOR MEASURING SMALL ANGULAR MOVEMENTS IN ROTATING
CYLINDER VISCOMETERS

By J. Wonham*

Introduction
r e s e a r c h  on transport properties of water-steam at high 
pressures and temperatures at the University of Glasgow 
has recently been supplemented by the addition of a 
rotating cylinder viscometer for viscosity determinations 
to 250°C and 700 kg/cm2. The instrum ent has been de
signed to operate at low rates of shear with Newtonian 
fluids. The viscometer is contained within an insulated 
vessel through which a heating fluid is circulated. Thus 
the instrum ent and the fluid under test are at the same 
temperature. Fig. 1 shows the outline of this instrum ent 
in which the viscous drag on the stationary cylinder is 
observed by suspending it on a torsion wire and observing 
its angular deflection for a known rotational velocity of 
the moving cylinder.

In  similar circumstances Reamer, Cokelet and Sage ( i ) f  
measured the angular deflection by attaching a disc 
wound with reluctance coils to the torsion cylinder. The 
angular position of this disc with respect to a second 
fixed assembly of reluctance gauges could be sensed. Their 
procedure was to move the reluctance gauges a known 
angle from the zero position of the torsion cylinder and 
then adjust the rotating cylinder speed to bring the reluc- 
ance coils associated with the torsion cylinder back to the 
‘zero’ position. A less complicated technique to this was 
thought desirable and it was decided to observe the angular 
deflection of the torsion cylinder through a sapphire 
window in the high pressure vessel by optical means.

Experimental
A difficulty with measuring angular movement through a 
high-pressure window by an optical m ethod (e.g. using 
scale, m irror and telescope) is the necessity to correct for 
refraction both at the air-sapphire and sapphire-fluid 
interfaces. This correction and subsequent possible errors 
have been eliminated by retaining the torsion cylinder at 
its initial position as observed through the window by 
means of a device for adjusting the angular position of the 
torsion-wire support point. This angular movement is 
accurately measured.

The mechanism for adjusting the angular position of 
the support point has in this case been combined with a 
means for giving vertical and lateral adjustment to the 
suspended cylinder (these two latter adjustments being

The M S . of this Research Note was received at the Institution on
24th September 1964 and in its revised form, as accepted by the
Council for publication, on 12th February 1965.

* University of Glasgow, Mechanical Engineering Research Annexe. 
t  Reference is given at the end of this Note.
J OU R N A L  M E C H AN I C A L  E N G I N E E R I N G  S C I E NC E

made before final assembly of the device). The main body 
of the assembly (Fig. 2) contains the vertical and lateral 
adjusting mechanisms and is sealed by means of a lens 
ring after these adjustments have been completed. The 
thrust bearing and retaining cover are then placed in 
position and the whole inner assembly held positively 
against a p.t.f.e. washer by tightening down eight retaining 
nuts. The thickness of the p.t.f.e. was adjusted to give a 
positive vertical restraint to the assembly but freedom to 
rotate with the minimum of friction. Lateral movement of 
the whole assembly is prevented by the roller bearing. 
Sealing is provided by the lens ring at the top and an ‘O’ 
ring with anti-extrusion ring at the bottom of the device.

IL L U M IN A T E D  S C A L E

M IR R O R .

D E V I C E
D E T A I L E D

T E L E S C O P E

T O R S I O N  WIRE

G U A R D  C Y L IN D E RS

O U T E R  ( R O T AT IN G ) 
C Y LI N D E R

^ I N N E R  (T O R S O N )  
CY L IN DE R

P R E S S U R E  VE S S E L

CONSTA NT
S P E E D
D R IV E.

S A P P H I R E  WINDOW

T E L E S C O P E ,

M IR R O R

R E F E R E N C E  ' 
PO I N T

Fig. 1. Diagrammatic cross-section of viscometer
Vol 7 No 2 1965
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This O ring has proved satisfactory as a rotating seal since 
in this application the angular movement is slow and 
discontinuous.

T he angular adjustment is made through a small train 
of gears giving a reduction of 40/1. This ensures a sensitive 
adjustment for a small applied force even when the pres
sure inside the vessel is large. The angular movement is 
measured by observing the image of an illuminated scale 
in a small m irror attached to the top of the support 
assembly through a telescope.

An additional possible source of error when measuring 
angular deflections of a m irror through a window could 
be due to bending of the window as a result of the differen-
J OU R N A L  M E C H A N I C A L  E N G I N E E R I N G  S C I E NC E

tial pressure across it. Providing the window is supported 
symmetrically about its cylindrical axis it is expected that 
light entering the window along this axis will remain un- 
distorted by bending. Therefore in this device the error 
does not arise if  the telescope and reference point under 
observation (Fig. 2) are placed in the close vicinity of the 
window axis.

Results
T he device has been tested at ambient temperatures and 
at pressures up to 330 kg/cm2 without loss of accuracy. It 
is limited to this pressure at the moment by the size of the 
thrust bearing used and the limited space available in

Vol 7 No 2 1965

1 Mirror.
2 Adjusting wheel.
3 Rotation of bush by pins gives vertical adjustment.
4 Four radial screws give lateral adjustment.
5 Lens ring.
6 Thrust bearing.
7 Roller bearing.
8 Anti-extrusion ring.
9 O ring seal.

10 Torsion wire support point.
11 P.t.f.e. adjusting washer.

Fig. 2. Schematic view of device for adjusting the angular position of the torsion cylinder
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which to locate the assembly on the present apparatus. At 
all test pressures the support point could be adjusted to 
within 0°-0'-30" of the angular position required without 
difficulty.

I t is hoped to extend the pressure range of this type of 
device to that for which the main pressure vessel of the 
viscometer has been designed. It is also planned to modify 
the apparatus for use at temperatures up to 250°C.
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P a p e r  9

A ROTATING CYLINDER VISCOMETER FOR MEASUREMENT 
AT ELEVATED TEMPERATURE AND PRESSURE

By J. Wonham*

This paper records some of the recent experimental methods used to determine the viscosity of water. In 
drawing attention to the many techniques used (most relying upon calibration of the instrument by a fluid of 
known viscosity), the conclusion may be drawn that an absolute instrument is required which will produce 
results over a wide range of temperature and pressure.

It has long been known that the rotating cylinder viscometer is capable of a high degree of accuracy, but 
technical considerations have, in the past, restrained most workers from pursuing this method at high pressures.

Progress in the development of the rotating cylinder instrument for these conditions is described and specific 
problems encountered with this method are discussed.

This work is a continuation of the design studies of Kjelland-Fosterud ( i ) f  and Whitelaw (2) who both 
gave considerable thought to the problems associated with this type of instrument. The first instrument to be 
tested by the author was based on Whitelaw’s design but it was found that certain aspects of this instrument 
required major alteration. A new instrument was set up and has been found suitable for accurate viscosity

determination.

I N T R O D U C T I O N
T h e  m a in  e f f o r t  i n  viscosity measurement o f water 
substance in recent years has been directed towards super
critical steam and also steam at atmospheric pressure and 
temperatures up to 1100°C. This work has been well 
described by Whitelaw (2) and Latto (3).

Experimental determination o f the viscosity o f liquid 
water is not so comprehensive as that for steam. When 
considering this region, it is convenient to divide it into 
two p a rts :

(1) Viscosity of liquid water in the range 0°-100°C at 
1 atmosphere pressure and along the saturation line 
above 100°C.

(2) Viscosity of compressed liquid in the tem pera
ture range 0°-300°C, and at pressures up to 800 kg/cm2.

Notable contributions in this field are listed in Table 9.1. 
T he measurements o f Moszynski with the oscillating

The M S . of this paper was first received at the Institution on 29th 
October 1965 and in its revised form, as accepted by the Council 
for publication, on 28th December 1965.

* Mechanical Engineering Research Annexe, University of Glasgow, 
Glasgow 3. 

t  References are given in Appendix 9.II .

sphere instrum ent may be considered absolute, and are 
claimed to have an accuracy of ± 1  per cent, but these 
results would seem to be about 2 per cent low when 
extrapolated to 20°C and compared with the N.B.S. value.

Bruges (12) points out that more experimental work is 
needed in this region to remove the inconsistencies. These 
make correlation o f the existing data extremely difficult 
without resorting to ‘weighting’ certain o f the measure
ments. Bruges’s report also indicates that the works of 
W eber and Swindells et al. perm it the tabulation of values 
from 0° to 40°C with an uncertainty o f ±  1 part in 500. 
M easurements made with rotating cylinder viscometers 
by Bearden (13) and other workers measuring the viscosity 
of air, indicate that this level o f accuracy can be achieved 
by the rotating cylinder method.

There are at least two rotating cylinder instrum ents 
which have been used at high tem peratures and pressures. 
Thom as, H am , and Dow (14) tested lubricating oils up 
to 3000 kg/cm 2 and 250°C with an accuracy of about 
4 per cent. T he drive motor for the rotating cylinder was 
completely immersed in the pressure vessel, and the heat 
generated by the m otor appears to have made accurate 
tem perature control difficult. T he angular deflection of
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Table 9.1

Author Reference M ethod Pressure,
atm

Temperature,
°C

Comments

Swindells, Coe, and Godfrey. 4 Capillary 1 20 Quoted accuracy for water at
20°C, 0 05 per cent

Roscoe and Bainbridge. 5 Oscillating spherical vessel 1 20 A value for water of 1-0025 ±
0-0005 cP at 20°C

Timrot and Khlopkina. 6 Capillary 90-500 18-300 —
Weber . . . . 7 Falling ball 0-500 0-160 —
Moszynski . . . 8 Oscillating sphere 3-340 20-185 Quoted accuracy ±  1 per cent
Schmidt and Mayinger 9 Capillary 57-741 78-300 —
Tanaka et al. IO Capillary 1-232 12-263 Probable accuracy 1-6 per cent
Cappi . . . . 11 Falling body 0-10 000 0-100

ANGULAR VELOCITY Q

dr

I ”

a Principle of operation. 
b Arrangement for Couette flow. 
c Guard cylinders.

Fig. 9.1

the inner cylinder was measured externally by observing 
the change o f resistance o f an alloy resistance wire. This 
was fastened into the cylinder in such a way that the 
measured resistance increased proportionally with the 
angle of displacement.

M ore recently, Reamer, Cokelet, and Sage (15) have 
measured the viscosity of w-pentane at pressures up to 
5000 lb/in2 and between 0°-500°F with a rotating cylinder 
instrum ent claiming a probable accuracy not exceeding 
0-4 per cent. This is a highly developed instrum ent, and 
this claim appears to be justified.

W ith these experiments in mind, it would appear that 
the technical difficulties are not insurmountable.

M E T H O D
T he principle of operation is shown in Fig. 9.1a. A 
cylindrical sleeve 2 clears the inner cylinder 1 by a radial 
distance o f approximately 2 mm. Cylinder 2 is rotated at 
constant angular velocity by means not illustrated.

T he inner cylinder is supported by a Nim onic 90 
suspension wire shown as 3. This in turn is attached to 
the support 4. T he entire instrum ent is submerged in the 
fluid, the viscosity o f which is to be measured.

As a result of rotation o f cylinder 2 about the inner 
cylinder 1, a drag is produced upon the latter. This in
duced torque on cylinder 1 results in an angular deforma
tion of the suspension 3. Therefore the rotation of cylinder 
2 is reflected as an angular displacement o f cylinder 1, 
shown by the angle 9. As long as laminar flow exists in 
the annular space between cylinders 1 and 2, and the 
deformation of the suspension wire obeys Hooke’s law, 
the angular displacement 9 is directly proportional to the 
absolute viscosity.

S I M P L E  T H E O R Y
Only the elementary treatm ent of this m ethod of flow is 
given here. Fig. 9.1 b shows the arrangement for Couette 
flow where a volume element is indicated at some radius r.

From  the definition of viscosity, it follows that for a 
Newtonian fluid the shear at any point may be related to 
the  viscosity and the velocity gradient by equation (9.1).

dco
T = 7?rdr • * • •
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but t  . 27nh .r — T

where T  is the torsional moment attributable to the 
viscous drag.

T da>
• '  277r2h = , ) r d ;

dco T
dr iTrr^hr]

Integrating across the annular gap and applying bound
ary conditions

w =  0 when r =  a
and

i.e.

co =  Q  when r =  b

r da>=j _ f M dr
Jo 2irkr) J a r3

T I*2- * 2]
*’• ^rrhrj [ a2b2 J 

T  f b2- a 2
47rhQ a2b2 • (9.2)

Guard cylinders have been included in the design, see 
Fig. 9.1c, to eliminate the torsional drag on the end surface 
of the inner cylinder. Nevertheless, a correction must be 
applied owing to the gaps g x and g2 between the inner 
cylinder and the guards. The end correction for rotation 
viscometers derived by Roscoe (19) is not relevant where 
guard cylinders are provided, although it would be a useful 
exercise to verify his theoretical solution experimentally.

A correction for these gaps has been arrived at theor
etically by Houston (16) who concluded that 0-47 of the 
sum of the gaps should be added to the inner cylinder 
length to give the effective length of the inner cylinder L. 
In this case the sum of the gaps is 0 05 cm where the 
length o f the inner cylinder is 8 cm. Only a very small error 
is introduced if  the effective length, making allowance for 
the gaps, is taken to be L , where

L  =  0-5(g1+ g2)+ h

i.e. this infers that the viscous drag owing to the gap is 
shared equally between the suspended cylinder and the 
guard cylinder at each end.

Thus

V =
b2- a 2

a2b2 . . (9.3)

A convenient way of using this viscosity equation is to 
introduce two constants F  and K , where F  is the torsional 
constant of the suspension wire:

and where K  is dependent on the dimensions of the 
instrument,

1 
* = 1

i 2—a2
a2b2

Assuming the time for one revolution of the outer cylinder 
as f, then

277
1 =  ~Q

Substituting for F, K 3 and Q in equation (9.3) gives
KFOt , x,  = _  . . . .  m

The determination of viscosity by this method will 
therefore depend on the accuracy of obtaining K , F, 9, 
and t.

E X P E R I M E N T A L  A R R A N G E M E N T
The detailed arrangement of the viscometer is shown in 
Fig. 9.2. T he rotating cylinder 1 runs in bearings located 
in a sleeve 2. This sleeve is a sliding fit into the bore of the 
cylindrical pressure vessel 3. A bevel gear 4 is fitted to the 
bottom of the rotating cylinder which transmits the con
stant speed drive provided by the shaft and pinion 5.

A heavy steel table 6 is weighted with sand-bags. The 
pressure vessel is fixed to the table by three studs and is 
adjusted to stand vertically by introducing packing shims 
under three equally spaced legs 7. A high pressure sapphire 
window 8 allows a mirror 9 to be observed from some 
suitable position.

Also standing on the legs is a double-walled copper 
jacket 10 which is to provide a constant temperature bath 
for heating the instrument and the test fluid contained 
therein. T he parts so far described can be assembled and 
need little attention once assembly has been satisfactorily 
achieved. The remaining parts are also assembled as a 
complete unit and final assembly can then take place. This 
unit comprises the cover-plate 11 held by eight studs 12 
and sealing on a Delta-ring 13. Screwed into the lower side 
of the cover is the guard cylinder assembly 14 which is in 
two parts held accurately together by three equally spaced 
distance pieces 15. The inner cylinder has first to be 
suspended from the support assembly before the lower 
guard can be placed in position.

The lower guard is extended downwards to protect the 
mirror-holding stem from any turbulence in the fluid 
caused by the moving parts. This guard also allows 
thermocouples 18 to be introduced through the bottom of 
the instrument and into the fluid under test, although this 
has proved a difficult assembly problem.

The radial position of the support assembly is adjustable 
through a small chain of reduction gears 19. An adjusting 
spindle emerges through a rotating seal in the top cover of 
the fluid-bath as does the upper mirror stem 20. (These 
details are not shown.) The details of this support assembly 
have been previously described (17).

Heating system
The bath around the instrum ent is double walled. Heating 
fluid is circulated such that it enters through the bottom of 
the jacket at three positions A  (see Fig. 9.2) passing up 
between the inner wall and the outer surface of the pressure
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/% . 9.2. Viscometer assembly

vessel. At the top it passes through ports into the space 
between the two walls o f the vessel, and out at three 
equally spaced positions B. This arrangement has been 
designed to keep the flow of fluid evenly about the instru
m ent, thus ensuring a well-distributed heating effect.

U p to the present, water has been used for heating the 
apparatus, thus limiting the present measurements to 
100°C (see Appendix 9.1). The static seals can be easily 
modified using polytetrafluorethylene (p.t.f.e.) O-rings

for operating the instrum ent up to 250°C with Thermex 
heating fluid. The rotating seals, which are at present of a 
rubber compound are to be changed for small stuffing 
boxes making use o f braided p.t.f.e. M ost rubber com
pounds cannot be used with Thermex.

T he circulating fluid is heated in a separate vessel by 
means of a 3-kW immersion heater made as a single unit 
but with separate terminals for each o f the three 1-kW 
elements. T he elements are sheathed in Tnconel* tube and

j. WONHAM

H I G H  P R E S S U R E  
C O N N E C T I O N
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T H I S  J A C K E T  IS 
W O U N D  W I T H  
I N S U L A T I N G  
M A T E R I A L



A ROTATING CYLINDER VISCOMETER FOR MEASUREMENT AT ELEVATED TEMPERATURE AND PRESSURE 5

are suitable for temperatures above 250°C. At present the 
upper 1-kW element is supplied by power switched by a 
toluene regulator. The other two elements are controlled 
manually using a Variac. Maximum power for these 
elements is only required during initial heating to the 
working tem perature; at this stage power is reduced to 
the level where the thermostatic control of the toluene 
regulator can best meet the remaining heat requirement.

T E M P E R A T U R E  M E A S U R E M E N T
The importance of accurate measurement of temperature 
cannot be overstressed. Initial heating tests on the appara
tus have depended entirely upon two sheathed chrom el- 
alumel thermocouples which are located on the upper face 
of the lower guard cylinder. These are introduced through 
a Conax-type seal at the bottom of the instrument, and 
along slots cut into the sides of the mirror-stem guard 
extension. At present tests are being carried out with ther
mometers (mercury in glass) fitted into wells from the top 
cover of the heating jacket.

I t is thought that, since the apparatus is almost com
pletely enclosed within the thermostatically controlled 
bath, the test fluid and the heating fluid around the 
instrument will be at the same temperature. I f  this is the 
case less importance may be attached to thermocouple 
readings taken at points within the test fluid and more 
accurate measurements can be made either with a Beckman 
thermometer or with a platinum resistance thermometer. 
These will be located in the bath near the wall of the 
pressure vessel.

T H E  P R E S S U R E  S Y S T E M
This is basically the same as that used by Whitelaw and 
by Venart (18) in his thermal conductivity rig. A Buden- 
berg dead-weight gauge is used to pressurize oil on one 
side of a rubber interface (a hydraulic accumulator 
cylinder containing a rubber bulb has been modified for 
this purpose). The pressure is also indicated by a Bourdon 
gauge fitted in the line. The pressure connection is into 
the side of the vessel but the top mirror stem can be 
removed to facilitate initial evacuation of the vessel and 
to act as a bleed for any air which remains in the system 
during filling.

The constant speed drive
Although individual readings are made at a constant 
angular velocity of the rotating cylinder, it is desirable to 
make readings at several different speeds and also when 
rotating in the reverse direction. This eliminates the effect 
of any ‘set’ in the suspension wire which could cause error 
in the value obtained for 6. W ith these considerations in 
mind, an infinitely variable speed hydraulic gear was 
obtained driven by a three-phase synchronous motor 
through a timing-belt. The speed of this unit can be 
varied from 0 to 1000 rev/min in either direction. The 
angular velocity of this output shaft is measured by an 
electric tachometer which produces 120 pulses for each* 
revolution of the shaft.

These are counted by an electronic counter, and experi
ments have shown that the speed remains remarkably 
steady—not varying by more than 1 or 2 parts in 2000 over 
several minutes. This speed is reduced by a 10:1 reduction 
gear and a further 2:1  reduction is produced by the bevel 
gears inside the vessel. Thus the actual speed of the outer 
cylinder can be varied from 0 to 50 rev/min in either 
direction.

M E T H O D  OF M E A S U R I N G  d
A ‘null’ method of measuring the angular movement of 
the inner cylinder has been developed. This technique 
entails that the inner cylinder be kept at its initial position 
(as seen through the window in the pressure vessel) by 
rotating the support-assembly of the suspension wire. 
The angular movement of this assembly is measured by 
means of a telescope, mirror, and scale. This mirror is 
attached to the top m irror stem as previously described.

This procedure has the advantage that no angular 
measurements are made through the window, thus elimi
nating the need for corrections owing to refraction. A 
2-metre, machine-divided precision scale has been mounted 
such that it forms an arc of radius 300 cm about the centre 
of the instrument. This was achieved by mounting the 
scale in clamps at accurately drilled points along the arc 
on a rigid table. Once the scale had been set up, the 
position of the table was adjusted until the centre and ends 
of the scale were equidistant from the centre of the visco
meter. This was achieved by mounting a rod 300 cm long 
horizontally in a suitable stand. Observation of the position 
of the inner cylinder is by a second telescope, mirror, and 
scale arrangement, this mirror being attached to a stem 
extending from the bottom of the inner cylinder. Both 
scales are illuminated so that the divisions are clearly 
visible.

E X P E R I M E N T A L  P R O C E D U R E
Considering again equation (9.4)

KFdt
’ “ "ftp-

the procedure will be outlined for the determination of 
each of these parameters.

K :  This is a constant depending upon the dimensions 
of the instrument. The external diameter and length of 
the inner cylinder have been accurately measured using 
an electrical comparator and slip gauges. The bore of the 
rotating cylinder has been measured with an internal 
micrometer at several positions and the mean diameter 
calculated. At present this dimension is known with the 
least accuracy and will be checked using other methods. 
M easurements are made at intervals along the cylinders 
and around the circumference. The mean and standard 
deviations are then calculated. The distance between guard 
cylinders has been measured and the faces checked for 
parallelism and alignment, using a travelling microscope 
and shadow-graph techniques. Deviations as small as 
0 000 05 in can be determined in this way. Roundness
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checks have been made using a Talyrond instrum ent. All 
the measurements have been made in a gauge room main
tained at 68°F.

F : T he inner cylinder and suspension wire can be 
oscillated torsionally. The torsional constant for the wire 
may be derived from the simple form ula:

^  4772/ c
F  =  -A T 21 c

where F  is the torsional constant; I c the moment of inertia 
of the inner cylinder; and Tc the periodic time of torsional 
oscillations of the system.

This formula does not consider the effect of damping on 
the system. I t  was decided to reduce the effect o f damping 
to a negligible amount by timing the oscillations in a 
vacuum vessel. This apparatus is shown in Fig. 9.3. 
Evaluation o f I c has also been made using torsional oscilla
tions. The procedure is described by Bearden (13), in

Fig. 9.3. Vacuum vessel fo r  calibrating the suspension wire, vacuum better than 10 4 torr
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P U L L E Y

' O ’ R I N G

R U L O N
B E A R I N G

V I S C O M E T E R

MechanicalFig. 9.4. seal for operation at 3500 lb I in2, 250° C , and speeds up to 100 rev/min

T I M I N G  B E L T

S U P P O R T  P L

Fig. 9.5. Magnetic drive

which the period of oscillation is measured for objects of 
calculable moments of inertia. Hence the torsional 
stiffness o f the wire becomes known and can be used to 
obtain the moment of inertia of a more complex shape, 
where the periodic time is measured for this object also.

F T 2

Thus I c can be found if  I k is of known moment of 
inertia.

This procedure is slightly complicated by the presence 
of the stem which is used to locate the suspended objects 
and which holds the small mirror at the lower end. The 
value of I  for this can either be calculated or found ex
perimentally and must then be included in the total 
moment of inertia of any suspended system under test. 
The times o f torsional oscillations have been measured 
using the amplified pulse from a photo-electric cell to 
start and stop an electronic timer. This method is accurate 
to 1 part in 105. Experiments have been carried out to 
investigate the possible effects of varying the periodic 
times, and the mass, of bodies of calculated moments of
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inertia upon the torsional constant of the suspension wire. 
I t  has been concluded that these changes in the behaviour 
of the wire are likely to be so small that only with precise 
temperatures control can any exact results be obtained. 
For this reason it is intended to surround the vacuum 
vessel with an isothermal bath. This is indicated by the 
chain-dotted line in Fig. 9.3.
I It is also necessary to calibrate the torsion wire for the 
temperatures at which the viscosity measurement is to be 
made. Up to the present, at elevated tem perature, oscilla
tion timings of the suspended system have been made with 
the cylinder oscillating inside the viscometer. Ideally, 
these measurements on the wire should be carried out in 
the evaluated calibration rig, although by measuring the 
logarithmic decrement of oscillations in the viscometer a 
fairly accurate estimation of the damping can be made and 
thus F  can be determined using the relationship:

T  =  277r s 2̂X1/2
4/«

where K  is the damping coefficient calculated from the 
logarithmic decrement o f the damped oscillations.

At the start of a test, the initial positions of the top and 
bottom  m irror stems are recorded. The required angular 
velocity of the outer cylinder is set by the manual control 
on the hydraulic gear. The value t is obtained from the 
reading given by the tachometer.

The angular position of the support assembly is then 
adjusted by means of a 4*75 rev/m in reversible induction 
motor, which acts through the 200:1 chain of reduction 
gears. Thus, once the outer cylinder is rotating at the 
desired speed the inner cylinder can be returned to its 
initial position by controlling this m otor and watching 
through the telescope. Once this has been achieved, the 
angle 9 can be deduced from the new reading on the upper 
scale.

This procedure is repeated for several values o f t and 
9 in both directions of rotation. T he mean values of t and 
9 can be taken from the best straight line passing through 
a plot o f the recorded values and the value of viscosity can 
be calculated.

F U T U R E  D E V E L O P M E N T
The drive shaft seal illustrated in Fig. 9.2 is unsuitable 
for high pressures. For this reason it is soon to be replaced 
by the mechanical seal shown in Fig. 9.4. This has been 
designed by the makers for operation up to 250°C and 
240 kg/cm 2. W ith this modification completed, results 
should soon be available over this range o f test conditions. 
A further development is to be introduced with a new 
viscometer, having a slightly larger diameter pressure 
vessel. This is the magnetic drive illustrated in Fig. 9.5. 
The new instrum ent with this drive will have tremendous 
advantages over the present arrangement and has been 
designed for measurements to 1000 kg/cm2.

By surrounding the -suspension wire calibration vessel 
with an isothermal bath, considerably more information

will be obtained about the behaviour of the wire at tfr* 
test temperatures. The torsional constant can then be 
accurately predicted.

C O N C L U S I O N
This paper describes an apparatus which should be capable 
o f producing viscosity measurements at temperatures up 
to 250°C and at pressures ultimately up to 1000 kg/cm2. 
T he main effort up to the present has been in setting up 
the instrum ent and overcoming initial mechanical prob
lems.

I t would seem that in the near future results will be 
forthcoming which will justify this effort.

In the light of the present situation with regard to the 
measured viscosity of water, an absolute instrum ent is 
certainly needed to cover temperatures and pressures ove : 
the widest possible range. As can be seen from Table 9.1 
m uch of the work covers only a narrow band of tempera 
ture or pressure. Results from an absolute instrument: 
would make possible a more exact correlation when con 
sidered beside the existing data.

A C K N O W L E D G E M E N T S
T he present work was performed at the Mechanical 
Engineering Research Annexe, University of Glasgow, 
under the direction of Professor James Small, the James 
W att Professor of Mechanical Engineering. The author is 
indebted to D r E. A. Bruges and his other colleagues a 
the Research Annexe, who have assisted him in many 
ways. This work has formed part of the current research 
investigations on thermodynamic and transport properties 
now being undertaken by this laboratory and sponsoreo 
by the Central Electricity Generating Board.

A P P E N D I X  9.1
In  order to estimate the suitability of the instrument and to make 
initial tests of the accuracy to be expected, measurements have 
been carried out on air at ambient conditions and at a few tem
peratures up to 100°C. These tests were necessarily carried out 
with some fluid other than water because the first bearings ob
tained were in non-stainless steel and there would have been a risk 
of corrosion.

Results
Determination of the instrument constant K  (linear dimensions 
are in inches):

Inner cylinder diameter (2a) =  1 -9686 
Outer cylinder diameter (2b) =  2-1649 
Inner cylinder length =  3-1534
Distance between cylinders =  3-1696 
L =  3153444(3  1696—3-1534) =  3-1615 

f b2- a 2'
K =  3-4486 x 10“ 3 converted to cm units.

a2b2
Determination of F:
The moment of inertia of the mirror stem has been determined 

by comparing times of torsional oscillations with two inertia rings, 
designated A x and A 2. The moments of inertia of these rings, 
notation I A1 and I A2> have been calculated from the mass M  and 
the measured outer diameter D  and inner diameter d where it can 
be shown that

/  =  (D2+ d2)

These values are listed in Table 9.2.



D iscussion

D r D. J. Ryley, M.Sc.(Eng.), C.Eng., M .I.Mcch.E.— 
Referring to paper 9 ,1 would suggest that as a consequence 
of the relative movement of the walls bounding the test 
liquid, paddle work will be done on the liquid. This will 
tend to cause a rise in temperature and a consequent 
modification to the viscosity. Has the author considered 
the error thus introduced, or is the effect too trivial to merit 
a correction ?

Mr J. W onham — Dr Ryley has raised a pertinent 
question regarding shear heating in the annulai space be
tween the cylinders. The temperature rise may be calcu
lated using the method described by Bjernstihl* and the 
differential equation giving the temperature distribution 
across the annular gap has been solved by Welt man n and 
Kuhnsf using a method of successive approximations 
However, with the low rates of shear occurring in this 
instrument the calculated shear heating effect is extremely 
small and, with the frictional heat of the bearings, is likely 
to be conducted into the large mass of metal constituting 

j the cylinders and pressure vessel with negligible effect on> 
| the temperature of fluid under test. Nevertheless, it is 
j considered necessary to locate the thermometer as near as 

possible to the fluid sample under test. Mehrishi and 
LorimerJ have described rotating contact thermocouples 
attached to the rotating cylinder, the electromotive forces 
being conducted away through concentric mercury troughs 
in the base of the instrument. Such a technique as this 
would be difficult to apply in the limited space available 
within a pressure vessel and it is likely that mercury vapour 
would contaminate the sample at elevated temperatures.

In the apparatus described here, overall temperature 
stability has been achieved by surrounding the instrument 
with a thermostatic jacket. Thermocouples have been in
troduced into the close proximity of the fluid sample under 
test (i.e. at the top surface of the lowcr-guard cylinder) 
giving an accurate record of the temperature at which the 
viscosity is measured. Under these experimental conditions 
the effects of shear heating are considered to be accounted 
fo# reJifon #>ly well.

* BjoitsSTAHC, V r PH s 1942 119. 245 
f \X i-. tm a n n , H N -md K ric ss , 1' N 7 ( olL'td Set. 195? 7.

118
$  M h m i v h i ,  J. N  a n d  I o h i m l r  I ' X 7  .SVt l n \ i r u m  1 9 6 5  42,

Vo! t m  Pt J  J



Table 9.2 T ab le  9 .4

Inertia  ring M ass, g 7), in d , in 7, g cm 2

A x 372-53 1-6256 0-1875 804-50

A 2 305-58 1-4716 0-1875 542-34

Table 9.3

Periodic timeSuspended system

N otation

M irror s t e m + ^ i  
M irror stem -f^42 
M irror s te m .

13-925
11-443

1-244

T he  two inertia rings were assembled w ith the m irror stem  and 
suspended in  tu rn  from  a suitable torsion wire. T h en  torsional 
cscillations were timed.

T he  m irro r stem  forms part o f the oscillating system in each 
case and its m om ent of inertia A I  can be calculated by m easuring 
the period o f oscillation of this stem  alone. These times are listed 
ia Table 9.3.

U sing the  tim es listed in  T able  9.3 and the values of I  recorded 
in T able  9.2, A I  has been calculated from :

TmA I =  I A1 71  2  T  2  -*1 ~ -* M — 6-468 g cm2

A I  =  1, 2 =  6-482 g cm2
T 2  T

2 * AI

AI  has been taken as the average of these tw o values:

A I  =  6-475 g cm 2

i'N.B.— W hen this value of A I  is added to I Ai and I A2 to give the 
noments o f inertia 7X and J2 o f the two suspended systems, the 

values of I XI T X2 and 72/7 V  agree to  w ithin 0-2 per cent. T h u s AI  
s considered to  be known w ith sufficient accuracy.]

H aving now  determ ined A I , the m om ent o f inertia o f the inner 
cylinder assembly, 7„ can be calculated from

where T c is the  periodic tim e of torsional oscillations of assembly 7C 

Tc =  19 -133 sec 

giving I c =  1532-7 g cm 2

A different wire to  the one used in the above tests was used in 
the following viscosity determ ination. T h e  periodic tim e used to 
calculate F  in  this case is for the  inner cylinder assembly, inertia 7C

T  =  17-230 sec

T he  angular deflection o f the inner cylinder is given by the 
movements o f the scale image observed in  the m irror attached to 
the top o f the suspension assembly. T h e  electronic tachom eter 
gives a value N  to the counter-reading. Values of 8 and N  are 
recorded in  T able 9.4.

Evaluation o f viscosity from  resu lts:
K F dt

K ld t

where
8

600

2 T 2 

and t
2400

N

' 1—
D irection of rotation N  ! Deflection, 8, cm

First run— clockwise 404 2-10
795 4-10

1198 6-30
anti-clockwise 403 2 0 0

803 4-10
1202 6-20
1603 8-25
2000 10-35

Second run— anti-clockwise 651-2 3-30
1049 5-30
1375 7-10
1727 8-80
1948 10-0

clockwise 1869 10-0

T hus 77 reduces to

V =
2 K 8 I

First run : 

giving

Second run :

2000 = 523 0  x 1 0 ' 3
i) =  186x10  

on«8
=  5-2 20 x1 0-3

N T 2
Substituting the values recorded for K ,  7, and T  and the mean 
value of 8 and N  obtained from  a graphical plot of 8 :N  gives:

8 10-46
N ~

P
8 20-88 

N  ~  4000 
giving 77 =  185 x  10 ~ 6 P

T he values o f 8 and N  were recorded at an air-tem perature of 
20-6°C, thus a value in the region o f 184 x  10" 6 P  would be ex
pected.

T he viscometer was dism antled and reassembled w ith the 
heating jacket in position. T h is procedure entailed fitting a new 
torsion wire and the periodic tim e was rem easured giving 
T  — 16-60 sec.

Deflections were recorded in only one direction of rotation.

N Deflection, 8, cm

497 2-45
997 5-40

1499 8-05
2008 10-95

From  the plot o f 8: N
8 12-4

N  ~  2000 =  6-2 X 10-3

giving 77 =  2 1 6 x l 0 “ 6 P
T h e  tem perature, this tim e given by an uncalibrated chrom el- 

alum el therm ocouple located near the upper face of the lower guard 
cylinder, was 82°C.

At this tem perature the accepted viscosity for air is approximately 
209 X 10" 6 P. Bearing in m ind tha t uncalibrated  therm ocouples of 
this type have an absolute accuracy o f ± 3  per cent this could 
account for the error in 7 7 .

G reater accuracy would not be expected in this case where the 
deflections produced are so small com pared w ith those for which 
the instrum ent is designed, viz. a m axim um  deflection 8 o f 100 cm 
in  either direction. Nevertheless the p lots o f 8 :N  indicate good 
inherent behaviour of the instrum ent and are of sufficient value to 
proceed with the m anufacture of stainless steel bearings which are 
illustrated in Figs 9.3 and 9.4.

Initial tests w ith water in the m odified instrum ent indicate that 
im proved accuracy can be expected owing to the larger angular 
deflections.
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APPENDIX E

(i) Initial testing of the viscometer was carried out using 

Nimonic 90 torsion wires, mainly because of the good high temperature 

properties of this material, especially with regard to creep*

However, it was felt that since more is known of the behaviour of 

tungsten suspension wires, advantage should be taken of its reproducible 

torsional behaviour. Bearden (l) pointed out in his work that tungsten 

annealed at approximately 1200°C for 10 minutes hehaved better than 

material which had received no treatment since being drawn and coiled.

During initial tests with the tungsten wire a phenomenon 

immediately observed from plotting deflection against angular velocity 

was the occurrence of solid contact or coulomb friction within the 

system, giving rise to the characteristic hysteresis loop. This is 

illustrated in Figure E2(i). It was discovered that hysteresis 

effects can be allowed for (at the same time maintaining a fair 

accuracy) by taking readings both for ascending and descending values 

of the input in this case) and then re-plotting the arithmetic

average. Alternatively, the slope of the ^ t K plot can be obtained 

by taking either the ascending or descending sides of the loop.

Either of these procedures could have been applied at all times had 

it been possible to reverse the direction of rotation of the motor. 

However, at elevated pressures, rotation of the seal is limited to 

one direction unless the R.H. coiled spring which loads the seal 

faces is changed for one oppositely coiled. It was therefore decided 

to set up a small rig for the purpose of annealing the wire in the
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* '
hope that this mi {Jit eliminate the friction by allowing the cylinder

to hang perfectly straight at all times. The most likely cause of
/ \

the friction is thought to be the residual set in the wire produced 

during coiling.

The improvement in the results is illustrated by Figure E2(ii) 

in which the results of annealed wire are shown for comparison.

The annealing rig is shown in Figure El. It consists of a quartz 

tube in which the wire is allowed to hang under tension of about 

100 gm. Connecting wires pass through sealed holes in the ends of 

the tube and these are connected to a Yariac. Pure hydrogen was allowed 

to pass through the tube from a hydrogen bottle for about 15 minutes 

prior to heating the wire. The tempe rature of the wire was obtained 

with a disappearing filament type optical pyrometer. The temperature 

was held at approximately 1200°C for 10 minutes with a steady stream 

of hydrogen passing through the tube to prevent oxidation. Subsequently 

all wires used in the instrument have been given this treatment.



Appendix E(ii) Determination of the temperature effect on the

torsional properties of tungsten wire.

If accurate measurements axe to be made at elevated temperatures 

it is essential that the temperature dependence of torsional stiffness 

of the wire be accurately known. There is little information in the 

handbooks of physical constants except for phosphor bronze, which is 

commonly used in galvanometer and other sensitive instrument suspensions. 

The treatise on tungsten by Smithells (2) quotes the relation between 

the modulus of torsion G and temperature for single crystal tungsten 

wires as

T - T °*263
Gm = G (   )T o v T 1s

where Gm is the modulus at T°K, T is the absolute melting point X s
of tungsten and Gq = 17,100 i 300 Kg. per sq. mm. at 300°K.

However, the properties of single crystal wires and ordinary 

drawn wire is shown to differ considerably in another part of this 

treatise; the amount by which the wire is drawn is also a critical 

factor, for instance the torsion modulus values at room temperature 

can vary from 9000 to 22000 Kg/mm . Measurements on the modulus of 

elasticity at elevated temperatures have been made by Koch and 

Dannecker (3) and Dodge (4) but these were considered insufficient 

evidence to apply a correction to the viscometer suspension, since 

the effect of temperature is a function of the degree of cold work 

and can also be altered by annealing the wire. A more satisfactory 

solution is to carry out the dynamic method of determining torsional 

stiffness at varying temperatures with the wire to be used in viscosity
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measurements. This technique i s  s im ila r to  th a t  used by Rode,

Reamer and Sage ( 5) who measured the v a r ia tio n  in  to rs io n a l e l a s t i c  

constan t w ith tem perature fo r  a 10tfo tungsten-platinum  w ire .

The apparatus fo r th is  experiment co n s is ts  of a vacuum v esse l 

w ith in  a th e rm o sta tica lly  heated ja c k e t in  which a to rs io n a l 

pendulum can be o s c i l la te d  (see F igure 5)* Means a re  provided fo r  

s ta x tin g  the body o s c i l la t in g  and the p e rio d ic  time i s  recorded 

p h o to e le c tr ic a l ly . The in e r t i a  r in g  dimensions vary due to thermal 

expansion and thus modify the value of I  fo r  the r in g . The same 

h ea tin g  f lu id  used fo r  h ea tin g  the f i r s t  viscom eter i s  c irc u la te d  

through the ja c k e t. The tem perature i s  recorded by mercury in  g la ss  

thermometers which f i t  in to  ‘w e lls 1 in  the top cover of ja c k e t and although 

no t in  close con tact w ith the wire are ju s t  ou tside  the w all of the 

vacuum v esse l a t  the req u ired  le v e l.  I t  was d iscovered th a t  the 

system needed a number of hours a t  the t e s t  tem perature fo r  the 

pendulum to  reach the tem perature of the surroundings w ithout the 

vacuum system o p e ra tio n a l. Only when the r i g  was considered to  be 

reasonably  iso therm al was the r i g  evacuated and t e s t s  commenced.

R esu lts  Using the re la tio n sh ip  F = 7—7 fo r  to rs io n a l s t i f f n e s s ,

the values of I  a n d ^  have been determined over the tem perature 

range 17° to  152°C.
3 „  _2 M D2For a d isc  I  = M R =* —g

For yellow  b rass  the  c o e ff ic ie n t of l in e a r  expansion i s

19 x 10*"^. I f  D20 i s  the diam eter of the in e r t i a  r in g  a t  20°C, then
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a t  some tem perature (20 + t)°C .

^20 + t )  “ D20 ^  + ^  ^

and
M 2  2

I (20+t) = ?  D(20+t) ^

= I2 0 ( l+oCt )2
p

Fhr in e r t i a  r in g  I 2Q ■ 541*151 gm cm . The r e s u l t s  are

l i s t e d  in  Table E .l  and are  shown p lo tte d  g rap h ica lly  in  F igure E3

TABLE E .l

Temp.
0

C
t c (20+t)

sec

r ~y' 2
C( 20+t) I (20+t)

gm cm
XT0TAL 

(20+t) 
gm cm^

/XT0TAL \
r  2 20+ t

17 -5 7 .56330 57.2035 541.090 547.565 9.5722

20 0 7.56564 57-2389 541.151 547.626 9.5674

25 5 7 .56730 57 . 2640 541.212 547-687 9.5642

90 70 7.60806 57.8826 542.806 549*281 9*4896

140 120 7.63845 58.3489 543.625 550.100 9-4278

145 125 7.6403 58.3742 543.724 550.199 9.4254

152 152 7.6445 58.4384 543.864 550.359 9.4174

Conclusions

The graph shows the l in e a r  re la tio n s h ip  between the to rs io n a l 

s t i f f n e s s  and tem perature of the w ire. No attem pt has been made to  

c a lc u la te  th is  e f fe c t  in  terms of the modulus of r ig id i ty  of the m a te ria l
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s in ce  th is  would req u ire  an accurate knowledge o f the len g th  and 

diam eter o f the w ire , n e ith e r  of which need to  he known in  the p resen t 

experim ent.

I f  the slop e of the graph i s  denoted as % where "X. = 

then the to r s io n a l s t i f f n e s s  a t  a temperature o f (20 + t)°C  i s  given

bar 

dF
F t  -  Eo + f t  • *

= F + % t
o x

The va lu e  fo r  X  obtained in  t h is  experim ent i s  

-  1 .196 x 10"^. A ll measurements o f v i s c o s i t y  above and below 20°C 

have been corrected  u s in g  t h is  fa c to r .

The va lu e  a t  17°C was obtained a f t e r  a p eriod  o f about 

1 month had e lap sed  from com pletion  of the other measurements. The 

p r e c is io n  in  the tim ings was n ot as high as during the main experim ent, 

however, the average o f th ree  tim ings o f 50 o s c i l l a t io n s  gave 

* 7*5633 sec  -  0 .0020 s e c . This r e s u lt  confirm s the previous  

v a lu e s  ob ta in ed , there b e in g  on ly  a s l ig h t  in crea se  in  s t i f f n e s s  

compared w ith  low tem perature v a lu e s  obtained a t the s ta r t  o f the t e s t .  

The r e s u l t  a t  140°C i s  g iven  in  Table E2 to  i l l u s t r a t e  the p r e c is io n  

o b ta in ed .
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TA-RT.E E?

No. of o s c i l la t io n s  
timed

T otal time recorded P erio d ic  Time

mjn. sec

50 6 21.8874 7.63775

50 6 21.8833 7.63767

50 6 21.9100 7.63820

50 6 21.9720 7.63944

50 6 21.9551 7 .63866

50 6 21.9183 7.63837

50 6 21.9109 7.63822

50 6 21.9454 7.63891

50 6 21.9426 7.63885
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Appendix E ( i i i )  Specimen c a lib r a tio n s  of to r s io n a l constant

of w ire .

From the co n c lu sio n s drawn in  Appendix B i t  might be deduced 

th a t although the tim ing o f o s c i l la t io n s  of the to r s io n a l pendulum can 

be carried  out w ith a p r e c is io n  b e tte r  than 1 part in  10^ there  

remains an u n certa in ty  o f a t  l e a s t  -  0.2fo in  the to r s io n a l constan t 

when sev era l r in g s  are te s te d  w ith the same w ire . There may be severa l 

reasons fo r  t h i s .  For in s ta n c e , when the work d escrib ed  in  Appendix B 

was carr ied  ou t, the magnitude of the am plitude e f f e c t  had n ot been  

appreciated  and was not taken in to  account. Furthermore, towards the 

la t t e r  part o f the experim ental programme d escrib ed  in  t h is  t h e s is  

sev era l m o d ifica tio n s to the c a lib r a tio n  arrangement vrere made which 

have improved the p r e c is io n . An example b e in g  th a t in  the f i r s t  

c a lib r a t io n  experim ents u s in g  a p h o to ce ll to  sw itch  the counter, a 

c o llim a tin g  lamp was used to  r e f l e c t  a spot o f l ig h t  from the m irror 

on the pendulum in  such a way th at th is  lig fr t  spot was focu sed  by a 

le n s  onto the p h o to c e ll, a s shown below.

ACTUAL. C>[ STANCE TRAV&LLE JD  

B»Y LUiHT S P o t  FOR  

^ m a l l  A m p l i t u d e s

COL.LIMATIMG LAM P
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The focusing  was necessary  to give the req u ired  l ig h t  

in te n s i ty  fo r  tr ig g e r in g  the tim ing c i r c u i t ,  but has the disadvantage 

th a t the d is tan ce  tra v e lle d  by the focused l ig h t  i s  much sm aller than 

the d is tan ce  tra v e lle d  ac ro ss the len s and th e re fo re  the v e lo c ity  w ith 

which the l ig h t  passes the c e l l  i s  much slow er. The time constan t of 

the pho tocell i s  a fu n c tio n  of th is  v e lo c ity  in  th a t  fo r  la rg e  

am plitudes the l ig h t  spot passes the  pho tocell in  a f ra c tio n  of a 

second but fo r  small am plitudes the  l ig h t  spot may dwell on the c e l l  

fo r  more than a second causing the tr ig g e r in g  sig n a l to be m odified 

s l ig h t ly .  The system has since been a lte re d  using  two len s as shown 

below.

w ith
n a r r o w
Ap e r t u r e .

£oi.UMA,T(KJ<3
4 - A m p .
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By using  a len s to focus the co llim ated  l ig h t  onto the 

m irro r a much b r ig h te r  r e f le c te d  l ig h t  spot i s  ob ta ined . This allowed 

the pick-up len s to be moved about tv/ice the previous d is tan ce  from 

the m irro r so th a t ,  fo r  the same am plitude as b efo re , the v e lo c ity  of 

the l ig h t  spot was e f fe c t iv e ly  doubled. A fu r th e r  p recau tion  was to 

place a screen imm ediately in  f ro n t  of the p h o to ce ll w ith an ap e rtu re  

approxim ately 0.03 in* wide. These two simple m od ifica tions g re a tly  

improved the p rec is io n  and made i t  p o ss ib le  to time much sm aller 

am plitude o s c i l la t io n s .  A th ird  m od ifica tion  was to f i x  the 

c a lib ra tio n  r i g  to a much heav ier stand in  order to  reduce the e f f e c t  

of v ib ra tio n  from the vacuum pump and in  the cases when the therm ostat 

was o p era tin g , v ib ra tio n  from the c i r c u la t in g  pump. V ib ra tio n  very 

e f fe c t iv e ly  in c rease s  the s c a t te r  in  the r e s u l t s  by causing the 

system to  move as a simple pendulum as w ell as to r s io n a l ly .

In  the l a t t e r  p a r t  of these  t e s t s  i t  was a lso  f e l t  th a t  

g re a te r  care in  m anufacturing the in e r t i a  r in g s  and more s tr in g e n t 

im spection methods could fu r th e r  reduce the u n c e rta in ty  in  o b ta in in g  I .  

Up to  th is  tim e, th ree  s e ts  of in e r t i a  r in g s  had been made. The 

f i r s t  s e t  of seven r in g s  designated  A  ̂ to were nsde w ith the same 

mass as the in n e r cy lin d er fo r  the prelim inary  design of v iscom eter, 

and are  s l ig h t ly  heav ier than the r in g s  and B2 which were the only 

two r in g s  having the same mass as the in n er cy lin d er fo r  the f i r s t  

v iscom eter. In ad d itio n  f iv e  r in g s  designated  A  ̂ to  were made 

w ith constan t angular i n e r t i a  but vary ing  mass. Since n e i th e r  vary ing  

in e r t i a  or vary ing  mass (w ith in  the l im its  of the p re sen t experim ents)
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would appear to  a f f e c t  the c a l ib ra t io n  of the w ire . Several of these  

r in g s  were used to  c a l ib ra te  the w ire p r io r  to  u s in g  the w ire in  the 

v isco m eter. The r e s u l t s  of te s t in g  the w ire w ith r in g s  B  ̂ and C^;

and B^5 and are  given in  Table E3* Note th a t  the  presence of 

an am plitude e f f e c t  had been recognised and th a t  the  value  of s t i f f n e s s  

quoted i s  Fq which was c a lc u la te d  from the p erio d  a t  zero am plitude.

TABLE E5

I n e r t i a
Ring

T otal Mass 

gm

I T0TAI
2gm cm

P eriod

sec

1 /  2 - 2 ?  
7t o  0

h 417 .99 810.98 9 .2421  l 9.4945

h 417 .86 1021.55 10 .3658 9.5072

h 417 .98 1395 . co 12.1275 9 .4843

A2 350.77 548.82 7 .5 9 7 0 9 .5092

*2 346.73 1992.45 14.4917 9-4874

CL 359-22 1842*82 13 .9500 9.4968

The average value of Fq f o r  these  r in g s  i s  

F = 9*4967 -  0.0114 where 0.0114 i s  1 stan d ard  d ev ia tio n  which can 

a lso  be w ritte n  as -  0*12$o. This d ev ia tio n  i s  s im ila r  in  magnitude 

to  th a t  recorded  in  Appendix B, where am plitude was n o t reco rded  and 

the p e r io d ic  tim es used in  c a lib ra t io n s  were the average of 6 or more 

tim ings taken a t  vary ing  am plitudes. This was taken to  in f e r  th a t  the 

d ev ia tio n  was due to the q u a li ty  of the r in g s .  To t e s t  t h i s  conclusion
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a r in g  was made (designa ted  A ^ ) w ith the same b as ic  dim ensions as 

A  ̂ bu t w ith  g re a te r  p re c is io n  in  the m anufacturing procedure, i . e .  

the face s  of the r in g  were p o lish ed  to very n ear o p tic a l  f la tn e s s  

and the diam eter was measured u s in g  s l ip  gauges and e le c tro n ic  

com parator. The d iffe re n c e  in  Fq from th a t  given by A  ̂ was le s s  by 

0 . 05$  and the d iffe re n c e  from the mean value quoted above i s  a lso  

0 . 05$ .

TABLE E4

I n e r t ia
Ring

T otal Mass 

gm

hoTAL
2gm cm

P eriod  
^ 0  sec

CMVH

A22 351*93 550*49 7*6115 9*5018

I f  any th ing , the r e s u l t s  ob tained  w ith the f i r s t  s ix  r in g s  

suggest th a t  the s c a t te r  i s  le s s  w ith  r in g s  of la rg e r  d iam eter.

This i s  to  be expected since  an e r ro r  in  m easuring the d iam eter then 

has a p ro p o rtio n a lly  sm alle r e f f e c t  on the c a lc u la te d  value of I .

For th i s  reason  two more r in g s  were made designated  and which 

d i f f e r  f a i r l y  r a d ic a l ly  from the p rev ious shape of h ig h - in e r t i a  r in g s  

i l l u s t r a t e d  in  Appendix B. F igure B3 shows i n e r t i a  r in g  C2 mounted on 

the  m irro r stem in  p lace of the in n e r  c y lin d e r . Two aluminium d isc s  

hold the  r in g  in  the h o r iz o n ta l p o sitio n , and a sm all b ra ss  spacer 

allow s the assembly to  be nipped t ig h t ly  to g e th e r . In the case of 

i n e r t i a  r in g  D2 one aluminium r in g  was found to  be s u f f i c ie n t  to  

provide a f irm  support. The r in g s  are  made from S .80 s ta in le s s  s te e l
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w ith g re a t ca re , the face s  being  ground f l a t  and then p o lish ed  on a 

su rface  b lock . The o u ts id e  diam eter was measured by e le c tro n ic  

com parator and s lip -g au g es  and the bore by "Tesa11 th ree  pronged 

in te rn a l  m icrom eter w ith a v e rn ie r  sca le  read in g  to  0.0001 in .  The 

mass of the r in g s  7/as measured by a p re c is io n  chemical balance and 

c a lib ra te d  w eigh ts, the e r r o r  being  only i  0*1 mg in  a mass of 

274*0254 gm fo r  r in g  C^. In d iv id u a l read in g s have no t been recorded  

here  bu t the  c a lc u la te d  i n e r t i a  of each component i s  l i s t e d  in  

Table Eg.

TABLE E5

Ring I n e r t i a 2gm cm

C2 D2

I n e r t i a  Ring 2898.55 4479.61

Aluminium c a r r ie r  r in g  ( i ) 58.47 169.41

Aluminium c a r r ie r  r in g  ( i i ) 57.87
**« If ■

Brass spacer O.24 0 .29

M irror stem 6.475 6.475

T otal assembly 3021.61 4655.78

KQTE Some tim ings of r in g  C2 were made w ithou t the second

aluminium c a r r i e r ,  in  which case th e  t o t a l  moment of
2

i n e r t i a  i s  2965*85 m  cm .
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The r e s u l t s  of tim ing  th ese  two r in g s , again  tak in g  in to  

account the am plitude e f f e c t ,  i s  given in  ta b le  E6.

TABLE E6

I n e r t ia
Ring

T otal Mass 

gm
I T o m

2gm cm

P erio d  

T o  s e c

CM

H

C2 312.16 2963.85 17.660 9.5033

D2 382.08 4655.78 22.126 9.5101

The r e s u l t s  ob ta ined  from tim ing  a l l  9 r in g s  w ith  the same 

to rs io n  w ire can be seen g ra p h ic a lly  in  F ig . E 4(b). The r e s u l t s  from 

A^2 > C2  ^  l i e  w ith in  a band of 0.07$ and a re  an obvious

improvement on the  p rev ious 6 r e s u l t s .  I t  i s  thought th a t  the accuracy 

ob tained  w ith these  r in g s  (th e  assessm ent of e r ro rs  has co n cen tra ted  on 

r in g s  C2 and in  p a r t ic u la r )  i s  q u ite  adequate f o r  the p re se n t 

requ irem en ts.

F igu re  E4 has been drawn to show in  graph (a) the  fto d e v ia tio n  

of the f i r s t  s ix  r in g s  about the mean and (b) the fto d ev ia tio n  of a l l  

n ine  r in g s  about the mean. I t  might have been in fe r re d  from the r e s u l t s  

of the f i r s t  s ix  r in g s  th a t  the  to r s io n a l  s t i f f n e s s  was d ec reasin g  

w ith in c re a s in g  moment of i n e r t i a  of the suspended system . However, 

the r e s u l t s  of a l l  the r in g s  show th a t  th e re  would appear to  be no 

p a r t ic u la r  tre n d , thus confirm ing the f in d in g s  of Appendix B.
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APPENDIX Fn) 

Specimen ev a lu a t io n  of v i s c o s i ty  

R e -w rit in g  equation  3*7

1 -

T

4 ttL  J L f -I  Ri

2 2 
-  V

2 2 
2

This may be re w r i t te n

I -

where © = angu lar d e f le c t io n  of in n e r  c y l in d e r ,  t  = time f o r  1 rev  

of ou te r  c y l in d e r^ w h e re  K and F a re  tem perature dependent, 

i . e  K,
K, 20

( 1 + o C t ) 3

where oC - 16 i  10

and

-6

F t  = f 20 (1 + X t )

where rX - = -  1.196 x 10~^' and t  i s  (Temperature -  20)°C

. <T) *20 >«> °  M l  h- x f ) ,
/ ’  <1 -  ( " a ) ' »  0 -

K

(1 W t ) 3 

0.244095___
20 i h  + 0 .5  (gx + g2) J  (2 a )2 (2b)

where 2a = diam eter of in n e r  cy l in d e r  = 1.96872 in*

2b = diam eter of o u te r  c y l in d e r  = 2.11466 in

h » le n g th  of in n e r  c y lin d e r  = 3*15106 in

b + g1 + g2 = 8.i s tance  betY/een guard c y l in d e rs  = 3*17258 in

( a l l  measured a t  20°C) g iv in g  K2Q -  2.65761 x 10“ ^

F 20 ( J g )  • -  9*4973
^  ave
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F 20 i s  the to r s io n a l  s t i f f n e s s  of the wire found from ta k in g  the 

average value fo r  sev e ra l  r in g s  where the moment of i n e r t i a  and the 

period  were determined a t  20°C.

*  eQ m ■gQQ — where & i s  the angular d e f le c t io n  on the upper s c a le ,  

and it = where N = tachometer read ing .

. T ) „._-3 _ X t & 1.624 x 104. . /  » 10 x 2.6576l-) x — r  x ■§■ x   x     x C
'  X600 3N

= 10"1 x 2.657615 x ~  x  0.180444 x -  x  C
4tT  *

T
b u t < ^ 2 ' 55 9*4973 ( f ° r  ■the wire c a l ib r a t io n  r e le v a n t  to t h i s  p a r t i c u l a r

measurement)

° 7 =  0 .113860  x  ~  x c

The fo llo w in g  read ings  were taken to  ob ta in  a ty p ic a l  s in g le  value
2

f o r  v i s c o s i t y .  The p ressu re  was 125 Kgf/cm .
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IT Reading of 
Upper 

Scale

Thermocouple 

emf ̂  V

Time

Beginning End.

0 74.10 108.5 1 4 .1 0
198*6 198.7 102 .25 108.7 14.15
299.5 299.5 117 .6 5 108.9 14.25
59 9 .6 599.4 1 3 2 .1 0 109.3 14.30
4 9 9 .8 499-8 '  146.55 1 0 9 .6 14.40
599 .6 599.1 161.10 109.9 14.50
5 0 1 .0 501 .6 147.05 110.2 1 5 .0 0
59 9 .2 599-2 132.65 110.5 15.10
299 .7 298.6 1 1 7 .2 0 110.6 I 5 . I 5
200 .6 200.7 1 0 1 .9 0 110.7 15.25

9 9 .5 99-5 88.10 110.75 15.30

The average va lue  fo r  the thermo couple emf was 109 *59^ V * 

Prom the c a l ib r a t i o n  curve fo r  t h i s  thermocouple 

^  ^  -  + 2 . 0

= 111 .59/* V

R e fe rr in g  to  the standard  re fe re n ce  ta b le  

Temperature = 17*7 + X ^ * 7

19*636 

say = 19»64°C

X = ( 1 9 .6 4  -  20 ) = -  0.06°C 

c = (1  + 0 .0 6  X.1 .1 9 6_x  .10 i l ,  ^  1 .0 0 0 0
( l  -  0.06 x 16 x 10 )

The mean value of N and the corresponding upper sca le  read in g

have been f i t t e d  to  the b e s t  s t r a i g h t  l i n e  curve by the method of l e a s t
£

squares . The slope of t h i s  l in e  i s  — which in  t h i s  case eva lua ted
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to  I .4636  x  10~^$ the s tandard  d e v ia t io n  o f sc a le  read in g s  from the

l i n e a r  f i t  be ing  0.436 cm. A f a c t o r  of 0 .6  has to  be in troduced

because of a c a l ib r a t io n  e r r o r  in  th e  coun te r .

7  = 0 .1 1 3 8 6 0  x 1 .4 6 3 6  x  1 x 0 .6  x 10_1 

= 0.00999804 p o ise

say = 0.9998 cP

The p re s su re  c o e f f i c i e n t  a t  20°C i s  -  2.8 x 10  ̂ cP/atm. 

(experim en ta l va lue  given by Moszynski).

At 1 atm. = 0.9998 + 0.0035 = 1*0053 cP
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Appendix F ( i i )

The v i s c o s i ty  measurements used to c o n s tru c t  the v i s c o s i t y :  

tem perature  r e l a t io n s h ip  a t  1 atm. p re s su re  were alm ost in v a r ia b ly  the  

r e s u l t s  of se v e ra l  o b se rv a tio n s  of d e f le c t io n  w ith  d i f f e r e n t  o u te r  

c y l in d e r  v e l o c i t i e s .  However, the procedure f o l i o  vred to  o b ta in  the 

v i s c o s i t y  v a lu es  a t  e le v a te d  p re s su re s  was somewhat s im pler in  th a t  

the  p re ssu re  was changed in s id e r th e  in s tru m e n t,  keeping  the speed 

approxim ately  co n s ta n t ,  and the new an g u la r  p o s i t io n  of the  in n e r  

c y l in d e r  was then observed. This d id  n o t n e c e s s a r i ly  invo lve  r o t a t i n g  

the  to r s io n  head to  the  n u l l  p o in t  each time the  p re s su re  was changed. 

Mien, f o r  in s ta n c e ,  the change in  d e f le c t io n  of the  in n e r  c y l in d e r  was 

on ly , say, 2 .5  nun (as seen on the lower sc a le )  the upper sc a le  re a d in g  

could be m odified by p lu s  or minus 5*0 mm whichever was the  case , 

s in ce  the upper s c a le  i s  tw ice the d is ta n c e  from the  v iscom eter 

than  the  lower s c a le .  To s t a r t  w ith ,  measurements were made a t  

tem peratu res  below 20°C s in ce  i t  i s  known th a t  as the  tem perature 

d ec reases  the  p re ssu re  c o e f f i c i e n t  o f  v i s c o s i ty  fo r  w ater in c re a s e s  

n e g a t iv e ly .  Since the a f f e c t  of p re s su re  on the  v i s c o s i t y  of w ater 

i s  small i t  v/as f e l t  t h a t  i n i t i a l  success was more l i k e l y  to  be 

ob ta ined  where the p re ssu re  c o e f f i c i e n t  i s  g r e a t e s t .

The tem perature  was u s u a l ly  v a ry ing  s l i g h t l y  d u r in g  the  

time th a t  measurements were being  made. This was due to the  f r i c t i o n a l  

b e a t  produced by the  mechanical face  se a l  d u r in g  the  p er io d  when the  

c y l in d e r  speed was being  in c rease d  in c rem en ta lly  to give the re q u ire d  

d e f l e c t io n .  O bservations taken during  t h i s  p er io d  and in  the  runn ing



down p e r io d  were used to c a lc u la te  some of the  ab so lu te  v a lu es  of 

v i s c o s i ty  quoted in  s e c t io n  6 .1 .  However, the tem perature changes 

were small in  most cases and the procedure was f i r s t l y  to  c a lc u la te  

the  v i s c o s i ty  a t  the  observed tem perature and then  to  apply a 

c o r re c t io n  to  b r in g  the  v i s c o s i ty  to  some datum tem perature  (us ing
d<7

va lu es  f o r  —  c a lc u la te d  from Bingham and W hite!s c o r r e la t io n ) .

The datum tem perature  was norm ally  taken as th a t  ob ta ined  during  the 

i n i t i a l  s ta g e s  of the experim ent.

The f i r s t  v i s c o s i t y  measurements made a t  vary ing  p ressu re  

were encourag ingly  c o n s is te n t  and a re  shown p lo t t e d  in  F ig u re  E2.

At once i t  can be seen t h a t  the tem perature  reco rded  d u ring  the 

measurements i s  above the  datum of 12.65°C so th a t  the v i s c o s i ty  v a lu es  

c o r re c te d  to  t h i s  tem peratu re  a re  somewhat h ig h e r .  There i s ,  however, 

no ap p rec iab le  change in  th e  slope which would suggest t h a t  the 

thermocouple was g iv in g  a c o n s is te n t  value  of the tem perature  of the 

t e s t - f l u i d .

At a l a t e r  d a te , however, measurements were b e ing  rep e a te d  

a t  approxim ately  the same c o n d it io n s  bu t t h i s  time measurements were 

continued over a longer p e r io d  to  a s se s s  the long-term  e f f e c t  of 

f r i c t i o n a l  h e a t  from the s e a l  on the  accuracy of the  in s tru m en t.

One would expect the  tem perature r i s e  r e s u l t i n g  from the f r i c t i o n a l  

h e a t  to  cause a f a l l  in  the  measured v i s c o s i t y .  Observed v a lu es  f o r  

v i s c o s i t y  show e x a c tly  t h i s ,  fo r  in s ta n c e ,  r e s u l t s  1, 2 and 5 

c o n s is te n t  w ith  each o th e r  when considered  as a group, and so a re  

r e s u l t s  4 , 5, 6 and 7 . At t h i s  p o in t  i t  i s  ap p a ren t th a t  the  tem peratu re
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i s  r i s i n g  in  t j i e e te s t  f l u i d  so th a t  w ithout app ly ing  a c o r re c t io n  to 

“b ring  the r e s u l t s  to a common tem perature, the p ressu re  e f f e c t  i s  n o t 

obvious. However, when the c o r re c t io n  f o r  the observed tem perature 

change i s  now a p p lied , t h e  slope of co rrec ted  va lues  does n o t agree 

w ith  the slope of i n i t i a l l y  observed v a lu es .  This i s  due to  the f a c t  

th a t  the thermocouple, be in g  s l i g h t ly  n e a re r  to  the  mechanical se a l  

than the t e s t  f l u i d ,  experiences a r i s e  in  tem perature sooner than the  

t e s t - f l u i d  so th a t  the observed tem perature  i s  h ig h e r  than the  a c tu a l  

f l u i d  tem peratu re . The d i f fe re n c e  between the tv/o w i l l  be in c re a s in g  

as  the tem perature g ra d ie n t  in  the in s trum en t b u i ld s  up when the se a l  

i s  o p e ra t in g  a t  h igh  p r e s s u re s .

This i l l u s t r a t e s  an obvious l im i t a t io n  w ith  t h i s  in s trum en t 

u s in g  the f a c e - s e a l .  R e su l ts  over the p re ssu re  range must be made 

befo re  the tem perature recorded  i s  a f fe c te d  by f r i c t i o n a l  h e a t .  I f  

t h i s  p recau tio n  i s  observed c o n s is te n t  r e s u l t s  may be ob ta ined , as can 

be seen by comparing the i n i t i a l  r e s u l t s  from the two s e ts  of da ta  

re p re se n te d  in  F igu res  F2 and F3* In  a l l  measurements recorded in  

Chapter 6, the r e s u l t s  were no t ap p rec iab ly  a f f e c te d  by the tim e- 

dependent in s trum en t behaviour described  above. The use of a magnetic 

d r iv e  in  the second viscom eter should com pletely e l im in a te  the  e f f e c t  

i n  f u tu re  measurements with th i s  in s tru m en t.

At h ig h e r  tem peratures , fo r  in s ta n c e  a t  89.73°C the p re ssu re
2was cycled  between 25 and 225 Kgf/cm in  o rder  to  o b ta in  the r e s u l t s  

reco rded . This v/as because over t h i s  l im i te d  range the p re ssu re  e f f e c t  

i s  almost l i n e a r  and in te rm ed ia te  p o in ts  were considered  to be of 

l i t t l e  v a lu e .
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APPENDIX G

N avier-S tokes Equations 

The equation  of c o n t in u i ty  in  c y l in d r i c a l  co -o rd in a te s  ( r ,  © z ) :

+ <  f t 1 * '*  *  S  *  °
(The equation  of motion in  c y l in d r i c a l  c o -o rd in a te s  ( r ,  © z) t

r  -  component

'  1 a t  ^ ^ 4 T  ^  +  S / = a f  ae <  a i I

0 -  component —  —

I f c )  V 3 o . B

z -  component

¥ p ? & ) + p 3 * ~ c

In terms of v e lo c i ty  g ra d ie n ts  f o r  a Newtonian f l u id  w ith 

co n s tan t p and ^  the equa tion  of motion becomes s- 

r  -  component

e M - > v ^ u  ¥  - %

©-component

t + y g l + p * — -  - £I

+
z-component
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In o rder  to  o b ta in  the equa tions D, E and F from equations 

A, B and C the components of the s t r e s s  te n so r  in  c y l in d r i c a l  

c o -o rd in a te s  ( r ,  z) a re  re q u ire d .  These a re  as fo l lo w s :-

X  r r - tT*

X  GO= -7 [2 ( 7 \

o* « II

■ X
2 1 a
■3 z

- §- (V.

-  f  (v-

) * ri

X q z X zQ~ 7&

X  = T  m l )^ z r  r z  I
V s

]
']

• • • * G 

•> • • H

• * * * X

»• • • J

 IC

• • *' • It

where

(v*y) i  1 .  t.  ̂ I  l l
r  v r^  + r  ^  6
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APPENDIX H

Observed f lu c tu a t io n s  in  r o t a t i n g  cxfrLnder angu lar  v e lo c i ty  due to 

changes in  m a in 's  frequency

The r e s u l t s  of observ ing  the tachometer read in g  a t  10 second 

i n t e r v a l s  i s  shown in  F igu re  7* This in d ic a te s  maximum f lu c tu a t io n s  

of 0 .4$  a t  e a r ly  and l a t e  a f te rn o o n , corresponding to  peaks in  

i n d u s t r i a l  and domestic demand being  met by the changing lo a d in g  of 

p o w e r ;s ta t io n  tu rb in e s  and a l t e r n a t o r s .  However, p e r io d s  of up to 

an hour w ith  maximum d e v ia t io n  of -  0.05$ occurred in  the o ff-peak  

period  of the  day.

This s o r t  of f l u c tu a t io n  in  m a in 's  frequency i s  to  be expected . 

However, i t  i s  s i g n i f i c a n t  th a t  the  C arte r  h y d ra u l ic  gear has no t 

le ssen ed  the  accuracy o b ta ined  from the sunchronous motor (which w i l l  

fo llow  c lo se ly  m a in 's  f req u en cy ) . This was a n t ic ip a te d  when choosing 

t h i s  type of v a r ia b le  speed dev ice , e s p e c ia l ly  when a steady  running  

tem perature has been reached .

A p r in t - o u t  device could be f i t t e d  to the tachom eter g iv in g  a 

continuous reco rd in g  of speed v a r ia t io n s  d u r in g  any given t e s t .

This would be a v a lu ab le  a d d i t io n  where accuracy exceeding ± 0.05$ 

i s  r e q u ire d  fo r  the  speed of the r o t a t i n g  c y l in d e r .

A p o in t  to  n o t ic e  i s  t h a t  most t h y r i s t o r  c o n t ro l le d  e l e c t r i c  

motors a v a i la b le  commercially a re  no t norm ally co n s tan t in  speed to 

b e t t e r  than - 0 .1$ .
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APPENDIX J

P re c ise  angular measurement u s in g  r a d ia l  d i f f r a c t io n  

g ra t in g s  and moire f r in g e  te ch n iq u e s .

Moire f r in g e s  are  the hands of l i g h t  and shade which appear 

when a beam of l i g h t  passes  su ccess iv e ly  through a p a i r  of p e r io d ic  

s t r u c tu r e s ,  or r e g u la r ly  spaced g r id s ,  having the same, or n e a r ly  the 

same, p i t c h .  Although th ese  bands were a c c u ra te ly  described  as 

long ago as 1874 Ly Lord R ayleigh , and have had a l im ite d  a p p l ic a t io n  

f o r  measuring purposes s ince  about 1930> the ra p id  development of 

measurement by t h i s  method d id  no t begin u n t i l  about 1950 when a 

technique was developed by N.P.L. f o r  mass producing la rg e  and 

ac cu ra te  d i f f r a c t i o n  g ra t in g s  in e x p en s iv e ly . In f a c t  the complete 

theory  of moire f r in g e s ,  which takes  in to  account the  wave 

p ropagation  of l i g h t ,  d id  n o t  appear u n t i l  1956 when i t  was given by 

Guild ( l ) .

In i 960 an account of the p ro g ress  made in  the use of 

d i f f r a c t i o n  g ra t in g s  as measuring s c a le s  was given by Guild (2 ) .

This work i s  a l re a d y  o u t-d a te d  by more re c e n t  developments. For 

in s ta n c e ,  s ince  about 195$ the photographic  method of producing 

g ra t in g s  has rep laced  the  grooved d i f f r a c t i o n  type . The l a t t e r  type 

re q u ired  a 's p e c tro s c o p ic  read in g  head* which n e c e s s i t a t e d  the 

l i g h t  to be co llim a ted  b efo re  p ass in g  through the g ra t in g s  and then 

to  be d e -co l l im a ted  in  o rder  to focus the  f r in g e  onto the p h o to c e l l .  

The photographic  d i f f r a c t i o n  g r a t in g  employs what i s  known as a 

'normal in c idence  rea d in g  h ea d 1. This i s  i l l u s t r a t e d  below, where
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a l i g h t  from source S i s  co llim a ted  by the le n s  L and f a l l s  upon 

a G rating  G.
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The images of the g r a t in g  are  formed by F re sn e l  d i f f r a c t i o n  images

in  the p lan es  G1, G", GHt, e t c . ,  and a second, s im i la r ,  g r a t in g  w i l l

form moire f r in g e s  i f  p laced  in  any one of these  p la n e s ,  though G*

i s  g e n e ra l ly  used because in e v i ta b le  im p erfec tio n s  in  co l l im a tio n

r e s u l t s  in  degrada tion  of the most d i s t a n t  images. The d is ta n c e

between sc a le  and index g ra t in g s  when t h i s  type of re a d in g  head i s
2

used can be shown, under id e a l  c o n d it io n s ,  to  be w
T

where w i s
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the  g ra t in g  spacing  and i s  the wave-length to  which the p h o to c e ll

responds. However, f o r  most photographic v a r ia b le  d en s ity  g ra t in g s

of about 1000 l i n e s  per in ch , the emulsion su rface  a lso  po ssesses

s l i g h t  phase co rru g a tio n s  and t h i s  b r in g s  the p lanes of optimum

i n te n s i t y  modulation to  a p o s i t io n  c lo s e r  to  the g ra t in g  G.
w2Birch (5 ) has shown t h a t  the gap th ick n ess  t  » (n -  0 .1) where

n  i s  a small in te g e r ,  i . e .  u s u a l ly  taken as  u n i ty .  He a lso  p o in ts  

out th a t  the second g r a t in g  should n o t d e p a r t  from the optimum plane
, yj-2

by more than 1 0 .1 5  •

I t  i s  only du ring  the  l a s t  few y ea rs  t h a t  a  method has been 

developed f o r  producing r a d i a l  g ra t in g s  w ith a s im i la r  p re c is io n  

achieved w ith l i n e a r  g r a t in g s .  When two s im i la r  r a d i a l  g ra t in g s  are  

superposed, c i r c u la r  moire f r in g e s  are  formed the spacing  of which i s  

in v e rse ly  r e l a t e d  to  the e c c e n t r i c i t y  of the two g r a t in g s .  The 

f r in g e s  become wider and fewer as the cen tre  d is ta n c e  d ec reases  u n t i l ,  

f o r  p e r f e c t  c o n c e n t r i c i ty , one moire f r in g e  occupies the whole 

c i r c l e .  I f  one g ra t in g  i s  r o ta te d  r e l a t i v e  to  the  o th e r  under these  

co n d itio n s  the whole overlapp ing  a re a  passes  from l i g h t  to  dark and 

back to  l i g h t  again  f o r  a r o t a t i o n  equal to  one g r a t in g  spacing .

When, under these  c ircum stances, l i g h t  p ass in g  through the  whole 

annulus i s  made to  f a l l  upon a p h o to c e l l ,  the r e s u l t i n g  o u tpu t of 

the c e l l  p rov ides a very  ac cu ra te  measure of the angle  tu rned  by 

the moving g ra t in g  since every l i n e  c o n t r ib u te s  to  the measurement 

and any small e r r o r s  in  the spacing  of the l i n e s  d isap p ea rs  by the  

e f f e c t  of averag ing . The a p p l ic a t io n  of t h i s  averag ing  p r in c ip le
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in  the manufacture of g ra t in g s  means th a t  the  g ra t in g s  a re  of such 

a high o rder  of accuracy t h a t  a sim pler and more convenient 

method can he used to  measure the angle moved by the  g ra t in g  in  

p r a c t ic e  which takes  in to  account im p erfec tio n s  of the  b ea rin g  on 

which the g r a t in g  r o t a t e s .  This method c o n s is ts  of two normal 

inc idence  read in g  heads d isposed a t  opposite  ends of a d iam eter and 

connected in  p a r a l l e l .

Reading heads w ith  more than  one p h o to c e ll

Although read in g  heads employing a s in g le  p h o to c e l l  may prove 

adequate when angu lar  d isp lacem ent i s  to be measured by simply 

counting  f r in g e s ,  and where measurement i s  to  be made in  one d i r e c t io n

of r o ta t i o n  only, the use of m u l t i - c e l l  rea d in g  heads f a c i l i t a t e s

the in te rp o la t io n  of f r in g e s  and allow s the  d i r e c t io n  of the  movement

of the g ra t in g  to be sensed . I t  i s  u su a l ,  th e re fo r e ,  to  employ a

group of fo u r  p h o to c e l ls  equa lly  spaced over the width of a s in g le  

f r in g e .  Each c e l l  then g en e ra te s  an a l t e r n a t i n g  c u r re n t  each 

cycle  of which measures a movement equal to  one g r a t in g  spacing .

Each of the  fo u r  s ig n a ls  approaches the zero a x is  a t  each cycle  and 

i s  thus e q u iv a le n t  to  an a l t e r n a t i n g  c u r re n t  superimposed, upon upon 

a steady  d i r e c t  c u r r e n t .  However, i t  i s  u su a l to d e r iv e  from the 

read in g  head two pure ly  a l t e r n a t i n g  c u r re n ts  in  quad ra tu re  

r e l a t i o n s h i p .  This may r e a d i ly  be done by connecting  p h o to c e l l s  

1 and 5 to g e th e r  in  o p p o s it io n  and p h o to c e l ls  2 and 4 s im i la r ly .

Not only a re  the D.C. components of the s ig n a ls  thus  e lim in a ted  

b u t the magnitude of each of the combined s ig n a ls  i s  double th a t  of
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any one p h o to c e l l .

I f  the  two a l t e r n a t i n g  s ig n a ls  ob ta ined  by the above procedure 

a re  a p p l ie d ,  one to  the X a x is  and the o th e r  to  the Y a x i s ,  of a 

C.R.Q. the two a c t in g  to g e th e r  cause the spo t to  t r a c e  a c i r c u l a r  

L i s s a jo i s  f ig u r e .  R e la t iv e  g r a t in g  movement, in  one d i r e c t io n  

causes the  spo t to  revo lve  in  a clockwise d i r e c t i o n  while g r a t in g  

movement in  the r e v e r s e  d i r e c t io n  causes r o t a t i o n  of  the spo t in  a 

coun ter-c lockw ise  d i r e c t i o n .  Assuming g r a t in g s  of p e r f e c t  accuracy

and the maximum s iz e  of  L is s a jo i s  c i r c l e  on a  very la rg e  C.R.O. 

tube w ith a sha rp ly  focused spot acco rd ing  to  Sayce (4 ) i t  would be 

p o s s ib le  to  read  i t s  p o s i t io n  to l / 3 °  and. th u s  make an g u la r  

measurements with a 21,600 l in e  r a d i a l  g r a t in g  to  l / l 8  of a second. 

Such accuracy i s  p o s s ib le  (a) i f  th e  X and Y s ig n a ls  a re  t r u l y  

s in u s o id a l  (b) i f  they a re  m ain ta ined  in  exac t q u ad ra tu re  (c) i f  they 

a re  com pletely  f r e e  from B.C. component and (d) i f  t h e i r  magnitude 

i s  c o n s ta n t .  Conditions to  give a  s im i la r  accuracy  have been 

achieved  by M c l l r a i th  ( 5 ) ,  who, w ith  l i n e a r  g r a t in g s ,  has 

s u c c e s s fu l ly  in te r p o l a te d  to  0.001 f r in g e  u s in g  a s in e -c o s in e  

p o te n t io m e te r .  However, i t  i s  g e n e ra l ly  accep ted  t h a t  su b -d iv is io n  

to  l / 2 0  f r in g e  i s  r e l a t i v e l y  easy by f i t t i n g  a p r o t r a c t o r ,  d iv id ed  

in to  18° i n t e r v a l s ,  to  th e  tube fa c e .  Thus, s ince  each complete 

r o t a t i o n  of the spo t corresponds to  a g r a t in g  movement of 1 minute 

of a rc  in  the  p re se n t  a p p a ra tu s ,  i t  i s  p o s s ib le  to  o b ta in  an accuracy  

of -  3 seconds of a rc  u s in g  t h i s  method*
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E xperim en ta l.

The second v iscom eter has been designed to  opera te  u s in g  r a d ia l  

g ra t in g s  to  measure the r o t a t i o n  of the to r s io n  head necessary  to  

achieve the n u l l  p o s i t io n .  This can be seen in  F igu re  6 which 

i l l u s t r a t e d  the complete v iscom ete r . P rog ress  so f a r  has been 

in  the s e t t i n g  up of the  g ra t in g  and in  d ev is in g  a method of 

r e g i s t e r i n g  f r in g e s  in  s e p a ra te  coun ters  when the to r s io n  head i s  

re v e rse d .  The C.R.O. method of f r in g e  in te r p o la t i o n  has been 

adopted u s in g  4 -p h o to c e ll  normal inc idence  re a d in g  heads. The 

counter t r ig g e r in g  s ig n a l  has been taken from the tube face  r a th e r  

than from the  read ing  head. This technique in v o lv e s  a t ta c h in g  a 

p h o to c e ll  to  the C#it.Q. screen  a t  a p o in t on the  Y a x is  where the 

L is s a jo is  f ig u re  c ro s se s .  This p h o to c e l l  t r a n s m its  a  s ig n a l  to  

the  a p p ro p r ia te  counter f o r  the movement of each complete f r in g e  

p a s t  the read in g  head.

The method used to  sw itch the s ig n a l  from one coun ter to  the 

o th e r  i s  shown in  F igure  J l .  The + counter r e c e iv e s  the f r in g e  

s ig n a ls  when the to r s io n  head i s  r o ta t e d  "forward" and the -  counter 

r e c e iv e s  s ig n a ls  when i t  i s  r o t a t i n g  in  the " rev e rse "  d i r e c t io n .

The method of o p e ra t io n  i s  obvious from re fe re n c e  to  the diagram.

Each time the to r s io n  head i s  stopped th e re  i s  a f r a c t i o n  of a f r in g e  

which must be in te rp o la te d  u s in g  the  C.R.O. sc reen  p r o t r a c to r  and 

recorded  w ith  the a p p ro p r ia te  counter re ad in g . The p o s i t io n  of 

the  to r s io n  head can e a s i l y  be obtainedjfrom these  r e a d in g s .

Adjustments of the to r s io n  head must obviously  be made in
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con junction  with a s u f f i c i e n t l y  s e n s i t iv e  method of observ ing

the  n u l l  p o s i t io n  of the in n e r  c y l in d e r .  A H ilg e r  and Watts model

TA l^O Angle Dekkor a u to -c o l l im a to r  has been chosen f o r  t h i s  purpose.

I t  has a d isp lacem ent range of 60 m inutes of a rc  in  the  h o r iz o n ta l  

d i r e c t io n  and can be d i r e c t l y  read  to  30 sec . of a r c .  The s e t t i n g  

accuracy i s  quoted as a s tandard  d e v ia t io n  of 1 second and the 

o v e ra l l  accuracy i s  quoted as l e s s  than 6 sec . of a r c .  The combination 

of photographic d i f f r a c t i o n  g ra t in g s  and a u to -c o l l im a to r  should 

r e s u l t  in  a p re c is io n  alm ost an o rder  of magnitude g r e a te r  than was 

o b ta in ab le  w ith  the  f i r s t  v iscom eter .

Some n o te s  on experim ental procedure a re  l i s t e d  below

(a) The sp ind le  to  which th e  sc a le  g r a t in g  i s  a t ta c h e d  has been 

mounted in  Barden type 103 H5 p re c is io n  angu la r  c o n ta c t  b e a r in g s .

These have been mounted in  th e  back to  back configura .tion  which 

g ives  the  b e s t  "o v e rtu rn in g  moment" r i g i d i t y  and therm al compensation. 

The spacing  s leev es  between the  b ea rin g s  has been a d ju s te d  to  give 

the  recommended a x ia l  lo a d in g  of 15 to  17 l b .  The p la c in g  of the 

sc a le  g r a t in g  on the sp in d le  i s  extrem ely c r i t i c a l  and must be 

f i n e l y  ad ju s ted  to remove e c c e n t r i c i t y .  P re lim in ary  ad justm ent i s  

made by observ ing  the  index ing  l in e  on the g r a t in g  w ith  a m icroscope. 

F in a l  p o s i t io n in g  can b e s t  be made by comparing the s ig n a ls  from

two d ia m e tr ic a l ly  opposed read in g  heads. The s ig n a ls  remain in  

the  same phase r e l a t io n s h ip  fo r  p e r f e c t  c e n te r in g .

(b) As mentioned e a r l i e r ,  the index g ra t in g  must be p laced  a t  a 

d is ta n c e  t  from the  sc a le  where
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2 2 
t  -  ( n -  0 .1 )  ~~ ± 0 .15

A A

For a 21,600 l in e  r a d ia l  g r a t in g  10 in .  d iam eter w can be considered 

as 0.00145

X i s  the wavelength to  which the p h o to c e ll  responds which fo r

—6the s i l i c o n  p h o to ce ll  used i s  0.8 micron, i . e .  52 x 10* inch .

When n = 1 th i s  equation  th e re fo re  gives t  = 0.0590 in .  ^ 0.0098 i n .

(c) Two read ing  heads a re  used lo ca ted  a t  opposite  s id es  of the sca le  

g ra t in g .  The r a d i a l  p o s i t io n  of the index g ra t in g s  must be such 

th a t  the tangent to the f r in g e s  a t  the cen tre  of the f i e l d  should be 

approximately perpend icu la r  to  the ru l in g s .  This w i l l  be so i f  the 

m id-point of the index g ra t in g  i s  on the d iam etra l l i n e  of the 

f r in g e s ,  i . e .  the cen tres  of the  g ra t in g s  are  e q u id is ta n t  from th i s  

p o in t  so th a t  the p i tc h e s  th e re  are  equal. I f  the index g ra t in g  i s  

moved r a d i a l l y  inward or outward i t s  e f f e c t iv e  p i tc h  i s  in c reased  or 

reduced and the f r in g e  d i r e c t io n  i s  changed. This i s  in d ic a te d  in  

the  fo llow ing  diagram.

\
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Having se t  th e  inde±  g ra t in g s  to  the  c o r r e c t  r a d ia l  p o s i t io n  

they can he in c l in e d  to  the sca le  g r a t in g  to  give the  d e s ire d  

f r in g e  d is ta n c e .  At t h i s  s tag e , p rov id in g  the  ce n te r in g  procedure 

has been followed c o r r e c t ly  as d esc r ibed  in  ( a ) ,  th e  quadrature  

s ig n a ls  from both read in g  heads can be connected in  p a r a l l e l  to  the 

X and Y axes of the C.R.O* The p re se n t  work was cons iderab ly  

a s s i s t e d  by the a v a i l a b i l i t y  of "M inirack” e l e c t r o n ic  equipment from 

a p rev ious p r o j e c t .  This con ta ined  balanced a m p l i f ie r s  which have 

allowed a c i r c u l a r  L i s s a jo i s  f ig u re  to be ob ta ined  w ithout d i f f i c u l t y .
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