
THESIS  OH

” The A b s o l u t e  M e a s u r e m e n t  o f  E l e c t r i c a l  R e s i s t a n c e  b y  

Hew R o t a t i n g  C o i l  M e t h o d s . ”

by

E . G . B a l l s .



ProQuest Number: 10097924

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 complete 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 10097924

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

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

Microform Edition ©  ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

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



A b s t r a c t  o f  t h i s  t h e s i s .

PART I  c o n t a i n s  a  d e s c r i p t i o n  o f  t h e  w r i t e r ’ s  f u r t h e r  

w o rk  on  t h e  a b s o l u t e  m e a s u r e m e n t  o f  e l e c t r i c a l  r e s i s t a n c e  by  

t h e  new r o t a t i n g  c o i l  m e th o d  o f  N e t t l e t o n  and  B a l l s .  The 

p r e l i m i n a r y  i n v e s t i g a t i o n  was p u b l i s h e d  i n  1 9 2 4 .

I n  t h e  f u n d a m e n t a l  e q u a t i o n ,  R —K a ) ,  K, a  c o n s t a n t ,  

d e p e n d s  u p o n  m /6 , w h e r e  M i s  t h e  m u t u a l  i n d u c t a n c e  b e t w e e n  

r o t o r  and  s t a t o r  a t  a n g l e  6 o f  r o t a t i o n  f r o m  t h e  c o n j u g a t e  

p o s i t i o n  w h e r e  t h e  b r u s h  i s  a t  t h e  c o m m u t a t o r  s e c t o r ’ s  e d g e .  

K i s  show n t o  b e  m o s t  a c c u r a t e l y  d e t e r m i n e d  a t  6 =  19 •5'* and  

w i t h  t h e  f i e l d  c o i l s  i n  t h e  H e l m h o l t z  p o s i t i o n .  To s a t i s f y  

t h e s e  c o n d i t i o n s  and  t o  r e n d e r  m /o  c o n s t a n t  a t  t h e  s e c t o r  

e d g e s ,  i t  i s  n e c e s s a r y  t o  c o n s t r u c t  a  d i f f e r e n t i a l  r o t o r  

c o n s i s t i n g  o f  two c o p l a n a r  c o i l s  i n  s e r i e s  and  o p p o s i t i o n .

The t h e o r y  o f  t h i s  r o t o r  n e c e s s i t a t e d  t h e  c a l c u l a t i o n  

o f  m u t u a l  i n d u c t a n c e s  and T a b l e s  o f  F u n c t i o n s ,  g i v e n  i n  

A p p e n d i x  I I .  W i t h  s u c h  a  r o t o r ,  r e s i s t a n c e s  o f  t h e  o r d e r  o f  

o ne  ohm a r e  m e a s u r e d  a b s o l u t e l y .

O) a b o v e ,  i s  t h e  a n g u l a r  v e l o c i t y  o f  r e v o l u t i o n  and  i s  

m e a s u r e d  b y  t h e  m e th o d  d e s c r i b e d  i n  A p p e n d i x  I .

P a r t  I I  i s  a  p r e l i m i n a r y  a c c o u n t  o f  t h e  w r i t e r ’ s 

i n v e s t i g a t i o n ,  s u g g e s t e d  b y  Dr H e t t l e t o n ,  on  t h e  a b s o l u t e  

m e a s u r e m e n t  o f  r e s i s t a n c e  b y  t h e  m e t h o d ,  p r o p o s e d  b y  R o sa  i n  

1 9 0 9 ,  u s i n g  t h e  e . m . f .  o f  a  c o m m u t a t i n g  g e n e r a t o r .  Ho d a t a



by a n y  f o r m  o f  t h i s  m e th o d  h a v e  e v e r  b e e n  p u b l i s h e d .

The b a s i c  e q u a t i o n  o f  t h i s  m e t h o d , H " = 4 .n .M ,  h a s  t h e  

g r e a t  a d v a n t a g e  t h a t  a  f r e q u e n c y  and  t h e  maximum m u t u a l  

i n d u c t a n c e  o n l y  a r e  r e q u i r e d .

A r e m a r k a b l e  f l a t  o f  maximum m u t u a l  i n d u c t a n c e  b e t w e e n  

r o t o r  and  s t a t o r  w as  o b t a i n e d ,  p e r m i t t i n g  c o m m u t a t i o n  

w i t h o u t  l o s s  o f  g e n e r a t e d  e . m . f .

R o s a ’ s  d i f f i c u l t i e s ,  due  t o  s e l f - i n d u c t a n c e  and  t o  

b r e a k  a t  c o m m u t a t i o n  i n  t h e  s t e a d y  e . m . f .  d r a w n  f r o m  t h e  

r e s i s t a n c e  t o  b e  m e a s u r e d ,  a r e  o v e rc o m e  by  a  s h o r t - c i r c u i t i n g  

d e v i c e  c o v e r i n g  e a c h  c o m m u t a t i o n .
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PREFACE.

I n  r e c e n t  y e a r s  a t  B i r k b e c k  C o l l e g e ,  u n d e r  t h e  d i r e c t i o n  

o f  D r . H . R . H e t t l e t o n ,  a t t e n t i o n  h a s  b e e n  g i v e n  t o  v a r i o u s  

m e t h o d s  o f  m e a s u r i n g  t h e  ohm a b s o l u t e l y .

H e t t l e t o n  and  L l e w e l l y n  ( P r o c . P h y s . S o c . 4 4 . 1 9 5 . 1 9 2 £ . ) 

h a v e  c o m p l e t e l y  t r a n s f o r m e d  W e b e r ’ s  m e th o d  o f  d a m p in g  and  

H e t t l e t o n  and  B a l l s  ( P r o o . P h y s . S o c . 4 5 . 6 4 5 . 1 9 3 3 . ) h a v e  

d e s c r i b e d  a  s i m p l e  l a b o r a t o r y  m o d i f i c a t i o n  o f  C a m p b e l l ’ s  

tw o  p h a s e  a l t e r n a t i n g  c u r r e n t  m e th o d  and  f u r t h e r  h a v e  

i n t r o d u c e d  a  s i m p l e  a i r  t r a n s f o r m e r  m e t h o d .

A g a i n ,  H e t t l e t o n  and  B a l l s  ( P r o c . P h y s . S o c . 4 7 . 5 4 . 1 9 3 6 . ) 

h a v e  g i v e n  a  p r e l i m i n a r y  a c c o u n t  o f  a  new r o t a t i n g  c o i l  

m e th o d  i n  w h i c h  r e s i s t a n c e  i s  m e a s u r e d  d i r e c t l y  i n  t e r m s  o f  a  

m u t u a l  i n d u c t a n c e  and  a  p e r i o d ;  t h i s  m e th o d  c o n t a i n s  c e r t a i n  

f e a t u r e s  i n  common w i t h  t h e  B r i t i s h  A s s o c i a t i o n ,  t h e  C a r e y  

F o s t e r ,  and  t h e  L ip p m a n n  m e t h o d s .

T h i s  t h e s i s  c o n t a i n s  a n  a c c o u n t  o f  f u r t h e r  u n p u b l i s h e d  

w o r k ,  c a r r i e d  o u t  b y  t h e  w r i t e r ,  on  t h e  s u g g e s t i o n  o f  

D r .  H e t t l e t o n .

P a t t  I  c o n t a i n s  a n  a c c o u n t  o f  t h e  v a r i o u s  i m p r o v e m e n t s  

w h i c h  h a v e  b e e n  made s u b s e q u e n t  t o  t h e  p u b l i c a t i o n  o f  t h e  

p r e l i m i n a r y  a c c o u n t  i n  1 9 3 5 ,  i n  t h e  o r i g i n a l  r o t a t i n g  c o i l  

m e th o d  o f  H e t t l e t o n  and B a l l s .
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P a r t  I I  c o n t a i n s  a  p r e l i m i n a r y  a c c o u n t  o f  a  new 

r o t a t i n g  c o i l  m e th o d  i n  w h i c h  t h e  p o t e n t i a l  d i f f e r e n c e  

a c r o s s  a  r e s i s t a n c e  i s  b a l a n c e d  b y  t h e  a v e r a g e  e . m . f .  

o f  a  c o m m u t a t i n g  g e n e r a t o r .

A p p e n d i x  I  i s  a  d e s c r i p t i o n  o f  t h e  m e a s u r e m e n t  o f  

t h e  t u n i n g  f o r k  a nd  b a r  f r e q u e n c i e s  w h i c h  c o n t r o l  t h e  

s p e e d s  o f  r e v o l u t i o n  u s e d  i n  t h e s e  r e s e a r c h e s  b y  a  s i m p l e  

m e th o d  d u e  t o  t h e  w r i t e r .

A p p e n d i x  I I  c o n t a i n s  t a b l e s  o f  f u n c t i o n s  u s e f u l  f o r  

t h e  c a l c u l a t i o n  o f  m u t u a l  i n d u c t a n c e s  o f  t h e  s p e c i a l  

t y p e  u s e d  i n  P a r t  I .



PART I .

A F u r t h e r  I n v e s t i g a t i o n  o f  t h e  A b s o l u t e  M e a s u r e m e n t  o f  

E l e c t r i c a l  R e s i s t a n c e  b y  a  Hew R o t a t i n g  C o i l  M e th o d .

§  1 . I n t r o d u c t i o n .

I n  t h e  p r e l i m i n a r y  a c c o u n t  o f  t h i s  m e th o d  ( P r o c . P h y s . 8 o c .  

4 7 . 5 4 . 1 9 3 5 . ) ,  i t  i s  show n  t h a t  a  c o i l , s p i n n i n g  a b o u t  a  

h o r i z o n t a l  d i a m e t e r ,  may b e  s o  p l a c e d  b e t w e e n  two l a r g e r  

f i x e d  f i e l d  c o i l s , h a v i n g  t h e i r  p l a n e s  h o r i z o n t a l , t h a t  t h e  

q u o t i e n t  M/6 , o f  t h e  m u t u a l  i n d u c t a n c e  b e t w e e n  t h e  r o t o r  and  

t h e  f i x e d  c o i l s  i n  s e r i e s  and  i n  c o n j u n c t i o n , a n d  t h e  a n g l e  

o f  d i s p l a c e m e n t  o f  t h e  r o t o r  f r o m  t h e  p o s i t i o n  o f  z e r o  

i n d u c t a n c e ,  may b e  r e n d e r e d  s e n s i b l y  c o n s t a n t  o v e r  a  

c o n s i d e r a b l e  r a n g e  i n  t h e  n e i g h b o u r h o o d  o f  a  d e s i r e d  a n g l e  

o f  d i s p l a c e m e n t . T h i s  c o n s t a n c y  o f  m/ 6 i n  t h e  n e i g h b o u r h o o d  

o f  a n  a n g l e  6  e n a b l e s  r e s i s t a n c e  t o  b e  m e a s u r e d  a b s o l u t e l y  

i n  t h e  f o l l o w i n g  w a y .

The a x i s  o f  r o t a t i o n  i s  a r r a n g e d  t o  l i e  i n  t h e  m a g n e t i c  

m e r i d i a n  and  t h e  e a r t h ’ s  v e r t i c a l  f l u x  t h r o u g h  t h e  r o t o r  i s  

n e u t r a l i s e d  b y  a  s m a l l  c u r r e n t  p a s s i n g  t h r o u g h  l a r g e  

c o m p e n s a t i n g  c o i l s  i n  t h e  H e l m h o l t z  p o s i t i o n .  A s t e a d y  

c u r r e n t  C o f  a b o u t  1 a m p e re  i s  p a s s e d  t h r o u g h  t h e  t w i n  f i e l d  

c o i l s  and  t h r o u g h  a  v a r i a b l e  m a n g a n in  r e s i s t a n c e  w h i c h  i s  

a d j u s t e d  u n t i l  t h e  e . m . f .  a c r o s s  i t s  p o t e n t i a l  l e a d s  i s  

b a l a n c e d  by  t h a t  a c r o s s  t h e  c o m m u t a t in g  s e c t o r s  o f  t h e  

r o t a t i n g  c o i l  when  s p i n n i n g  w i t h  a  c o n s t a n t  a n g u l a r
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An i m p o r t a n t  f e a t u r e  o f  t h e  o r i g i n a l  m ethod  i s  t h e

d e t e r m i n a t i o n  o f  a n  a n g l e  8 f r o m  t h e  r e l a t i o n s h i p

S i n e  6 = M g b y  m ean s  o f  a n  " a n g l e  c o i l ” w h i c h  o b e y s  a

S i n e  Law s t r i c t l y  w hen  and  M a r e  m u t u a l  i n d u c t a n c e s8 max
b e t w e e n  t h i s  a n g l e  c o i l  and  t h e  t w i n  f i e l d  c o i l s #  Mg i n  t h e  

n e i g h b o u r h o o d  o f  t h e  s e c t o r  e d g e s  i s  a r r a n g e d  t o  d i f f e r  by  

o n l y  a  few  m i c r o - h e n r i e s  f r o m  M, t h e  c o r r e s p o n d i n g  i n d u c t a n c e  

b e t w e e n  t h e  r o t o r  a nd  t h e  f i e l d  c o i l s .  U nd e r  s u c h  c i r c u m 

s t a n c e s ,  a n y  e r r o r s  o f  t h e  o r d e r  p o s s i b l e  i n  t h e  c a l i b r a t i o n  

o f  t h e  m u t u a l  i n d u c t o m e t e r  u s e d  f o r  t h e  m e a s u r e m e n t s  a r e  

r e n d e r e d  q u i t e  n e g l i g i b l e  a s  r e g a r d s  t h e  d e t e r m i n a t i o n  o f  

t h e  r a t i o  m/M q and  t h e  a c c u r a c y  o f  m e a s u r e m e n t  o f  1 ^ 8  and  t h e  

c o n s t a n t  K i s  s o l e l y  d e p e n d e n t  on  t h e  s e n s i b i l i t y  and  o n  t h e  

a c c u r a c y  o f  t h e  i n d u c t o m e t e r  a t  t h e  a n g l e  c o i l  r e a d i n g  

w h i c h ,  i n  t h e  p r e l i m i n a r y  t e s t ,  was  some 7000  jiH.

^  g . O u t l i n e  o f  new i n v e s t i g a t i o n .

I n  d e s i g n i n g  a  new r o t o r ,  p r e l i m i n a r y  c o n s i d e r a t i o n  h a s  

b e e n  g i v e n  t o  t h e  a c c u r a c y  w i t h  w h i c h  t h e  c o n s t a n t  K c a n  

b e  m e a s u r e d  w i t h  t h e  a i d  o f  a n  a n g l e  c o i l .  I t  i s  shown i n  

^ 3  b e lo w  t h a t  t h e  S i n e  Law i s  o b e y ed  m o s t  c l o s e l y  when 

t h e  a n g l e  c o i l ,  wound on  a  c o n i c a l  f o r m e r ,  i s  u s e d  w i t h  t h e  

t w i n  f i e l d  c o i l s  i n  t h e  H e l m h o l t z  p o s i t i o n  and  w hen  t h e  

a n g l e  8 i s  a b o u t  1 9 '  b ' ' —  a  r e s u l t  w h i c h  f i x e s  t h e  b e s t  

a n g l e  f o r  t h e  c o m m u t a t i n g  s e c t o r s  a t  39** .

The f i x i n g  o f  t h e  t w i n  f i e l d  c o i l s  i n  t h e  H e l m h o l t z
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F i g u r e  1 . o v e r l e a f
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b y  t h e  r o t o r  o v e r  some 80^ i n  a  c o m p l e t e  r e v o l u t i o n *

S p e c i a l  p r o v i s i o n  h a s  b e e n  maàe f o r  t h e  a t t a i n m e n t  o f  

c o n s t a n t  s p e e d s  b y  a  s y n c h r o n i s e d  m o t o r  c o n t r o l l e d  b y  

t u n i n g  f o r k  and  b a r  f r e q u e n c i e s  and  f o r  t h e  m e a s u r e m e n t  o f  

t h e s e  f r e q u e n c i e s  a t  t h e  t i m e  o f  t h e  e x p e r i m e n t *

^  S* T h e o r y  o f  t h e  a n g l e  c o i l *

The s i n g l e  l a y e r e d  s o l e n o i d ;

The m u t u a l  i n d u c t a n c e  b e t w e e n  t w i n  c i r c l e s  A and  B o f  

r a d i u s ,  a ,  s e p a r a t e d  by  a  d i s t a n c e ,  2x , ( ? i g * l * ) and  a  s i n g l e  

l a y e r e d  s o l e n o i d ,  C, o f  r a d i u s , a ,  and  l e n g t h ,  2L ,  r o t a t e d  

f r o m  t h e  c o n j u g a t e  p o s i t i o n  b y  a n  a n g l e ,  6 , i s  g i v e n  by  

t h e  e x p r e s s i o n : -

a- Q f) r. (s.. ̂ -----w
Tie i

w h e r e  i s  t h e  L e g e n d r e  f u n c t i o n  o f  t h e  f i r s t  k i n d  o f  o r d e r  

n  : P ^  i s  i t s  d i f f e r e n t i a l  c o e f f i c i e n t  : n  i s  a n  odd i n t e g e r  ; 

Gr i s  t h e  g a l v a n o m e t e r  c o n s t a n t  o f  A and  B t o g e t h e r  a t  t h e  

o r i g i n  o f  s y m m e t ry  ; q i s  t h e  t o t a l  a r e a  o f  C a nd  s ,  r , 9 , 

and  ' Ÿ  a r e  s u f f i c i e n t l y  d e f i n e d  i n  t h e  f i g u r e .

I f  t h e  a n g l e  s o l e n o i d ,  C, i s  o f  s m a l l  r a d i u s ,  t h e  

s e r i e s  c o n v e r g e s  r a p i d l y  and  o n l y  t h e  f i r s t  few  t e r m s  a r e  

o f  i m p o r t a n c e *  They  l e a d  t o  t h e  e x p r e s s i o n s : -

n,k  ̂-s. )tKV(S:. 9 ; ............
” ’" 2 ^ ,  -  /  i - K . t -  K , " ......... ................................................
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w h e r e

K, = ^  '  4 t J [ &  - - j ]   ( 5 )

and

( } * - 1      ̂® ^
I t  i s  e v i d e n t  f r o m  t h e  e q u a t i o n s  t h a t  t h e  f i r s t  s t e p  w h i c h

m u s t  h e  t a k e n  t o w a r d s  t h e  a t t a i n m e n t  o f  t h e  r e l a t i o n s h i p  

S i n e  ^  e n s u r e  t h a t  K, i s  z e r o .  T h i s  i s  done

i n  t h e  f i r s t  p l a c e  by  m a k in g  'L j e q u a l ,  a s  n e a r l y  a s  

p o s s i b l e ,  t o  3 / 4 ,  t h u s  f i x i n g  C o s^ ( j> * 3 /7 ;  and  i n  t h e  s e c o n d  

p l a c e  b y  m a k in g  x"*"- a^^/4 , t h u s  c h o o s i n g  t h e  H e l m h o l t z  

p o s i t i o n ,  t h e  c r i t e r i o n  o f  w h i c h  i s  v e r y  s h a r p .  H a v i n g  t h u s  

made K, d o u b l y  v a n i s h ,  t h e  v a l u e s  o f  and  Kj e t c .  may be  

e s t i m a t e d  and  t h e  d e v i a t i o n s  f r o m  t h e  S i n e  Law e x a m in e d ,  

w h en  a t  o n c e  i t  b e c o m e s  a p p a r e n t  t h a t ,  i f  6 i s  s u c h  t h a t  

P g ( S i n  6 ) =  S i n  6 ,  t h e  e f f e c t  o f  v a n i s h e s .  T h i s  o c c u r s  when 

S i n e  6 = 1 / 3  and  t h u s ,  a s  t h e  e f f e c t  o f  h i g h e r  t e r m s  i s  s m a l l ,  

i n  t h e  n e i g h b o u r h o o d  o f  6 = 19*̂  2 8 * ,  we may e x p e c t  t h e  S i n e  

Law t o  b e  v e r y  c l o s e l y  f o l l o w e d  a nd  a  c h a n g e  o f  s i g n  i n  t h e  

d i s c r e p a n c y  b e t w e e n  and  S i n e  6 .

T a k i n g  a  s p e c i f i c  e x a m p le  f o r  a n  a n g l e  c o i l  Q,  i n  w h ic h  

a / a  = 1 / 5 ; L^ /a^=  3 / 4 ;  x"'/a'* = l / 4 ,  we h a v e  s ‘ / r " ^ =  7 / 1 2 5 ;

Oos^ 9 = 3 / 7 ;  C o s Y ' - l / s .  By u s i n g  t h e  v a l u e s  o f  P ^ ( C o s J ^ )  

and  P ^ ( C o s  <p)/Oos <J) i n  a p p e n d i x  2 ,  we f i n d  : -  

Kf = 0 ' 0  K i -  0 - 0 0 0 2 5 3 4 4 0

K3- 0 - 0 0 0 0 0 2 3 4 3  0 -0 0 0 0 0 0 1 0 4

F u r t h e r  by  u s i n g  T a l l q v i s t ’ s  v a l u e s  o f  p ^ ( S i J i  6 )
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up  t o  n = 7  and  H a y a s M ’ s  v a l u e s  o f  î ’u f S i n  6 4 ,  t h e  r a t i o

h a s  b e e n  c a l c u l a t e d  f o r  e a c h  d e g r e e  f r o m  0 ^ 1 3 *  t o

0 i n c l u s i v e .  The d i f f e r e n c e  b e t w e e n  M /m  an d  S i n e  0
e '  max

i s  shown i n  T a b l e  I  and  g r a p h i c a l l y  i n  F i g . I I :  t h e  d i f f e r e n c e  

v a n i s h e s  a t  0 = 1 9 - 2 9 ?

T a b l e  I .  D i f f e r e n c e s  i n  p a r t s  i n  a  m i l l i o n  b e t w e e n  >

and  S i n e  0 f o r  a n g l e  c o i l s  C, and  0% a s  s p e c i f i e d  

I b e l o w  w i t h  t h e  t w i n  f i e l d  c o i à s  A and B i n  t h e  

H e l m h o l t z  p o s i t i o n .

A n g le  i n  d e g r e e s E x c e s s  f o r  C, E x c e s s  f o r  Ca

13 109 *3 6 6 - 0

14 9 3 - 7 5 6 - 7

15 7 7 4 46 -9

16 6 0 - 3 3 6 - 6

17 4 2 - 6 26 *0

18 24*4 1 5 - 0

19 5 - 6 3 - 7

20 - 1 3 - 6 —7 ’ 8

21 - 3 3 - 1 - 1 9 : 5

22 - 5 2 - 8 - 3 1 - 3

23 - 7 2 - 7 - 4 3 - 3

24 - 9 2 * 7 - 5 5 - 3

E f f e c t  o f  c o i l s  p o s s e s s i n g  m u l t i p l e  l a y e r s :

B o t h  t h e  t w i n  c o i l s  A and B and  t h e  a n g l e  s o l e n o i d  C
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w i l l  i n  p r a c t i c e  b e  m u l t i p l e  l a y e r e d .  The e f f e c t  o n  t h e  

l a r g e  f i e l d  c o i l s  i s  b e s t  e x a m in e d  b y  a  t h e o r e m  due  t o  M a x w e l l  

( c f . Andrew G r a y , A b s o l u t e  M e a s u r e m e n t s  i n  E l e c t r i c i t y  and  

M a g n e t i s m , p p . 2 1 9 , 2 2 0 ) . I f  a  c o i l  o f  r e c t a n g u l a r  c r o s s  s e c t i o n  

h a s  a x i a l  b r e a d t h , 2b , a n d  r a d i a l  d e p t h , 2 d ,  and  i s  a n y  t e r m  

i n  t h e  e x p r e s s i o n  o f  a c t i o n  o f  a n y  k i n d  a t  a  p o i n t ,  due  t o  

t h e  c e n t r a l  c i r c u l a r  f i l a m e n t  o f  t h e  c o i l ,  t h e n ,  t o  a  f i r s t  

o r d e r ,  t h e  c o r r e s p o n d i n g  t e r m  f o r  t h e  a c t i o n  o f  t h e  e n t i r e  

c o i l  i s  g i v e n  b y  : -

------------------------------------

The v a r i o u s  t e r m s  o f  t h e  s e r i e s  E q . 2  c a n  t h u s  b e  c o r r e c t e d  

f o r  m u l t i p l e  l a y e r s .  Any c o r r e c t i o n  o f  t h e  f u n d a m e n t a l  t e r m  

i n  G q . S i n  6 i s  w i t h o u t  e f f e c t  o n  t h e  S i n e  Law and t h e  o n l y  

c o n s i d e r a t i o n  o f  a n y  i m p o r t a n c e  i s  t h e  e f f e c t  on  t h e  s e c o n d  

t e r m  GqK, P3 ( S i n  8 ) .  A p p l y i n g  E q . 7  t o  t h i s  t e r m ,  i t  c a n  

r e a d i l y  b e  shown t h a t  i n  t h e  H e l m h o l t z  p o s i t i o n  f o r  t h e  

c e n t r a l  c i r c u l a r  f i l a m e n t s ,  K,  f o r  t h e  m u l t i p l e  l a y e r e d  

c o m b i n a t i o n  no l o n g e r  v a n i s h e s  b u t  h a s  a  r e s i d u a l  v a l u e ,  k ” , 

g i v e n  by

.......................................

w h i c h  d o u b l y  v a n i s h e s  w hen  L / a ‘ = 3 / 4  and  b / d  -  0 - 9 2 8 .

T a k i n g  a * / r * = 4 / 5 ;  a / a = l / 5 ;  b = d - = - l * 8 ; a  = - 1 6 - 4 ;  and  

a s s u m i n g  t h a t  c o m p e n s a t i o n  i s  s u f f i c i e n t l y  i m p e r f e c t  f o r  

( /  — ^  *7^  , we h a v e  t h a t  k]" -  3 - 8  X 1 0 ”^ , c o r r e s p o n d i n g
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some 8 p a r t s  i n  a  m i l l i o n  i n  t h e  S i n e  Law a t  19*5  . The 

c o r r e c t i o n  i n  t h e  t h i r d  t e r m  i n  c a n  h e  shown t o  v a n i s h  

when b / d  = 0*967  i n  t h e  H e l m h o l t z  p o s i t i o n  and  i s  a l w a y s  a  

v e r y  s m a l l  p e r c e n t a g e .  F u r t h e r ,  a s  t h e  i n f l u e n c e  o f  i s  

i t s e l f  m i n u t e  i n  t h e  n e i g h b o u r h o o d  o f  Sin" '  i" ,  t h i s  

c o r r e c t i o n  n e e d  n o t  b e  C o n s i d e r e d .

The i n f l u e n c e  o f  m u l t i p l e  l a y e r s  on  t h e  a n g l e  c o i l  C 

i s  a  t o t a l l y  d i f f e r e n t  m a t t e r .  T h i s  c o i l  o f  r e l a t i v e l y  

s m a l l  mean r a d i u s  m u s t  b e  wound w i t h  many l a y e r s  i n  o r d e r  

t h a t  Gq may a t t a i n  1 0 , 0 0 0  pH. By f a r  t h e  b e s t  s o l u t i o n  

i s  t o  u s e  a  c o n i c a l  f o r m e r  s o  t h a t  ’C  / s h a l l  e q u a l  3 / 4  

v e r y  c l o s e l y  f o r  e v e r y  l a y e r .

The m u l t i p l e  l a y e r e d  c o n i c a l  a n ^ l e  c o i l .

The boxwood f o r m e r  o f  t h e  a c t u a l  c o n i c a l  a n g l e  c o i l  

u s e d  i s  shown i n  F i g . I I I .  I t  was wound w i t h  22 l a y e r s  o f  

d . s . c .  c o p p e r  w i r e  o f  s . w . g .  2 4 ,  t h e  nu m b er  o f  t u r n s  p e r  

l a y e r  r i s i n g  f r o m  60 t o  90 and t h e  t o t a l  num ber  o f  t u r n s  

a m o u n t i n g  t o  1 6 1 6 .  The r a d i u s  o f  t h e  f i r s t  l a y e r  i s  a / = 2 * l  cms 

and  o f  t h e  l a s t  l a y e r ,  = 3-  3 cms.  The l e a d s  e m e rg e  s i d e  b y  

s i d e  a t  T. The t h e o r e t i c a l  v a l u e  o f  t h e  a n g l e  (p i s  g i v e n  

byC o s  ^ <j)=3/7 and t h e  s e m i  a n g l e  o f  t h e  c o n e  by  

90  — <j) = 40° 5 3 * 3 6 ” , Thus t h e  se m i  l e n g t h  L o f  a  l a y e r  d i v i d e d  

b y  i t s  r a d i u s  a  i s  e v e r y w h e r e  g i v e n  by  L / a = C o t  (p = V 3 ^ .

L e t  t h e r e  be  n ,  t u r n s  p e r  cm. o f  a x i a l  l e n g t h  and  

t u r n s  p e r  cm. o f  r a d i a l  d e p t h ;  t h e n  t h e  num ber  o f  t u r n s
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i n  t h e  w i n d i n g s  h a v i n g  r a d i i  l y i n g  b e t w e e n  a  and  a - h d a  i s : -

d n  = 2 n ,  n ^ C o t  ( p . a . d a  -------------------- -----------------------------( 9 )

and  t h e  a r e a  o f  w h o se  t u r n s  b e t w e e n  a  and  a - f -d a  i s : -

d q - S r r  n , n ; t C o t  ( p . a . d a  --------------------------------------   ( l o )

Thus t h e  t o t a l  t u r n s  o n  t h e  f o r m e r  h a v i n g  r a d i i  r a n g i n g

f r o m  t h e  e x t r e m e  v a l u e s  a ,  and  a* i s : -

H = n ,  n ^ C o t   ( 1 1 )

and t h e  t o t a l  a r e a  o f  a l l  t h e s e  t u r n s  i s : -

q=rHn,n^Cot ( p ( a ^ - a f ) / 2   (12)

t h e  e f f e c t i v e  mean  r a d i u s  f o r  t h e  a r e a  b e i n g ^  ( a j -  ) / 2  ‘

Whence a p p l y i n g  E q . 2 .  and  w r i t i n g  a  =  s . S i n  <p and  a - r . S i n " ^ “ , 

we h a v e  f o r  t h e  m u t u a l  i n d u c t a n c e  o f  a l l  t u r n s  o f  t h e  a n g l e  

c o i l  l y i n g  b e t w e e n  r a d i i ,  a  and  a - f -d a ,  and  t h e  f i e l d  c o i l s : -

dMg == G.2rrn,  n^Cot(p.  a ^ . d a p j  P ^ ( S i n  0)  ---------( 1 2 )
n  R r " I T

W here  n  i s  a n  odd i n t e g e r  and
 ___________ 2______  f S in jM " * " '  ( Cos (p)  / i a )
^  n( n  ^ - i K  n-f* 2)  V S i n  <p) F^( C os^ )  q q s  cp

and  i s  i n d e p e n d e n t  o f  a .

Thus  f o r  t h e  m u t u a l  i n d u c t a n c e  b e t w e e n  t h e  w h o le  c o n i c a l  

c o i l  and  t h e  f i e l d  c o i l s  we h a v e ; -

T%f a
- M ( 1 5 )

/ -
and  p u t t i n g  a  = a ^  i n  t h e  v a l u e s  o f  o f  E q . 2 .  we h a v e  : -

—    (16 )=
2 '  X

Thus we o b t a i n  t h e  s e r i e s ; -



. s , .  8 r i % ^ h ( S ' n  û) 1 3 .

^ s ( 5 , . ê )

~ > ~ K - h  I - ( % / ]  T ^ ( 5 n j ) - ^  - ■___..................... ( 1 7 )

The f u n d a m e n t a l  t e r m  o f  t h e  s e r i e s  2 h a s  t h u s  n o  

c o r r e c t i o n .  The s e c o n d  t e r m  d o u b l y  v a n i s h e s  a s  b o t h  ( O o s ^ ^ ) 

a n d  P^(  Cos ç ) / Cos <p i n  X j  e q u a l  z e r o .  The m o s t  i m p o r t a n t

c o r r e c t i n g  f a c t o r  i s  t h a t  f o r  K 3 v i z .  2 "t( a , / a ^  )J.
T a k i n g  a  s p e c i f i c  e x a m p l e  f o r  a  c o n i c a l  a n g l e  c o i l  , 

t o  w h i c h  t h e  a c t u a l  a n g l e  s o l e n o i d  o f  F i g . I l l  a p p r o x i m a t e s  

c l o s e l y ,  we p u t  a ^ / a  = l / ô ;  U / /oy =  2 / 2 :  Cos"^ (p = 2 / 7 :  Gos^'y- = 1 / 5 ,  

g i v i n g  t h e  p r e v i o u s  v a l u e s  o f   ̂ a n d  d e d u c e d  w i t h  t h e  

a i d  o f  A p p e n d i x  2 .  The c o r r e c t i n g  f a c t o r s  a r e  9 7 / 1 6 2  , 

4 6 4 2 / 9 4 7 7 ,  a n d  8 1 1 2 / 1 9 6 8 2  r e s p e c t i v e l y .  The d i f f e r e n c e s  

b e t w e e n  t h e  q u o t i e n t  a n d  S i n  6 h a v e  b e e n  c a l c u l a t e d

f o r  e v e r y  d e g r e e  b e t w e e n  6 = 1 2 ‘’ a n d  6 = 2 4 ^ "  i n c l u s i v e  a n d  

a r e  g i v e n  i n  T a b l e  I  an d  sh o w n  g r a p h i c a l l y  i n  F i g . I I .  The 

d i f f e r e n c e  i s  s e e n  t o  v a n i s h  a t  6 = 19"*32.;

The i m p o s s i b i l i t y  o f  r i g o r o u s  t e s t  o f  t h e  S i n e  Law.

I t  s h o u l d  b e  p o i n t e d  o u t  t h a t  i t  i s  n o t  p o s s i b l e  b y

d i r e c t  m e a s u r e m e n t  o f  6 and  o f  t h e  q u o t i e n t  w i t h  a n

i n d u c t o m e t e r  t o  v e r i f y  t h e  S i n e  Law t o  t h e  a c c u r a c y  

a n y t h i n g  l i k e  t h a t  t o  w h i c h  t h e  c o n s t a n t  K o f  E q . l .  may b e  

m e a s u r e d  b y  t h e  a r t i f i c e  d e s c r i b e d  i n  §  1  w h i c h  e l i m i n a t e s  

e r r o r s  i n  t h e  c a l i b r a t i o n .  I t  i s  j u s t  a s  l e g i t i m a t e , h o w e v e r , 

t o  r e l y  o n  a  c a l c u l a t e d  l a w  o f  m u t u a l  i n d u c t a n c e  a s  i t  i s  

t o  a c c e p t  t h e  c a l c u l a t e d  v a l u e s  o f  t h e  p r i m a r y  s t a n d a r d s  a t
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t h e  n a t i o n a l  l a h o t a t o r i e s .

A c c u r a c y  o f  m e a s u r e m e n t  o f  6 a n d  o f  M /e .

The a n g l e  c o i l  w h i c h  i s  s e n s i t i v e  t o  tw o  s e c o n d s  o f  a r c  

may be  u s e d  a s  a  g o n i o m e t e r  and  t h e  a c c u r a c y  w i t h  w h i c h  

S i n  e ~M0 /Mjj^g^may b e  m e a s u r e d  i s  d e p e n d e n t  o n  t h e  a c c u r a c y  

o f  t h e  c a l i b r a t i o n  o f  t h e  i n d u c t o m e t e r  i n  n o m i n a l  m i c r o 

h e n r i e s .  A t  1 9 * 5 ° ,  t h i s  r a t i o  may b e  m e a s u r e d  t o  a b o u t  one  

p a r t  i n  4 0 0 0 .  The a c c u r a c y  o f  m e a s u r e m e n t  o f  m /g  i s  much 

g r e a t e r .  I f  S i n  6 =  x ,  we h a v e ; -

M /e = M / S i n ' x  = m / x  X x / S i n ' x  =^m/M0 . M ^ j ^ g ^ . x / S i n ' x  ( 18)

and  i f  y  = x / S i n ' ^ x

d y / y  = d x / x . ( i - T a n  e /e  )  ( 1 9 )

Thus a t  1 9 " 5  , d y / y  = t O - 0 4 0 4 9 . d x / x  a n d  a n  e r r o r  o f  1  p a r t  i n  

4 0 0 0  d u e  t o  i m p e r f e c t  c a l i b r a t i o n  i n  t h e  m e a s u r e m e n t  o f  S i n  e 

p r o d u c e s  a n  e r r o r  o f  1  p a r t  i n  9 8 8 0 0  i n  t h e  m e a s u r e m e n t  o f  

M/e and  t h e  c o n s t a n t  K i s  d e p e n d e n t  i n  p r a c t i c e  o n  t h e  

a c c u r a c y  o f  t h e  i n d u c t o m e t e r  a t  t h e  r e a d i n g  M^^x*

Sym m etry  o f  s e t t i n g  o f  t h e  a n g l e  c o i l .

A d v a n t a g e  i s  t a k e n  o f  t h e  u s e  o f  t h e  t w i n  f i e l d  c o i l s  

t o  s e t  b o t h  t h e  a n g l e  c o i l  and  t h e  r o t o r  s y m m e t r i c a l l y  a b o u t  

t h e  o r i g i n .  W i t h  t h e  t w i n  c o i l s  i n  o p p o s i t i o n ,  t h e  m u t u a l  

i n d u c t a n c e  m u s t  b e  z e r o  a t  a l l  a n g l e s .  A t e c h n i q u e  i s  

r e a d i l y  d e v e l o p e d  by  w h i c h  d i s p l a c e m e n t  o f  t h e  a n g l e  c o i l  

a b o u t  t h e  a x i s  o f  r o t a t i o n  o r  o f  t h e  t w i n  f i e l d  c o i l s  may 

b e  d e t e c t e d  a nd  r e m e d i e d .  S l i g h t  r e s i d u a l  e f f e c t s  a r e
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e l i m i n a t e d  i n  t h e  d e t e r m i n a t i o n  o f  K b y  t h e  m e th o d  u s e d  o f  

t a k i n g  r e a d i n g s  o f  M and  6 i n  a l l  f o u r  q u a d r a n t s .

C r i t e r i o n  o f  t h e  H e l m h o l t z  p o s i t i o n .

I f  t h e  a n g l e  c o i l  i s  p l a c e d  a t  t h e  c e n t r e  o f  o n e  c o i l  

w hen  t h e  o t h e r  i s  o u t  o f  a c t i o n ,  an d  Cg b e  t h e  m ean  v a l u e  

o f  t h e  maximum i n d u c t a n c e  f o r  t h e  s i n g l e  c o i l s  w h i l e  Gr  ̂ i s  

t h e  c o r r e s p o n d i n g  i n d u c t a n c e  w h e n  t h e  a n g l e  c o i l  i s  a t  t h e  

o r i g i n  o f  s y m m e t r y  o f  t h e  c o m b i n a t i o n ,  t h e  s e p a r a t i o n  2x 

i s  g i v e n  b y  t h e  r e l a t i o n : -

x V a ^  =  ( 2 G g / G ^ f ' - l      ( £ 0 )

w h i c h  a f f o r d s  a  v e r y  s i m p l e  m e th o d  o f  d e t e r m i n i n g  x / a .

S i n c e  i n  t h e  H e l m h o l t z  p o s i t i o n ,  / a  - 1 / 4 : ^  t h i s  

p o s i t i o n  w i l l  b e  a t t a i n e d  w hen  t h e  s e p a r a t i o n  i s  s u c h  t h a t  

Gr̂  = l * 4 : 0 l  Gr^.

§  4 . T h e o r y  o f  t h e  D i f f e r e n t i a l  E o t o r .

The m u t u a l  i n d u c t a n c e  b e t w e e n  a  s i m p l e  r o t o r  0 F i g . I V .  

o f  r a d i u s  a  and  t h e  t w i n  f i e l d  c o i l s ,  A a n d  B, o f  r a d i u s  a ,  

i s  g i v e n  b y ; -

%  -  L  ........................

w hen  n  i s  a n  odd p o s i t i v e  i n t e g e r ,  z = a ^ / r ^ ,  Gr and  q h a v e  

t h e i r  p r e v i o u s  m e a n i n g s  o f  E q . E .  and  r ,  y- , a n d  6 a r e  

s u f f i c i e n t l y  d e f i n e d  by  t h e  f i g u r e .



1 6 .

A u s e f u l  e x p a n s i o n  o f  t h i s  e x p r e s s i o n  h a s  b e e n  g i v e n  

b y  I ^ e t t l e t o n  and  L l e w e l l y n ( P r o c . P h y s . S o c . 4 4 , £ 0 0 . 1 9 3 2 . ) v i z .

= ^ £  ( ^ r ^ T j C o s ^ )

N '  T J C s f )  .

ÏÎ+Si (n + z)/n-i) - ) f ^ ~ 3 ) -^-(n-  ̂6)(ft-f-/)(7i-f-z)(n~ ~jX
 ^ ---------- ( 2 2 )

an d  t h e s e  a u t h o r s  h a v e  t a b u l a t e d  t h e  l o g a r i t h m s  o f  t h e

v a r i o u s  f u n c t i o n s  o f  n  i n v o l v e d  an d  o f  P ^ ( Cos 79 ) up t o

n  =: 3 1 ,  and  a r e  t h u s  a b l e  t o  show ,  when  a / a —0 - 6 4 6 1  and

x / a  = 0 - 1 9 4 3 8 ,  t h e  t e r m  i n  9'  ̂ v a n i s h e s  r e n d e r i n g  m/ b r e m a r k a b l y

c o n s t a n t  i n  t h e  n e i g h b o u r h o o d  o f  6 = 0 .  F u r t h e r ,  w hen  t h e

r a t i o  a / a  h a s  a  f i x e d  v a l u e  l y i n g  b e t w e e n  t h e  l i m i t s

0 " 6 8  y  a / e . y  0 6 2 ,  t h e  t e r m  i n  0'  ̂ may b e  made t o  v a n i s h  b y

a d j u s t m e n t  o f  t h e  d i s t a n c e  x ,  d e f i n i n g  t h e  s e p a r a t i o n  o f

t h e  t w i n  f i e l d  c o i l s .  A s l i g h t  i n c r e a s e  i n  a  o r  a ,  and  a  s m a l l

d e c r e a s e  i n  x  w i l l  r e s u l t  i n  t h e  t e r m  e'  ̂ a c q u i r i n g  a  s m a l l
5" Y

p o s i t i v e  c o e f f i c i e n t  w h i l e  t h e  t e r m s  i n  0 a n d  0 r e m a i n  

n e g a t i v e .

U t i l i s i n g  t h e s e  f a c t s ,  N e t t l e t o n  and  B a l l s  h a v e  a t t a i n e d  

a  l a w  o f  i n d u c t a n c e  f o r  t h e i r  f i r s t  r o t o r  r e p r e s e n t e d  b y  

t h e  e q u a t i o n : -

M =  K .0  4 - A . 0 - B . 0 ^   ( 2 3 )
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w h i c h  g i v e s  c o n s t a n c y  o f  m/ g a t  p o s i t i o n s  g i v e n  by  0̂ = a / £ B .  

Though  t h i s  c o n s t a n c y  i s  a l l  t o  b e  d e s i r e d ,  t h e  t w i n  f i e l d  

c o i l s  w e r e  i n  t h e  p o s i t i o n  x / a  = 0 - 2 1 2  w h i c h  i s  n o t  s a t i s f a c t o r y  

f r o m  t h e  s t a n d p o i n t  o f  t h e  a c c u r a c y  o f  t h e  a n g l e  c o i l .

A c c o r d i n g l y ,  t h e  w r i t e r  h a s  made some c a l c u l a t i o n s  on  

t h e  m u t u a l  i n d u c t a n c e  b e t w e e n  a  r o t o r  o f  r a d i u s  a ,  p l a c e d  

b e t w e e n  f i e l d  c o i l s  i n  t h e  H e l m h o l t z  p o s i t i o n .  T h i s  h a s  

n e c e s s i t a t e d  t h e  e v a l u a t i o n  o f  ( C o s y ^ )  up t o  a n  o r d e r  

n = 4 1  f o r  t h e  H e l m h o l t z  a n g l e g i v e n  b y  0 0 8 ^ = 1 / 5 .  a s  w e l l  a s  

a n  e x t e n s i o n  o f  t h e  t a b l e s  o f  h e t t l e t o n  and  L l e w e l l y n  f r o m  

n  = 3 1  t o  n  = 4 1  o f  v a r i o u s  f u n c t i o n s  o f  n .  The n e c e s s a r y  

c o n s t a n t s  a r e  g i v e n  i n  A p p e n d i x  2 .  U s i n g  E q . 2 2 . ( and  E q . 2 1 .  

f o r  t h e  tw o  c a s e s  w h e r e  t h e  maximum m u t u a l  i n d u c t a n c e  h a s  

b e e n  e v a l u a t e d  ) t h e  r e s u l t s  o b t a i n e d  a r e  g i v e n  i n  T a b l e  2 .  

T a b l e  2 ;  M u t u a l  i n d u c t a n c e  b e t w e e n  a  r o t o r  o f  r a d i u s  a  and  

t w i n  f i e l d  c o i l s  o f  r a d i u s  a ,  i n  t h e  H e l m h o l t z  

p o s i t i o n  f o r  d i f f e r e n t  v a l u e s  o f  z = a / r ^ . The 

c o r r e s p o n d i n g  v a l u e s  o f  a / a  a r e  g i v e n .  0 i s  t h e  

d i s p l a c e m e n t  i n  r a d i a n s  f r o m  t h e  p o s i t i o n  o f  z e r o  

i n d u c t a n c e .

z = 0 ; g / a  = 0 ; l i m i t i n g  S i n e  Law f o r  c o m p a r i s o n .

M =  &q{ e  — 0 - 1 6 6 , 6  6 -f- 0 - 0 0 8 , 3 3 3  o"— 0 - 0 0 0 , 1 9 8 , 4 1 2  )

Gq.
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M = Sq( 0 - 9 9 3 , 7 5 3 , 4 4 6 , 5  6 - 0 - 1 4 0 , 0 3 2 , 5 6 7  0^

-  0 - 0 1 8 , 8 2 6 , 5 7  e V  0 - 6 8 7 , 2 8 7 , 2 e " ) ————( 2 5 )

“ max Gq{ 0 - 9 9 5 , 7 6 3 , 2 9 9  )

z = 0 ' 2  ; t t / a = 0 - 5  ;

M = Gq( 0 - 9 8 6 , 2 4 6 , 0 9 2  0 — 0 - 1 1 2 , 1 1 7 , 3 3 5  0^

— 0 - 0 3 7 , 7 9 0 , 9 0  0 0 0 3 , 8 1 0 , 9 e" ) - — 26)

z = 0 - 2 5  : a / a  = 0 - 5 5 9 0  :

M = Gq( 0 - 9 7 9 , 5 9 1 , 3 0 5  0 — 0 - 0 8 9 , 8 7 4 , 9 0  o '

- 0 - 0 4 7 , 6 8 1 , 7 2  0 - 0 0 2 , 5 3 0 , 0 o ' ) 2 7 )

z = 0 - 2 5  ; g / a = - 0 - 6 6 1 4  ;

M =  Gq( 0 - 9 6 3 , 9 0 1 , 9 6 3  6 — 0 - 0 4 4 , 4 8 1 , 3  6^

-  0 - 0 5 5 , 6 4  e ' -  0 - 0 1 7 , 8  e ^ )    — ( 2 8 )

0 - 9 6 4 , 0 3 9 , 9 0  )

T h i s  t a b l e  r e v e a l s  t h e  s l o w  f a l l  i n  t h e  c o e f f i c i e n t  o f

Gq f o r  w i t h  r i s e  o f  a  and  o f  t h e  c o e f f i c i e n t  o f  e i nmax

t h e  s e r i e s  M/Gq. The c o e f f i c i e n t  o f  0 * r i s e s  f r o m - l / 6  t o  

' 0 - 0 4 4 5  f o r  t h e  h i g h e s t  v a l u e  o f  a w h i c h  w i l l  p e r m i t  a  s a f e  

c l e a r a n c e  f o r  r o t a t i o n  f r o m  t h e  f i e l d  c o i l  f o r m e r s .  F u r t h e r  

c a l c u l a t i o n  show s  t h a t  w hen  z = 0 - 4 0  and  a / a  = - 0 - 7 0 7 1 ,  t h e  

c o e f f i c i e n t  o f  6 i s - 0 - 0 2 2 , 7 4 5  and  b y  e x t r a p o l a t i o n ,  i t  

b e c o m e s  a p p a r e n t  t h a t  t h i s  t e r m  c a n n o t  v a n i s h  and  c h a n g e  

s i g n  u n t i l  z r e a c h e s  a b o u t  0 - 4 5  and  a / a  i s  0 * 7 5 .  The t e r m  i n
S'

G b e c o m e s  m ore  s t r o n g l y  n e g a t i v e  a s  a  r i s e s  b u t  i t s  v a l u e  

f o r  z = 0 " 4 0  i s  0 - 0 5 4 2  w h i c h  show s t h a t  i t s  n u m e r i c a l  v a l u e
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h a s  p a s s e d  a  maximum.

The c o n c l u s i o n  i s  t h u s  r e a c h e d  t h a t ,  w i t h  t h e  f i e l d  

c o i l s  i n  t h e  H e l m h o l t z  p o s i t i o n ,  a  s i m p l e  r o t o r  i s  n o t  

p o s s i b l e  f o r  t h e  t e r m ,  6'^, d o e s  n o t  a c q u i r e  a  p o s i t i v e

v a l u e  u n t i l  a / a  = 2 / 4  a  v a l u e  f a r  t o o  l a r g e  t o  a l l o w

c l e a r a n c e  f o r  t h e  r o t o r  u n l e s s  t h e  w h o l e  a p p a r a t u s  w as  

g r e a t l y  e n l a r g e d  a t  v e r y  c o n s i d e r a b l e  e x p e n s e *

A t t a i n m e n t  o f  t h e  l a w .  M/e c o n s t a n t  a t  S i n " " ^ l / 2  b y  a  

d i f f e r e n t i a l  r o t o r  b e t w e e n  f i e l d  c o i l s  i n  t h e  H e l m h o l t z

p o s i t i o n *

An e x a m i n a t i o n  o f  T a b l e  £•  r e v e a l s  t h a t  a  s u i t a b l e  

r o t o r  may b e  o b t a i n e d  b y  c o n n e c t i n g  i n  o p p o s i t i o n  a n  o u t e r  

c o i l  o f  a r e a  q  ̂ a n d  a  c o n c e n t r i c  i n n e r  c o i l  o f  s m a l l e r  a r e a  

q W r i t i n g  f o r  t h e  i n n e r  c o i l  M , / 6  = Gq, f ,  a n d  f o r  t h e  

o u t e r  c o i l  M ^ /e  -G q ^  f,_ w h e r ^ f ,  a n d  a r e  f u n c t i o n s  o f  B , 

a n d  p u t t i n g  q^ = n .  q, , we h a v e  f o r  t h e  r e s u l t i n g  i n d u c t a n c e  

M :-

M / e  =(M^-M, )/e = Gq, )   ( 2 9 )

By c h o i c e  o f  n ,  t h e  q u o t i e n t  M/8 may b e  r e n d e r e d  c o n s t a n t  

i n  t h e  n e i g h b o u r h o o d  o f  0 = 1 9 - 5 "  a n d  b y  c h o i c e  o f  q, , t h e  

r e s u l t a n t  i n d u c t a n c e  i n  t h i s  r e g i o n  may b e  a d j u s t e d  t o  

t h a t  o f  t h e  a n g l e  c o i l .

To i l l u s t r a t e  t h i s ,  t h e  v a l u e s  o f  ± ,  a n d  f^  f o r  v a r i o u s  

a n g l e s  6 a r e  g i v e n  i n  T a b l e  2 .  b e l o w  f o r  t h e  i n n e r  a n d  

o u t e r  c o i l s ,  h a v i n g  t h e  v a l u e s  o f  z e q u a l  t o  0 * 1 2  a nd  0 - 2 5  

r e s p e c t i v e l y ,  t h e s e  v a l u e s  b e i n g  c a l c u l a t e d  f r o m  t h e



20 .

c o r r e s p o n d i n g  e q u a t i o n s  i n  T a b l e  2 .  V a l u e s  f o r  n . f ^ - f ,  c a n  

t h u s  b e  r e a d i l y  c o m p i l e d .  Yfhen n  =  2 - 5 0 ,  t h e  d e s i r e d  r e s u l t  

i s  o b t a i n e d  a n d  t h e  f i g u r e s  a r e  g i v e n  i n  t h e  l a s t  c o l u m n .

The c o r r e s p o n d i n g  e q u a t i o n  f o r  t h e  d i f f e r e n t i a l  c o i l  i s  

r e a d i l y  f o u d d  t o  b e : -

]V(/e=Gq,(  1 * 4 1 6 , 0 0 1 , 4 6 1 - 1 - 0 * 0 2 8 , 8 2 9 , 3 6  e*

-  0 * 1 2 0 , 2 7 3 , 4  e ”"— 0 * 0 6 1 , 7 8 7 , 2  6^)   ( 3 0 )

W here  q ,  i s  t h e  a r e a  o f  t h e  s m a l l e r  c o i l  h a v i n g  z =  0 - 1 3 .

The a r e a  o f  t h e  l a r g e r  c o i l ,  h a v i n g  z = 0 " 2 5 ,  i s  q^= 2- 5 q ,  • 

The v a l u e s  o f  n . f ; ^ -  f ,  i n  T a b l e  2 .  h a v e  b e e n  c h e c k e d  f r o m  

Eq. 'SO. a n d  a d d i t i o n a l  v a l u e s  h a v e  b e e n  c o m p u t e d  f o r  a n g l e s  

o f  0 * 2 2 5  , 0 * 2 3 5  , a n d  0 * 2 4 5  r a d i a n s .
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T a b l e  3 ,  V a l u e s  o f  f^  » Gq^G an d  f /  « M , /G q ,  G a t  v a r i o u s  

a n g l e s  G f o r  o u t e r  a n d  i n n e r  c o i l s  o f  a  d i f f e r e n t i a l  

r o t o r .  The l a s t  c o l u m n  g i v e s  t h e  c o r r e s p o n d i n g  v a l u e s  o f

6
r a d i a n s

O u t e r  o o i l I n n e r  c o i l  f , D i f f e r e n t i a l  
c o i l ; 2 - 5 f , -  f ,

0 - 0 0 - 9 6 3 , 9 0 1 , 9 6 0 - 9 9 3 , 7 5 3 , 4 5 1 * 4 1 6 , 0 0 1 , 5

0 - 1 0 * 9 6 3 , 4 5 1 , 5 7 0 - 9 9 2 , 3 5 1 , 2 4 5 1 * 4 1 6 , 2 7 7 , 7

0 - 2 0 - 9 6 2 , 0 3 2 , 5 5 0 - 9 8 8 , 1 2 2 , 4 9 1 - 4 1 6 , 9 5 8 , 9

0 - 3 0 - 9 5 9 , 4 3 4 , 9 9 0 - 9 8 1 , 0 0 3 , 3 3 1 - 4 1 7 , 5 8 4 , 1

0 - 3 1 0 - 9 5 9 , 0 9 7 , 6 6 5 0 - 9 8 0 , 1 2 8 , 9 1 1 * 4 1 7 , 6 1 5 , 3

0 - 3 2 0 - 9 5 8 , 7 4 4 , 5 4 0 - 9 7 9 , 2 2 4 , 5 2 1 - 4 1 7 , 6 3 6 , 8

0 - 3 2 5 1 - 4 1 7 , 6 4 3 , 7

0 - 3 3 0 - 9 5 8 , 3 7 5 , 1 1 5 0 - 9 7 8 , 2 9 0 , 0 4 1 - 4 1 7 , 6 4 7 , 7

0 - 3 3 5 1 - 4 1 7 , 6 4 8 , 9

0 - 3 4 0 - 9 5 7 , 9 8 8 , 8 9 0 * 9 7 7 , 3 2 5 , 3 5 1 - 4 1 7 , 6 4 6 , 9

0 - 3 4 5 1 - 4 1 7 , 6 4 1 , 6

0 - 3 5 0 - 9 5 7 , 5 8 5 , 3 3 5 0 - 9 7 6 , 3 3 0 , 3 3 1 - 4 1 7 , 6 3 3 , 0

0 - 3 6 0 - 9 5 7 , 1 6 3 , 9 0 0 - 9 7 5 , 3 0 4 , 8 7 1 - 4 1 7 , 6 0 4 , 9

0 - 3 7 0 - 9 5 6 , 7 2 4 , 0 2 0 - 9 7 4 , 2 4 8 , 8 4 1 - 4 1 7 , 5 6 1 , 2

T h i s  t a b l e  r e v e a l s  t h a t  o v e r  t h e  r a n g e  18*’ 2 6 ’ t o  19® 4 6 ’ , 

t h e  e x t r e m e  v a r i a t i o n s  o f  m/ g f o r  t h e  d i f f e r e n t i a l  c o i l  a r e  

a b o u t  5 p a r t s  i n  a  m i l l i o n .

The p o s i t i o n  o f  t h e  maximum v a l u e  o f  lyî^G may b e  r a i s e d  

o r  l o w e r e d  b y  s l i g h t l y  d e c r e a s i n g  o r  i n c r e a s i n g  t h e  v a l u e  o f  n,
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F i g u r e s  V a n d  VI o v e r l e a f .



n

F i g u r e  V . T h e  L a y o u t  o f  t h e  A p p a r a t u s .

In c h e s

F i g u r e  V I • T h e  R o t o r ,  C o m m u t a t o r , a n d  B r u s h *
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$ 5 #  The A p p a r a t u s .

The g e n e r a l  l a y o u t  o f  t h e  a p p a r a t u s  i s  s i m i l a r  t o  t h a t  

o f  t h e  o r i g i n a l  p a p e r  a n d  w i l l  b e  f o l l o w e d  f r o m  F i g s . Y a n d  7 1 .

The t w i n  f i e l d  c o i l s ,  A a n d  B, w e r e  c o n s t r u c t e d  o f  

d e x o n i t e .  The c h a n n e l s  o f  r a d i a l  d e p t h  a n d  a x i a l  d e p t h  3*6 

c m s .  w e r e  e a c h  f i l l e d  w i t h  5 0 4  t u r n s  o f  d . s . c .  c o p p e r  w i r e ,  

o f  s . w . g .  1 6 ,  t h e  m e a n  d i a m e t e r  o f  w i n d i n g s  b e i n g  3 E - 8  cms^^ 

The c o i l s  w e r e  s e p a r a t e d  b y  d i s t a n c e  p i e c e s  V a n d  w e r e  h e l d  

f i r m l y  and  c o a x i a l l y  b y  b r a s s  b u t t o n s  E s o  t h a t  t h e y  

a c c u r a t e l y  s a t i s f y  t h e  i n d u c t a n c e  c r i t e r o i n  o f  t h e  H e l m h o l t z  

p o s i t i o n  g i v e n  i n  $  3 .  The t w i n  c o i l  u n i t  w a s  f i r m l y  

s u p p o r t e d  a n d  l o c k e d  i n  p o s i t i o n  b y  l o c k i n g  p i e c e s  F ,  s u c h  

t h a t  i t s  a x i s  o f  s y m m e t r y  i s  t h e  a x i s  o f  r o t a t i o n  o f  t h e  

s h a f t  G r .

The d i f f e r e n t i a l  r o t o r .  P i g . 7 1 ,  c o n s i s t s  o f  a n  o a k  

h o l d e r ,  h e l d . b y  t h e  s h a f t  Gr a n d  b y  tw o  s t o u t  b r a s s  c h a n n e l  

p i e c e s  H.  The w h o l e  w a s  m ade  t o  r o t a t e  t r u l y  u p o n  i t s  

b e a r i n g s  I .  The  tw o  r o t a t i n g  c o i l s ,  J  a n d  K, w h i c h  c o n s t i t u t e  

t h e  d i f f e r e n t i a l  r o t o r ,  w e r e  a d j u s t e d  a n d  f i x e d  b y  b r a s s  

b o l t s  a n d  n u t s  o n  t h e  b e d  s o  t h a t  t h e y  w e r e  b o t h  c o n c e n t r i c  

a n d  o o p l a n a r ,  and  r o t a t e  s y m m e t r i c a l l y  a b o u t  t h e  a x i s  o f  t h e  

s h a f t .  The  m e th o d  o f  s e t t i n g  i s  d e a l t  w i t h  i n  § 6 .

The o u t e r  c o i l  J  c o n s i s t e d  o f  189  t u r n s  o f  d . s . c .  c o p p e r  

w i r e ,  o f  s . w . g .  2 4 ,  wound i n  1 2  l a y e r s  i n  a  c h a n n e l  1 cm. 

w i d e  an d  o f  i n t e r n a l  d i a m e t e r ,  21  c m s .  The i n n e r  c o i l  K
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c o n s i s t e d  o f  1 9 8  t u r n s  i n  12 l a y e r s  o f  t h e  sam e w i r e  i n  a n  

i d e n t i c a l  c h a n n e l  h u t  o f  i n t e r n a l  d i a m e t e r  1 2 * 5  cm s .  The 

t o t a l  r e s i s t a n c e  o f  t h e  r o t o r  w a s  1 5*9  ohm s.

T h e s e  c o i l s  w e r e  l o c k e d  i n  p o s i t i o n  by  b r a s s  b o l t s  a n d  

n u t s  and  boxwood p l a t e s .  O v e r  t h e  w h o l e  i s  a n  o a k e n  c o v e r  

t o  make t h e  r o t a t i n g  u n i t  b a l a n c e d  f o r  r o t a t i o n s .

T h r o u g h  a  h o l e  i n  t h i s  r o t a t i n g  u n i t  o f  d i a m e t e r  7*5  cm s .  

was  f i x e d  t h e  c o n i c a l  a n g l e  c o i l  L ,  P i g s .  I l l  a nd  Y I .  w h i c h  

w as  h e l d  f i r m l y  b y  boxwood p l a t e s ,  s e c u r e d  b y  b r a s s  b o l t s  

and  n u t s .  I t  w as  s e t  s y m m e t r i c a l l y  w i t h  r e g a r d  t o  t h e  a x i s  

o f  r o t a t i o n ,  and  c o a x i a l l y  a n d  c o n c e n t r i c a l l y  w i t h  t h e  

r o t a t i n g  c o i l s  b y  a d j u s t m e n t  o f  t h e  boxwood p l a t e s  a n d  n u t s .  

D u r i n g  r o t a t i o n s ,  i t s  l e a d s  w e r e  wound r o u n d  t h e  b o l t s  a n d  

f i r m l y  s e c u r e d .

The b r a s s  s h a f t  G r ,  o f  e x t e r n a l  d i a h e t e r  1 » 27 c m s . , w a s  

s o l i d  t o w a r d s  t h e  m o t o r  and  h a d  a  s m a l l  h o l e  d r i l l e d  t h r o u g h  

i t  a l o n g  a  d i a m e t e r ,  0 - 5  cm s .  f r o m  i t s  e n d  n e a r  t h e  m o t o r .  

A t t a c h e d  t o  t h e  m o t o r  s h a f t  b y  s e t  s c r e w s  w as  a n o t h e r  p i e c e  

o f  t h i s  s h a f t  w i t h  a  s i m i l a r  h o l e  n e a r  i t s  e n d .  The tw o  

s h a f t s  c o u l d  b e  c o n n e c t e d  o r  d i s c o n n e c t e d  w i t h  e a s e ,  b y  a  

f l e x i b l e  c o u p l i n g  w h i c h  c o n s i s t e d  o f  a  l e n g t h  o f  s . w . g . 20  

s t e e l  w i r e ,  b e n t  i n t o  f o u r  l e n g t h s  f o r m i n g  a  d o u b l e  bow, 

w h i c h  p a s s e d  t h r o u g h  t h e s e  h o l e s .

The s h a f t  Gr t o w a r d s  t h e  c o m m u t a t o r  M ,  w as  h o l l o w ,  o f  

b o r e  O ' 5 c m s . , a n d  c a r r i e d  tw o  b e l l  f l e x e s  f r o m  t h e  

r o t a t i n g  c o i l s  t o  t h e  c o m m u t a t o r  t e r m i n a l s  a ,  b ,  c ,  d .
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The c o m m u t a t o r  M, o f  e b o n i t e  o f  d i a m e t e r  5 - 5  c m s . ,  w a s  

s e c u r e d  t o  t h e  s h a f t  b y  s e t  s c r e w s  t h r o u g h  a  s t o u t  b r a s s  

t u b e  t h r o u g h  i t s  c e n t r e .  B r a s s  s e c t o r s  w i t h  t e r m i n a l s  e  and  f ,  

a t t a c h e d ,  w e r e  l e t  i n t o  t h e  e b o n i t e .  One o f  t h e s e  c o n s i s t e d  

o f  a  t a p e r i n g  s e c t o r  w i t h  a n  a r c  o f  c o n t a c t  v a r y i n g  f r o m  

some 36^ t o  4 6 ^ .  The  o t h e r  s e c t o r  w h i c h  w as  s e t  d i a m e t r i c a l l y  

o p p o s i t e  t o  t h e  f i r s t ,  w a s  p a r a l l e l  a l o n g  i t s  l e n g t h  a n d  o f  

a r c  o f  c o n t a c t ,  48*^. By c o n n e c t i n g  s u i t a b l e  t e r m i n a l s  o f  

a ,  b . , c ,  a n d  d t o  t h e  s e c t o r  t e r m i n a l s  e a n d  f ,  t h e  r o t a t i n g  

c o i l s  c o u l d  b e  u s e d  s e p a r a t e l y ,  o r  i n  c o n j u n c t i o ^ J ,  o r  i n  

o p p o s i t i o n .

The b r u s h  h o l d e r s  H , (  P i g s ^ V  a n d  V I)  w e r e  o f  b r a s s  and  

c o u l d  b e  a d j u s t e d  a n d  b o l t e d  f i r m l y  o n  t o  t h e  e b o n i t e  

f r a m e w o r k  P ,  b y  a  b r a s s  p l a t e  ( n o t  show n  i n  P i g . V I . )  The 

b r u s h  w a s  o f  s p r i n g  b r a s s  and  w a s  h e l d  i n  p o s i t i o n  a t  t h e  

r e q u i r e d  p r e s s u r e  by  a  b r a s s  s c r e w  R f r o m  w h i c h  a  d o w e l  p i n  

p r o j e c t e d  i n t o  a  h o l e  t h r o u g h  t h e  b r u s h .  E a c h  b r u s h  w as  s e t  

s o  t h a t  t h e  d i f f e r e n t i a l  r o t a t i n g  c o i l  p a s s e d  t h r o u g h  t h e  

sam e  sw e e p  o f  m u t u a l  i n d u c t a n c e ,  a p p r o x i m a t e l y ,  w i t h  t h e  

f i e l d  c o i l s  d u r i n g  t h e  make and  b r e a k  o n  t h e  t a p e r i n g  s e c t o r .  

A l s o ,  t h e  m u t u a l  i n d u c t a n c e  b e t w e e n  t h e  d i f f e r e n t i a l  c o i l s  

r o t a t i n g  c o i l s  a n d  t h e  t w i n  f i e l d  c o i l s  a t  m a k i n g  c o n t a c t  

t h r o u g h  t h e  b r u s h e s  w a s  a p p r o x i m a t e l y ,  n u m e r i c a l l y ,  t h e  

sam e  a s  a t  t h e  i n s t a n t  o f  b r e a k i n g  c o n t a c t ,  a n d  t h e  a r c  o f  

c o n t a c t  was  a b o u t  3 9 * .  The e x a c t  p o s i t i o n  o f  make and  b r e a k
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w as  d e t e r m i n e d  b y  c o n n e c t i n g  t h e  b r u s h  h o l d e r  t e r m i n a l s  t o  

a  d r y  c e l l  and  a  s u i t a b l y  s h u n t e d  m i c r o - a r i i m e t e r .  When t h e  

b r u s h  w as  i n  t h e  c r i t i c a l  p o s i t i o n ,  a  f l u c t u a t i o n  o c c u r r e d  

i n  t h e  p o i n t e r  o f  t h e  i n s t r u m e n t  a n d  t h i s  p o s i t i o n  w a s  s o  

p r e c i s e  t h a t  t h e  r o t a t i n g  c o i l  u n i t  c o u l d  b e  s e t  t o  w i t h i n  10  

m i c r o - h e n r i e s  by  t h i s  d e v i c e ,  t h a t  i s  — t o  w i t h i n  0-05*^ 

o f  r e v o l u t i o n .

The f l y  w h e e l s  S ,  a n d  t h e  l o c k i n g  d e v i c e  o n  t h e  s h a f t  

T, t o  s t o p  p l a y  a l o n g  i t s  l e n g t h ,  a r e  sh o w n  i n  t h e  f i g u r e .

The l a r g e  h o r i z o n t a l  c o i l s  V, o f  s i d e s  4 9 X 5 5  c m s .  a r e  

p l a c e d  i n  t h e  e q u i v a l e n t  H e l m h o l t z  p o s i t i o n  a n d  s e r v e  t o  

n e u t r a l i s e  t h e  e a r t h ’ s  v e r t i c a l  f l u x  t h r o u g h  t h e  r o t a t i n g  

c o i l s  w h e n  f e d  b y  a  s m a l l  c u r r e n t  d e r i v e d  f r o m  a c c u m u l a t o r s .

The m a i n  e l e c t r i c a l  c i r c u i t  w i l l  b e  r e a d i l y  u n d e r s t o o d  

f r o m  P i g . V I I .  The c u r r e n t  o f  a b o u t  1 a m p e r e ,  d e r i v e c ^ r o m  

a c c u m u l a t o r s ,  a d j u s t e d  b y  r h e o s t a t  a n d  r e c o r d e d  o n  a m m e t e r ,  

c a n  b e  s e n t  i n  e i t h e r  d i r e c t i o n  t h r o u g h  t h e  t w i n  f i e l d  c o i l s  

A a n d  B,  t h e  q u a d r a n t  k e y  Q, s e r v i n g  t o  j o i n  t h e m  i n  

c o n j u n c t i o n  o r  i n  o p p o s i t i o n ,  b u t  a l w a y s  i n  s e r i e s .  The 

same c u r r e n t  p a s s e s  t h r o u g h  a  s t a n d a r d  ohm (H.P .L .Cer t . '^ '^^cTf .)  

and  t h r o u g h  a  v a r i a b l e  r e s i s t a n c e  E ,  t o  b e  a d j u s t e d  a n d  

m e a s u r e d .  E a c h  o f  t h e s e  c a n  b e  c o n n e c t e d  b y  p o t e n t i a l  l e a d s  

w i t h  a  g oo d  t h e r m o - e l e c t r i c  p o t e n t i o m e t e r  w h i c h  r e a d s  f r o m  

C t o  90  m i l l i - v o l t s  s o  t h a t  t h e  v a l u e  o f  E c a n  b e  c h e c k e d  

w i t h i n  a  few  m i n u t e s  o f  m e a s u r i n g  t h e  r e s i s t a n c e  a b s o l u t e l y .
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The r e s i s t a n c e  1 ,  c o n s i s t e d  o f  a  b o x  o f  m a n g a n i n  

r e s i s t a n c e s  o f  n o m i n a l  v a l u e s  v a r y i n g  f r o m  0 * 0 0 5  ohms t o  

2 * 0  ohms i n  s e r i e s  w i t h  a  s h o r t  s e m i - c i r c u l a r  c o p p e r  w i r e  

o f  s . w . g .  1 8 ,  w i t h  a  m o v a b l e  p o t e n t i a l  c o n t a c t .

The e . m . f .  a c r o s s  E c a n  b e  a d j u s t e d  t o  n e u t r a l i s e  t h a t  

a c r o s s  t h e  b r u s h e s  e  an d  f  o f  t h e  c o i l s ,  s p i n n i n g  u n i f o r m l y ,  

and  a  b a l a n c e  i s  o b t a i n e d  o n  a  g a l v a n o m e t e r  p r o v i d e d  w i t h  

a  t a p p i n g  k e y .

The c i r c u i t  a l s o  p e r m i t s  o f  t h e  m e a s u r e m e n t  o f  t h e  

m u t u a l  i n d u c t a n c e  b e t w e e n  t h e  r o t a t i n g  c o i l s ,  w h e n  s t a t i o n a r y ,  

and  t h e  t w i n  f i e l d  c o i l s ,  a s  w e l l  a s  t h e  m e a s u r e m e n t  o f  t h e  

a n g l e  b e t w e e n  t h e m .  F o r  t h i s  p u r p o s e ,  t h e  p r i m a r y  o f  a  

C a m p b e l l  m u t u a l  i n d u c t o m e t e r  i s  s w i t c h e d  i n  a t  q u a d r a n t  k e y  

t o  b e  i n  s e r i e s  w i t h  t h e  f i x e d  t w i n  c o i l s .  The r o t a t i n g  

c o i l s ,  t h r o u g h  t h e  s e c t o r  t e r m i n a l s  e a n d  f ,  a r e  t h r o w n  i n t o  

s e r i e s  w i t h  t h e  s e c o n d a r y  o f  t h e  m u t u a l  i n d u c t o m e t e r  a t  t h e  

q u a d r a n t  k e y  , a n d  t h e  g a l v a n o m e t e r  i s  i n c l u d e d  i n  t h i s  

l o o p  an d  d e t a c h e d  f r o m  E b y  r o c k i n g  o v e r  t h e  m e r c u r y  s w i t c h  

3). A l t e r n a t i v e l y ,  t h e  a n g l e  c o i l  may b e  t h r o w n  i n t o  t h e  

s e c o n d a r y  c i r c u i t  a t  H i n s t e a d  o f  t h e  r o t a t i n g  c o i l s ,  an d  

h e n c e  t h e  a n g l e  "be tween  i t  a n d  t h e  t w i n  f i e l d  c o i l s  c a n  b e  

d e t e r m i n e d  b y  m e a s u r i n g  t h e  m u t u a l  i n d u c t a n c e  b e t w e e n  t h i s  

a n g l e  c o i l  a n d  t h e  f i e l d  c o i l s .  B a l a n c e  ibs o b t a i n e d  t o  

w i t h i n  O ' l  pH w h i c h  r e p r e s e n t s  i n  t h e  c a s e  o f  t h e  a n g l e  c o i l ,  

3"  o f  a r c .
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The c o n s t a n t  known s p e e d  o f  r e v o l u t i o n  w as  o b t a i n e d  by- 

u s i n g  a  s y n c h r o n i s e d  t e l e v i s i o n  m o t o r .  T h i s  i s  f u l l y  d e a l t  

w i t h  i n  A p p e n d i x  I .

§  6 .  E x p e r i m e n t a l  T e s t s .

A t t a i n m e n t  o f  a  s a t i s f a c t o r y  r o t o r .

When t h e  t w i n  f i e l d  c o i l s ,  A an d  B ,  h a d  b e e n  l o c k e d  i n  

t h e  H e l m h o l t z  p o s i t i o n ,  d e t e r m i n e d  b y  t h e  c r i t e r i a  g i v e n  i n  

E q . 3 C .  § 3 . ,  t h e  n u m b e r  o f  t u r n s  o n  t h e  i n n e r  an d  o u t e r  c o i l s  

o f  t h e  d i f f e r e n t i a l  r o t o r  w e r e  a d j u s t e d  b y  t h r e e  s u c c e s s i v e  

a p p r o x i m a t i o n s  a f t e r  w h i c h  t h e  f i n a l  f o r m  w as  a t t a i n e d .  The 

c o m p l e t e  d a t a  i s  a s  f o l l o w s : -

The maximum m u t u a l  i n d u c t a n c e  b e t w e e n  t h e  i n n e r ,  o u t e r ,  

a n d  r e s u l t a n t  c o i l s  w i t h  t h e  t w i n  c o i l s  w e r e  7 8 5 0 ,  1 8 4 7 0 ,  

a n d  1 0 6 3 0  n o m i n a l  m i c r o - h e n r i e s  r e s p e c t i v e l y .  T h i s  g i v e s  

v a l u e s  o f  z a p p r o x i m a t i n g  t o  t h o s e  o f  S q s .  35 a n d  38 i n  

T a b l e  3 ,  a n d  c o r r e s p o n d s  t o  a n  a r e a  r a t i o  o f  q^ /q^  =  3 " 4 3 .  

G r e a t  c a r e  was  t a k e n  t o  s e t  t h e  c o i l s  o n  t h e  r o t a t i n g  t a b l e  

s o  t h a t ,  a p p r o x i m a t e l y ,  t h e y  w e r e ,  s e p a r a t e l y  and  j o i n t l y ,  

a t  z e r o  m u t u a l  i n d u c t a n c e  w i t h  t h e  f i e l d  c o i l s  i n  c o n j u n c t i o n  

a nd  a t  z e r o  m u t u a l  i n d u c t a n c e  e v e r y w h e r e  w i t h  t h e  f i e l d  c o i l s  

i n  o p p o s i t i o n .  F i n a l l y ,  t h e  a n g l e  c o i l  w as  s e t  t o  s a t i s f y  

t h e  sam e  c o n d i t i o n s  o f  z e r o  m u t u a l  i n d u c t a n c e  w i t h  t h e  f i e l d  

c o i l s  t h e  z e r o  m u t u a l  i n d u c t a n c e  w i t h  t h e  f i e l d  c o i l s
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i n  c o n j u n c t i o n ,  b e i n g  a t  t h e  sam e p o s i t i o n  o f  r o t a t i o n  a s  

w i t h  t h e  d i f f e r e n t i a l  r o t o r .  W h e r e a s  t h e  a n g l e  c o i l  c o u l d  

b e  s e t  a l m o s t  p e r f e c t l y  f o r  s y m m e t r y ,  i t  w a s  f o u n d  i m p o s s i b l e  

t o  a v o i d  a  maximum o p p o s i t i o n  r e s i d u a l  i n d u c t a n c e  o f  tw o  o r  

t h r e e  m i c r o - h e n r i e s  f o r  t h e  d i f f e r e n t i a l  r o t o r .

R e a d i n g s  o f  t h e  m u t u a l  i n d u c t a n c e  M b e t w e e n  t h e  

d i f f e r e n t i a l  r o t o r  a n d  t h e  f i e l d  c o i l s ,  and  r e a d i n g s  o f  t h e  

c o r r e s p o n d i n g  m u t u a l  i n d u c t a n c e  b e t w e e n  t h e  a n g l e  c o i l  

a n d  t h e  f i e l d  c o i l s  w e r e  t a k e n  o v e r  a l l  f o u r  q u a d r a n t s  a t  

c l o s e l y  c o r r e s p o n d i n g  p o s i t i o n s .  The maximum a n g l e  c o i l  i n  

i n d u c t a n c e s  w e r e  a l s o  o b s e r v e d  and  t h e  a n g l e  6 o f  d i s p l a c e m e n t  

f r o m  t h e  a n g l e  c o i l  z e r o  w e r e  t h e n  e v a l u a t e d  f r o m  t h e  S i n e  

Law f o r  a l l  p o s i t i o n s .  The v a l u e s  o f  M a n d  c o r r e c t e d  f o r  

s t u d  e r r o r s  a r e  g i v e n  i n  n o m i n a l  m i c r o - h e n r i e s  i n  T a b l e  4 .  

t o g e t h e r  w i t h  6 i n  m i n u t e s  o f  a r c .
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T a b l e  4 .  V a l u e s  o f  M f o r  r o t o r  a n d  f o r  a n g l e  e o i l  a t.........-  -  -  ■ Q

v a r i o u s  a n g l e s  6 i n  m i n u t e s  o f  a r c .

Q u a d r a n t  1 Q u a d r a n t  £

M
“ e

G M G

1 0 6 3 0 * 0 1 0 8 1 3 - 0 4 / l  m ax . 1 0 6 1 9 - 7 1 0 8 1 1 - 7 3 / 3  max
4 3 4 4 * 8 4 3 3 4 - 4 1 3 7 9 - 9 6 3 4 3 3 7 - 5 4 2 0 9  - 0 1 3 7 4 - 6 4 5
3943  *6 3 9 3 7 - 6 1 3 8 1 - 4 8 3 9 4 3 - 1 3 9 3 9 - 5 1 3 7 8 - 7 3
3 8 4 7 . 5 3 8 4 7 - 3 1 3 5 0 - 7 1 3 8 4 8 . 3 3839  - 7 1 2 4 8 - 1 3
3 8 0 4 . 6 3 8 0 6 - 5 1 3 3 6 * 8 4 3 80 3  - 6 3 7 9 6 - 6 1 2 3 3 - 4 7
3 7 3 5 - 6 3 7 4 0 - 3 1 3 1 4 - 3 7 3 7 3 1 - 3 3 7 3 8 - 3 1 3 1 0 - 3 1
3 6 5 9 - 5 3 6 6 7 * 3 1 1 8 9 - 6 3 3 6 4 7 - 1 3 6 4 7 - 3 1 1 8 3 - 8 8
3 5 4 9 - 1 3 5 6 0 - 6 1 1 5 3 * 6 7 3 5 3 9 * 8 3 5 3 4 - 6 1 1 4 4 - 9 3
3 4 3 8 - 4 3 4 4 4 . 3 1 1 1 4 - 5 5 3 4 1 9 - 5 3 4 2 7 - 7 1 1 0 9 - 0 3
3 3 3 5 * 0 3 3 4 6 - 6 1 0 4 8 - 4 8 3 3 3 9 - 3 3 2 4 3 * 5 1 0 4 7 - 4 4
3 8 3 5 * 8 3 8 5 6 - 3 9 1 9 - 0 7 3 8 3 7 - 3 3 8 5 0 - 1 9 1 7 - 0 6
3 4 1 1 - 1 3 4 4 5 * 9 7 8 4 - 5 0 3 4 0 9 * 1 3 4 3 6 - 9 7 8 1 - 5 6
3 0 1 3 - 4 3 0 4 7 * 6 6 5 5 - 0 3 3 0 1 7 - 3 2 0 4 5 - 8 6 5 4 * 4 3
1 0 1 4 - 3 1 0 3 8 . 4 3 3 0 - 6 8 1 0 1 3 - 3 1 0 3 1 - 1 3 3 8 ' 3 5

1 0 - 1 1 3 - 8 4 - 3 9 1 0 - 7 7 - 7 3 * 4 5

Q u a d r a n t  3 Q u a d r a n t  4

M M
G

G M “ e
G

1 0 6 1 9 - 7 1 0 8 1 1 - 7 2 / 3  m ax . 1 0 6 1 9 - 7 1 0 8 3 3 - 0 1 / 4  m ax .
4 2 3 3 - 9 4 2 1 1 . 9 1 3 7 5 - 6 5 4 3 3 7 - 8 4 3 0 9 * 9 1 3 7 4 - 9 6
3 9 4 2 - 7 ^ 3 9 3 7 - 1 1 2 8 1 - 3 1 3 9 3 3 * 7 3 9 3 1 - 4 1 3 7 5 - 9 5
3 8 5 0 - 3 3 8 4 8 - 6 1 2 5 1 - 1 5 3 8 4 6 . 5 3 8 3 9 - 1 1 2 4 7 - 9 3
3 8 0 9 - 3 3809  - 5 1 2 3 7 * 8 5 3 8 0 4 . 4 3 7 9 8 - 9 4.234- 35
3 7 3 6 - 5 3 7 3 0 - 1 1 2 1 0 * 9 2 3 7 2 3 . 4 3 7 2 1 - 3 1207* 90
3 6 3 7 - 6 3 6 4 5 * 0 1 1 8 3 - 1 3 3 6 3 9 - 9 3 6 4 1 - 0 1 1 8 0 - 7 8
3 5 2 9 - 0 3 5 4 0 - 5 1 1 4 6 - 9 0 3 5 1 8 . 4 3 5 3 4 * 4 1 1 4 1 - 4 9
3 4 2 0 - 1 3 4 3 5 - 3 1 1 1 1 - 5 6 3 4 1 2 . 6 3 4 2 2 - 1 1 1 0 7 - 1 4
3 2 3 0 * 4 3 3 4 1 - 3 1 0 4 6 - 7 1 3 3 1 8 . 9 3 2 3 4 - 2 1 0 4 4 ' 3 4
3 8 3 5 - 9 3 8 5 5 - 3 9 1 8 - 7 8 3 8 3 3 . 3 3 8 4 6 * 1 9 1 5 - 7 4
3 4 1 1 - 1 2 4 4 4 - 5 7 8 4 * 0 4 3 4 1 3 * 7 2 4 4 3 - 0 7 8 3 - 3 3
3 0 0 8 - 9 3 0 4 3 - 4 6 5 3 - 6 6 3 0 1 2 - 9 3 0 4 3 - 3 6 5 3 - 3 0
1 0 0 9 - 0 1 0 3 1 - 9 3 2 8 - 6 1 1009  -1 1 0 3 7 * 7 3 3 7 - 3 6

1 4 - 4 1 7 - 1 5 - 4 4 1 3 *5 1 1 - 8 3 * 7 5

By a d d i n g  t h e  c o r r e s p o n d i n g  v a l u e s  o f  M a n d  6 i n  q u a d r a n t s  

1 a n d  £ ,  t h e  s w e e p s  o f  i n d u c t a n c e  M’ o v e r  t h e  a n g l e s  G’ c a n  

h e  o b t a i n e d .  L i k e w i s e ,  t h e  s w e e p s  M” o v e r  t h e  a n g l e  G” a r e  

f o u n d  f o r  q u a d r a n t s  3 an d  4 .
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The v a l u e s  o f  M’ / e ’ a n d  M” / o ”  a r e  t a b u l a t e d  i n  T a b l e  6 .  

t o g e t h e r  w i t h  t h e  m ean  v a l u e  o f  t h e  a n g l e  o f  d i s p l a c e m e n t  

0 a n d  t h e  v a l u e  o f  Z  -  -hM” / e ”  ) .

T a b l e  5 .  V a l u e s  o f  M’ / 6 ’ f o r  q u a d r a n t s  1 a n d  2 ,  a n d  o f  

M " / 6”  f o r  q u a d r a n t s  3 a n d  4 a t  m ea n  a n g l e s  o f  

d i s p l a c e m e n t  G, t o g e t h e r  w i t h  t h e  m ean  v a l u e  ln/e 
e q u i v a l e n t  t o  t h e  c o n s t a n t  K i n  E q . l .

M’ / G ’ pH p e r  

m i n u t e .

M " / g” pH p e r  

m i n u t e .

G d e g r e e s K pH p e r  

m i n u t e .

3 - 0 7 6 4 9 3 - 0 7 6 9 8 5 * 4 8 3 - 0 7 6 7 4

3 * 0 7 7 3 2 3 - 0 7 7 2 2 1 0 * 9 0 3 - 0 7 7 2 7

3 * 0 7 7 9 2 3 * 0 7 8 4 9 1 3 - 0 6 3 - 0 7 8 2 0

3 * 0 7 8 7 6 3 - 0 7 8 8 4 1 5 - 2 9 3 * 0 7 8 8 0

3 * 0 7 9 4 6 ^ 3 - 0 7 9 4 6 1 7 * 4 5 3 * 0 7 9 4 6

3 * 0 7 9 6 9 3 * 0 7 9 6 0 1 8 * 5 1 3 * 0 7 9 6 4

3 - 0 7 9 6 7 3 * 0 7 9 6 3 1 9 * 1 1 3 - 0 7 9 6 5

3 * 0 7 9 6 9 3 * 0 7 9 8 9 1 9 * 7 3 3 0 0 7 9 7 9

3 * 0 7 9 5 4 3 - 0 7 9 9 7 2 0 - 1 8 3 * 0 7 9 7 6

3 * 0 7 9 4 5 3 * 0 7 9 8 1 2 0 *5 9 3 ' 0 7 9 6 3

3 * 0 7 9 7 2 3 * 0 7 9 8 3 2 0 * 8 2 3 * 0 7 9 7 7

3 * 0 7 9 6 8 3 * 0 7 9 6 2 2 1 - 3 2 3 * 0 7 9 6 5

3 - 0 7 9 3 1 3 * 0 7 9 5 8 2 2 - 9 4 3 - 0 7 9 4 5

T h e s e  r e s u l t s ,  s h o w i n g  t h e  r i s e  o f  K t o w a r d s  a  c o n s t a n t  

v a l u e  b e t w e e n  18*5^* a n d  21 * 3 ' '  o f  a r c  a r e  c o n s i d e r e d  m o s t  

s a t i s f a c t o r y  i n  s p i t e  o f  s m a l l  d i f f e r e n c e s  b e t w e e n  t h e  tw o
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p a i r s  o f  q u a d r a n t s  a n d  i r r e g u l a r i t i e s ,  o u t s i d e  t h e  a c c u r a e y  

o f  m e a s u r e m e n t ,  w h i c h  i s  d u e  t o  l a c k  o f  p e r f e c t  s y m m e t r y  a s  

r e v e a l e d  b y  t h e  s m a l l  r e s i d u a l  i n d u c t a n c e s  w h e n  t h e  f i e l d  

c o i l s  a r e  i n  o p p o s i t i o n .  F o r  i t  m u s t  b e  p o i n t e d  o u t  t h a t ,  i n  

a n  a c t u a l  r e s i s t a n c e  t e s t ,  t h e  v a l u e  o f  K i s  m e a s u r e d  

i m m e d i a t e l y  a f t e r  t h e  s p i n ,  b y  o b s e r v a t i o n s  a t  t h e  f o u r  

b o u n d a r i e s  o f  make  a n d  b r e a k  b e t w e e n  t h e  s e c t o r s  and  t h e  

b r u s h e s ,  a n d  t h e s e  b o u n d a r y  s e t t i n g s  a r e  r e p r o d u c i b l e  t i m e  

a f t e r  t i m e ,  t o  w i t h i n  0*05'* o f  a r c .

A t t a i n m e n t  o f  a  c o n s t a n t  s p e e d  o f  r e v o l u t i o n  s u i t a b l e  f o r  

t h e  m e a s u r e m e n t  o f  a  r e s i s t a n c e  v e r y  n e a r l y  e q u a l  t o  a n  

i n t e r n a t i o n a l  ohm.

W i t h  K o e n i g  t u n i n g  f o r k s  o f  n o m i n a l  f r e q u e n c i e s  3 2 0 ,

3 8 4 ,  a n d  5 1 2 ,  a n d  a  b a r  o f  f r e q u e n c y ,  2 8 8 * 6 ,  a n d  w i t h  

s y n c h r o n i s i n g  w h e e l s  h a v i n g  2 0 ,  2 4 ,  3 0 ,  3 6 ,  a n d  4 4  t e e t h ,  a  

v a r i e t y  o f  s p e e d s  o f  r e v o l u t i o n  w e r e  o b t a i n e d ,  e n a b l i n g  a  

n u m b e r  o f  r e s i s t a n c e s  r a n g i n g  f r o m  0*71  ohms t o  0*96  ohms 

t o  b e  m e a s u r e d  a b s o l u t e l y .

A c r u c i b l e  s t e e l  b a r  o f  a p p r o x i m a t e  d i m e n s i o n s  2 * 5 4  c m s x  

1 * 27  c m s . X  3 8 * 1  cm s .  w a s  p r e p a r e d  and d r i l l e d  f o r  n o d e s  a t  

p o s i t i o n s  f r o m  i t s  e n d s  e q u a l  t o  0 * 2 2 4  t i m e s  i t s  l e n g t h .

A f t e r  s l i g h t  a d j u s t m e n t  b y  f i l i n g  and  r u b b i n g ,  a  f r e q u e n c y  

o f  4 5 1 * 1 1  p e r  s e c o n d  a t  1 8 ' 2 ^ 0  w a s  o b t a i n e d  a nd  m e a s u r e d  w i t h  

t h e  a i d  o f  t h e  4 4  t o o t h e d  w h e e l .  T h i s  b a r  w as  t h e n  u s e d  a t  

t h e  same t e m p e r a t u r e  an d  s e t t i n g  w i t h  t h e  30  t o o t h e d  w h e e l
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and  a  s p e e d  o f  r e v o l u t i o n  o f  t h e  a p p a r a t u s  o f  1 5 - 0 3 7  p e r  

s e c o n d  w as  o b t a i n e d .  T h i s  e n a b l e d  a  b a l a n c i n g  r e s i s t a n c e  o f
9

l - 0 0 0 7 g X l 0  e . g . s .  u n i t s  e q u i v a l e n t  t o  1 - 0 0 0 2  i n t e r n a t i o n a l  

ohm s,  t o  b e  s e t  up a n d  c o m p a r e d  o n  a  p o t e n t i o m e t e r  v e r y  

a c c u r a t e l y  w i t h  a  s t a n d a r d  i n t e r n a t i o n a l  o h m ( E . P . L . C e r t . 5 8 9 5 4 )  

T y p i c a l  r e s i s t a n c e  t e s t  w i t h  d a t a .

The b r u s h  c o n t a c t s  a r e  c l e a n e d  w i t h  p e t r o l  and  t e s t e d .

A p r e l i m i n a r y  s p i n  i s  t h e n  made w i t h  n o  c u r r e n t  f l o w i n g  

t h r o u g h  t h e  f i e l d  c o i l s  i n  o r d e r  t o  a d j u s t  t h e  c u r r e n t  i n  t h e  

e a r t h  c o i l s  t o  n e u t r a l i s e  e x a c t l y  t h e  e a r t h ’ s  v e r t i c a l  f l u x  

t h r o u g h  t h e  r o t o r .

The s p e e d  o f  r e v o l u t i o n  o f  1 5 - 0 3 7  p e r  s e c o n d  i n  

a c c o r d a n c e  w i t h  t h e  p r e c e e d i n g  p a r a g r a p h ,  w as  o b t a i n e d  and  

m a i n t a i n e d ,  t h e  f i e l d  c o i l  c u r r e n t  o f  1  a m p e r e  w as  s t a r t e d  

and  a  p r e l i m i n a r y  b a l a n c e  o n  a  m i l l i - v o l t m e t e r  w as  o b t a i n e d  

b e t w e e n  t h e  g e n e r a t e d  e . m . f .  and  t h a t  d ra w n  o f f  thejÉtdj u s t a b l e  

r e s i s t a n c e  E .  The f i n a l  b a l a n c e  o n  a  s e n s i t i v e  g a l v a n o m e t e r  

i s  o b t a i n e d  b y  t h e  f i n e  a d j u s t m e n t  o f  R u n t i l  t h e  r e v e r s a l  

o f  t h e  c u r r e n t  b y  k e y  K ,  F i g . V I I  p r o d u c e s  n o  c h a n g e  i n  t h e  

p o s i t i o n  o f  t h e  s p o t  o n  t h e  s c a l e .  T h i s  b a l a n c e  i s  c h e c k e d  

w i t h  t h e  r e v e r s a l  o f  b o t h  k e y s  and  K ^ .  H a v i n g  s e t  H t o  a  

v a l u e  c o r r e s p o n d i n g  t o  a  d e f i n i t e  s y n c h r o n i s e d  s p e e d lo f  

r e v o l u t i o n ,  c o m p a r i s o n  i s  made a t  o n c e , o n  a  p o t e n t i o m e t e r ,  

o f  R w i t h  t h e  s t a n d a r d  i n t e r n a t i o n a l  ohm.
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The l e a d s  o f  t h e  a n g l e  c o i l  a n d  r o t o r  a r e  now a r r a n g e d  

f o r  t h e  d e t e r m i n a t i o n  o f  t h e  c o n s t a n t  K b y  o b s e r v a t i o n ^ f  M 

and  a t  t h e  f o u r  s e c t o r  e d g e s  w h i c h  a r e  d e f i n e d  t o  w i t h i n  

0*05** b y  t h e  m e th o d  o f  s e t t i n g  d e s c r i b e d  i n  § 5 .

F i n a l l y ,  t h e  f r e q u e n c y  o f  t h e  b a r  i s  c h e c k e d  a t  1 8 * 2 ^ 0 .  

F o r  t h i s  p u r p o s e ,  t h e  m o t o r  i s  d i s c o n n e c t e d  f r o m  t h e  s h a f t  

o f  t h e  r o t o r  and  t h e  44  t o o t h e d  w h e e l  i s  p u t  o n  i n  p l a c e  o f  

t h e  30 t o o t h e d  s y n c h r o n i s i n g  w h e e l .

The v a l u e  o f  1  i n  e . g . s .  u n i t s  i s  c a l c u l a t e d  f r o m  S q . l  

i n  t h e  p r a c t i c a l  f o r m : -

H =  216  X 10® X  z  x n / t .  

w h e r e  E i s  t h e  f r e q u e n c y  o f  t h e  c o n t r o l l i n g  b a r  o r  f o r k ,  

a nd  t  i s  t h e  n u m b e r  o f  t e e t h  o n  t h e  s y n c h r o n i s i n g  w h e e l .

K i s  i n  t r u e  m i c r o - h e n r i e s  p e r  m i n u t e .  The c o r r e c t i n g  f a c t o r  

f r o m  n o m i n a l  t o  t r u e  m i c r o - h e n r i e s  i s  o b t a i n e d  w i t h  a  10  

m i l l i - h e n r y  s t a n d a r d  ( l . P . L . C e r t . J f o .  ) .

The d a t a  f o r  a  t y p i c a l  e x p e r i m e n t  a r e  g i v e n  i n  

T a b l e  6 ,  and  t h e  t a b u l a t e d  r e s u l t s  o f  a l l  e x p e r i m e n t s  t o  

d e t e r m i n e  r e s i s t a n c e  a b s o l u t e l y  w i t h  t h i s  a p p a r a t u s ,  a r e  

g i v e n  i n  T a b l e  7 .



3 4 .

T a b l e  6 .  D a t a  o f  a  t y p i c a l  r e s i s t a n c e  e x p e r i m e n t .

B a r  f r e q u e n c y ----------- 4 5 1 * 1 1 ;  30  t o o t h e d  w h e e l .

P o t e n t i o m e t e r  r e a d i n g  o f f  H --------------------------  9 0 * 0 2 2

P o t e n t i o m e t e r  r e a d i n g  o f f  0 * 9 9 9 9 8

i n t e r n a t i o n a l  ohm. --------------------  9 0 * 0 0 0

V a l u e  o f  a  i n  i n t e r n a t i o n a l  ohms — ----------  1 * 0 0 0 2 2

” " a  " t r u e  ohms ----------------------------------- 1 * 0 0 0 7 4

D e t e r m i n a t i o n  o f  K;

Q u a d r a n t M Mq e i n  

m i n u t e s

1 / 4  m ax . ( 1 0 6 1 9 - 4 ) 1 0 8 1 1 * 7

2 / 3  m ax . ( 1 0 6 1 9 * 5 ) 1 0 8 1 1 * 7

1 3 6 2 8 * 1 3 6 3 5 * 4 1 1 7 8 - 9 0

2 3 6 6 6 * 5 3 6 6 7 " 7 1 1 8 9  * 81

3 3 6 2 1 * 5 3 6 2 8 * 4 1 1 7 6 * 5 4

4 3 7 4 8  * 9 3 7 4 7 * 2 1 2 1 6  *72

W h e n c e : -  M’ / O ’ =  3 * 0 7 9 5 7  n o m i n a l  pH p e r  m i n u t e .

D f / e "  =  3 * 0 7 9 6 5  " pH " ” .

K ==r 3 - 0 7 9 6 1  ” pH .

=  3 - 0 8 1 4 6  t r u e  pH ” ” .

D e t e r m i n a t i o n  o f  H: W i t h  t h e  b a r  a t  18*2®C a n d  t h e  4 4  

t o o t h e d  w h e e l  i n  p o s i t i o n ,  tw o  i d e n t i c a l  c o u n t s  o f  3 6 , 9 0 9  

w e r e  r e g i s t e r e d  i n  tw o  s u c c e s s i v e  h o u r s #  H = 4 5 1 * 1 1

E 1 -0 0 0 8 5  X 10 e . g . s .  u n i t s .
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T a b l e  7 . S h o w in g  t a b u l a t e d  d a t a  o f  e x p e r i m e n t s  t o  d e t e r m i n e  

r e s i s t a n c e  a b s o l u t e l y  a n d  t h e  r e s u l t s .

N f r e q u e n c y  

o f  f o r k  o r  

b a r

t  t e e t h  

o f  

w h e e l

h / t  r e v s  

p e r  s e c .

K  t r u e  pH 

p e r  

m i n u t e

H XIO® a  b y  comp.

e . g . s . t r u e

u n i t s o hm s .

0 * 9 6 0 3 2 0 * 9 6 0 2 2

0 - 8 0 0 2 6 0 * 8 0 0 1 9

0 * 7 7 4 2 0 0 * 7 7 4 1 5

0 - 9 4 6 2 5 0 * 9 4 6 1 8

0 * 8 5 2 0 5 0 * 8 5 2 0 2

0 * 7 1 0 0 4 0 * 7 1 0 0 8

0 * 7 0 9 8 4 0 * 7 0 9 8 7

0 * 8 8 7 3 0 0 * 8 8 7 2 7

1 * 0 0 0 8 5 1 * 0 0 0 7 0

1 * 0 0 0 8 5 1 * 0 0 0 7 4

1  * 0 0 0 85 1 * 0 0 0 7 2

0 * 8 3 4 0 4 0 * 8 3 3 9 6

2 8 8 * 5 7 20 1 4 * 4 2 9

2 8 8 - 5 7 2 4 1 2 * 0 2 4

5 1 1 . 8 5 4 4 1 1 * 6 3 3

5 1 1 . 8 5 36 1 4 - 3 1 8

3 8 4 * 0 6 3 0 12-  8 0 2

3 8 4 * 0 6 36 1 0 - 6 6 9

319* 95 30 1 0 * 6 6 5

3 1 9 * 9 5 24 1 3 * 3 3 1

4 5 1 * 1 1 3 0 1 5 * 0 3 7

4 5 1 * 1 1 30 1 5 * 0 3 7

4 5 1 * 1 1 30 1 5 - 0 3 7

451-  11 36 1 2 - 5 3 1

3 - 0 8 1 3 4  I  

3 - 0 8 1 1 4  I  

j s - 0 8 1 3 1  I  

j s - 0 8 1 3 7  I  

[ 3 -0 8 1 4 6  I  

[3 - 0 8 1 4 5  I
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F i g u r e  1 o v e r l e a f ,
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PAIT I I .

The A b s o l u t e  M e a s u r e m e n t  o f  E l e c t r i c a l  R e s i s t a n c e  b y  a  

M e th o d  u s i n g  t h e  a v e r a g e  E l e c t r o - M o t i v e  F o r c e  o f  a  

C o m m u t a t i n g  G e n e r a t o r .

§ 1. I n t r o d u c t i o n .

The m e t h o d  o f  m e a s u r i n g  a n  e l e c t r i c a l  r e s i s t a n c e  

a b s o l u t e l y , ( f i g . 1 ) ,  b y  b a l a n c i n g  t h e  e . m . f .  a c r o s s  i t  w h e n  

c o n v e y i n g  d i r e c t  e l e c t r i c  c u r r e n t  a g a i n s t  t h e  a v e r a g e  e . m . f #  

a c r o s s  a  c o m m u t a t i n g  g e n e r a t o r ,  t h e  f i e l d  c o i l s  o f  w h i c h  a r e  

t r a v e r s e d  b y  t h e  s a m e  c u r r e n t ,  w a s  s u g g e s t e d  b y  R o s a  ( B u l l .

B e r . S t a n d a r d s  5 . 4 9 9 . 1 9 0 0 . ) .  A l t h o u g h  R o s a  p r o p o s e d  a  f o r m  o f  

a p p a r a t u s  a n d  a  m e t h o d  o f  p r o c e d u r e  o f  w h i c h  a n  a c c o u n t  i s  

g i v e n  i n  t h e  D i c t i o n a r y  o f  A p p l i e d  P h y s i c s  V o l . I I . p . 2 2 6 . ,  

d i f f i c u l t i e s  h a v e  b e e n  e n c o u n t e r e d  a n d  n o  e x p e r i m e n t a l  d a t a  

d e r i v e d  f r o m  a n y  f o r m  o f  t h i s  m e t h o d ,  h a v e  e v e r  b e e n  p u b l i s h e d  

The m e t h o d  i s  a t t r a c t i v e  o n  a c c o u n t  o f  t h e  h i g h  

s e n s i t i v i t y  d u e  t o  t h e  l a r g e  e . m . f .  i n v o l v e d  a n d  t o  t h e  

s i m p l i c i t y  o f  t h e  b a s i c  e x p r e s s i o n  f o r  S ,  t h e  r e s i s t a n c e  t o  

b e  m e a s u r e d  v i z ; -

R =  4 n .M o --------------------------------------------------------------------- ( 1 )

w h e r e  n  i s  t h e  f r e q u e n c y  o f  r e v o l u t i o n  o f  t h e  g e n e r a t o r  and  

i s  t h e  maximum m u t u a l  i n d u c t a n c e  b e t w e e n  t h e  r o t o r  a n d  

t h e  f i e l d  c o i l s .

On t h e  o t h e r  h a n d ,  a  n u m b e r  o f  d i f f i c u l t i e s  a r i s e ,  m o s t  

o f  w h i c h  a r e  a s s o c i a t e d  w i t h  t h e  b r e a k  o f  c o n t a c t  t h r o u g h  t h e
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d e t e c t i n g  g a l v a n o m e t e r ,  d u e  t o  t h e  g a p s  i n  t h e  c o m m u t a t o r .

One o f  t h e s e  d i f f i c u l t i e s  v i z .  t h e  b r e a k  i n  t h e  e . m . f .  o f  t h e  

c o m m u t a t i n g  g e n e r a t o r ,  i s  r e a d i l y  o v e r c o m e  b y  a r r a n g i n g  t h a t  

t h e  m u t u a l  i n d u c t a n c e  b e t w e e n  t h e  r o t o r  a n d  t h e  f i e l d  c o i l s  

i s  v e r y  f l a t  a r o u n d  t h e  maximum v a l u e  s o  t h a t  t h e  e . m . f .  i s  

s e n s i b l y  z e r o  o v e r  c o n s i d e r a b l e  r a n g e  a n d  c o m m u t a t i o n  may 

b e  e f f e c t e d  w i t h o u t  c o n s i d e r a b l e  l o s s .  T h e r e  s t i l l  r e m a i n s ,  

h o w e v e r ,  t h e  g r e a t e r  d i f f i c u l t y  a s s o c i a t e d  w i t h  t h e  

i n t e r r u p t i o n  o f  t h e  s t e a d y  e . m . f . d r a w n  o f f  t h e  r e s i s t a n c e  1  

a n d  a c c o r d i n g l y  R o s a  s u g g e s t e d  t h e  u s e  o f  a  d i f f e r e n t i a l  

g a l v a n o m e t e r  a s  t h e  d e t e c t o r ,  o n e  c o i l  o f  w h i c h  w a s  i n  

u n i n t e r r u p t e d  c o n n e c t i o n  w i t h  R w h i l e  o t h e r  s i m i l a r  c o i l s  

w e r e  i n  c o n n e c t i o n  w i t h  h i s  c o m p o s i t e  r o t o r .  T h i s  u s e  o f  

a  d i f f e r e n t i a l  g a l v a n o m e t e r ,  p e r m i t t i n g  q u a n t i t i e s  o f  

e l e c t r i c i t y ,  w h o s e  a g g r e g a t e  v a l u e s  o v e r  a  p e r i o d  o f  

r e v o l u t i o n  a r e  n o t  z e r o ,  t o  f l o w  t h r o u g h  t h e  c o i l s ,  a d d s  

c o n s i d e r a b l e  c o m p l i c a t i o n  t o  t h e  m e t h o d  a n d  p r e v e n t s  t h e  

r e a l i s a t i o n  o f  a  s i m p l e  n u l l  b a l a n c e  w h i c h  i s  i n d e p e n d e n t  

o f  t h e  r e s i s t a n c e  o f  t h e  d e t e c t o r  c i r c u i t .  A f u r t h e r  

d i f f i c u l t y ,  i n h e r e n t  i n  t h e  m e t h o d ,  i s  a s s o c i a t e d  w i t h  t h e  

e f f e c t  o f  t h e  s e l f - i n d u c t a n c e  o f  t h e  r o t o r  t h r o u g h  w h i c h  a  

c u r r e n t  i s  r e v e r s e d  a t  e a c h  i n t e r r u p t i o n  w h e n  a  s i m p l e  

d e t e c t o r  i s  u s e d ;  o n  t h e  o t h e r  h a n d ,  i f  t h e  r o t o r  i s  c o n n e c t e d  

t o  t h e  c o i l  o f  a  d i f f e r e n t i a l  g a l v a n o m e t e r  a n d  a l l o w e d  t o  

g i v e  u n i - l a t e r a l  c u r r e n t ,  o t h e r  i n d u c t i v e  c o m p l i c a t i o n s  

a r i s e .
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F i g u r e  3 .  S h o w in g  t h e  v a r i a t i o n  o f  m u t u a l  i n d u c t a n c e  

" b e tw e e n  o n e  r o t o r  c o i l  a n d  t h e  t w i n  f i e l d  c o i l s  a t  

d i f f e r e n t  d i s p l a c e m e n t s  f o r  t h r e e  d i f f e r e n t  d i s t a n c e s  

o f  t h e  r o t o r  a w ay  f r o m  t h e  a x i s  o f  r o t a t i o n .  The 

c o n t r a s t  w i t h  t h e  S i n e  Law i s  i n d i c a t e d  b y  t h e  d o t t e d  

l i n e .  V a l u e s  a r e  g i v e n  i n  T a b l e  8 ,  p a g e  5 4 ,  §  6 .
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I n  t h e  p r e s e n t  p r e l i m i n a r y  i n v e s t i g a t i o n  h e r e  d e s c r i b e d ,  

t h e  e . m . f .  a c r o s s  t h e  r e s i s t a n c e  H i s  d i r e c t l y  b a l a n c e d  f o r  

z e r o  a g g r e g a t e  q u a n t i t y  o f  e l e c t r i c i t y  t h r o u g h  a  b a l l i s t i c  

g a l v a n o m e t e r  a g a i n s t  t h e  a v e r a g e  e . m . f .  o f  a  c o m m u t a t i n g  

g e n e r a t o r .  By a  new m e t h o d ,  t h e  r o t o r  i s  m ade  t o  h a v e  s u c h  

a n  e x t r a o r d i n a r y  f l a t  maximum o f  m u t u a l  i n d u c t a n c e  w i t h  t h e  

f i e l d  c o i l s ,  t h a t ,  o v e r  a  r a n g e  o f  som e 16** o f  a r c  i n  t h e  

n e i g h b o u r h o o d  o f  c o m m u t a t i o n ,  n o  e . m . f .  i s  g e n e r a t e d .

F u r t h e r ,  o v e r  a  p o r t i o n  o f  t h i s  r a n g e  c o v e r i n g  t h e  

a c t u a l  c o m m u t a t i o n ,  t h e  r o t o r  t o g e t h e r  w i t h  a n  a d j u s t a b l e  

r e s i s t a n c e  i s  s h o r t - c i r c u i t e d ,  t h u s  e n a b l i n g  t h e  e . m . f .  

a c r o s s  t h e  r e s i s t a n c e  H t o  s u f f e r  n o  i n t e r r u p t i o n  b u t  t o  

s u p p l y  i n s t e a d  t h e  e x t r a  q u a n t i t y  o f  e l e c t r i c i t y , a b s o r b e d  b y  

t h e  r o t o r  o n  r e v e r s a l  o f  t h e  c u r r e n t  t h r o u g h  i t  a t  c o m m u t a t i o n  

d u e  t o  i t s  s e l f - i n d u c t a n c e .  I n  t h i s  w a y ,  t h e  tw o  m a i n  e r r o r s  

a r i s i n g  f r o m  t h e  e f f e c t s  o f  c o m m u t a t i o n  a n d  s e l f - i n d u e t a n c e  

a r e  s e t  a g a i n s t  e a c h  o t h e r  a n d  n e u t r a l i s a t i o n  i s  r e a d i l y  

a f f e c t e d  b y  e x p e r i m e n t a l  t e s t .

^  2 . A t t a i n m e n t  o f  a  f l a t  maximum o f  m u t u a l  i n d u c t a n c e  

b e t w e e n  a  r o t o r  a n d  t w i n  f i e l d  c o i l s .

E o s a  ( l o c . c i t . )  p r o p o s e d  t h e  u s e  o f  t w i n  f i e l d  c o i l s  

s e t  s o m e w h a t  f u r t h e r  a p a r t  t h a n  t h e  H e l m h o l t z  d i s t a n c e  o f  

s e p a r a t i o n  w i t h  a  r o t o r  o f  l a r g e  d i a m e t e r ,  s e t  s y m m e t r i c a l l y  

b e t w e e n  t h e m .  A m o r e  c o n v e n i e n t  a n d  e f f i c i e n t  a r r a n g e m e n t  

h a s  b e e n  t e s t e d  b y  t h e  w r i t e r  o n  t h e  s u g g e s t i o n  o f  Dr 

H e t t l e t o n  a n d  c o n s i s t s  o f  tw o  f i e l d  c o i l s  ( F i g . 2 . )  A a n d  B,



F i g u r e  4  o v e r l e a f .

38a

, .  s ' f

î ,, Ùï

i m i ï  # 4 :

: 5a3  g ' a $ l q #



C U R V E  JT

dï
y»* Jtptt

ZSO

90*60* to'10*

F i g u r e  4 ♦ S h o w i n g  i n : -

C u r v e  I *  M / 3 0 0 ,  t h e  m u t u a l  i n d u c t a n c e  o f  t h e  r o t o r  

w i t h  t h e  t w i n  f i e l d  c o i l s ,  a g a i n s t  t h e  

a n g l e  o f  d i s p l a c e m e n t  o f  t h e  r o t o r  i n  

d e g r e e s  f r o m  t h e  c o n j u g a t e  p o s i t i o n .

C u r v e  I I .  dM /d6  o f  t h e  r o t o r  a g a i n s t  t h e  sa m e  a n g l e  

The  v a l u e s  f r o m  w h i c h  t h e s e  c u r v e s  a r e  d e r i v e d  a r e  sh o w n  

i n  t a b l e s  9 a n d  1 0  o n  p a g e s  56 a n d  6 7 .
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s e p a r a t e d  b y  a n y  s m a l l  d i s t a n c e ,  a n d  tw o  r e l a t i v e l y  s m a l l  

t w i n  r o t o r  c o i l s ,  C a n d  D, w i t h  t h e i r  p l a n e s  p a r a l l e l  a n d  

d i s p l a c e d  b y  a  d i s t a n c e  d f r o m  t h e  a x i s  o f  r o t a t i o n ,  w h e r e  

d i s  a p p r o x i m a t e l y  e q u a l  t o  h a l f  t h e  r a d i u s  o f  t h e  f i e l d  

c o i l s .  By a d j u s t m e n t  o f  d ,  t h e  maximum f l a t  o f  m u t u a l  i r u u o t a n c  

i n d u c t a n c e  i s  r e a d i l y  a t t a i n e d .

The d e g r e e  o f  f l a t  o f  m u t u a l  i n d u c t a n c e  o b t a i n a b l e  

a r o u n d  t h e  maximum w i t h  t h e  r o t o r  s h o w n  i n  F i g . 1 1 . ,  w i l l  b e  

g a t h e r e d  f r o m  t h e  c u r v e s  o f  F i g . 3 .  w h i c h  show  t h e  v a r i a t i o n  

o f  m u t u a l  i n d u c t a n c e  w i t h  d i s p l a c e m e n t  b e t w e e n  o n e  o f  t h e  

r o t o r  c o i l s  a n d  t h e  f i e l d  c o i l s  a t  t h r e e  s l i g h t l y  d i f f e r e n t  

d i s t a n c e s  d aw ay  f r o m  ÿ h e  a x i s  o f  r o t a t i o n .  The  c o n t r a s t  

w i t h  t h e  S i n e  Law w h i c h  o c c u r s  a p p r o x i m a t e l y  w h e n  d e q u a l s  0 ,  

i s  sh o w n  b y  t h e  d o t t e d  c u r v e .  I n  t h e  p o s i t i o n  o f  maximum 

f l a t ,  t h e  e x t r e m e  v a r i a t i o n  o f  m u t u a l  i n d u c t a n c e  i s  o n l y  

C -£  |xH i n  5 3 1 7  o v e r  a  r a n g e  o f  16*^ o f  a r c .

§  3 . The w a v e  f o r m  o f  t h e  e . m . f .  f r o m  t h e  g e n e r a t o r  a n d  o f  

t h e  c u r r e n t s  t h r o u g h  t h e  d e t e c t o r  a n d  r o t o r  a t  n u l l  b a l a n c e .

W i t h  t h e  a i d  o f  a n  a n g l e  c o i l  o b e y i n g  t h e  S i n e  Law 

i n s e r t e d  i n  t h e  h o l e  i n  t h e  o a k  b e d  ( F i g . 1 1 )  w i t h  t h e  p l a n e  

o f  i t s  w i n d i n g s  p a r a l l e l  t o  t h o s e  o f  t h e  r o t o r  c o i l s ,  t h e  

m u t u a l  i n d u c t a n c e  M b e t w e e n  t h e  tw o  t o t o r  c o i l s  i n  s e r i e s  

a n d  t h e  t w i n  f i e l d  c o i l s ,  w a s  d e t e r m i n e d  a t  v a r i o u s  a n g l e s  

o f  d i s p l a c e m e n t  6 f r o m  t h e  common c o n j u g a t e  p o s i t i o n s .  The 

v a r i a t i o n  o f  M w i t h  6 o v e r  a  q u a d r a n t  i s  s h o w n  b y  C u r v e  I  

F i g . 4 .  a n d  t h e  c o r r e s p o n d i n g  v a l u e s  o f  dM/d6 p r o p o r t i o n a l
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e . m . f .  d e r i v e d  f r o m  t h e  c o m m u t a t i n g  g e n e r a t o r .
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F i g u r e  6 .  S h o w i n g  t h e  w a v e  f o r m  o f  t h e  c u r r e n t  t h r o u g h  

t h e  d e t e c t o r  a t  b a l a n c e .
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F i g u r e  7 .  S h o w i n g  t h e  w a v e  f o r m  o f  t h e  c u r r e n t  t h r o u g h  

t h e  r o t o r  a t  b a l a n c e  f o r  z e r o  a g g r e g a t e  q u a n t i t y  o f  

e l e c t r i c i t y  t h r o u g h  t h e  d e t e c t o r .

r::. 01



4 0 .

t o  t h e  g e n e r a t e d  e . m . f .  u n d e r  u n i f o r m  r a t e  o f  r o t a t i o n  i s  

s h o w n  i n  C u r v e  I I  o f  t h e  sa m e  f i g u r e .  The  a r e a  b e t w e e n  t h i s  

c u r v e  a n d  t h e  a x i s  i s  e q u a l  t o  t h a t  o f  t h e  r e c t a n g l e  s h o w n .

The  e x p e r i m e n t a l  d a t a  f r o m  w h i c h  t h e s e  c u r v e s  a r e  d e r i v e d , a r e  

g i v e n  i n  T a b l e s  9 a n d  1 0 ,  i n  5^6, u n d e r  e x p e r i m e n t a l  t e s t s .

I n  t h e  a c t u a l  e x p e r i m e n t a l  m e a s u r e m e n t  o f  r e s i s t a n c e ,  a  

b a l a n c e  f o r  z e r o  a g g r e g a t e  q u a n t i t y  o f  e l e c t r i c i t y  t h r o u g h  

t h e  d e t e c t o r  m u s t  b e  o b t a i n e d  f r o m  t h e  tw o  o p p o s i n g  e . m . f * s .  

s h o w n  i n  F i g . 5 . ;  t h e  o n e  i s  a  s t e a d y  e . m . f .  d r a w n  o f f  t h e  

r e s i s t a n c e  R u n d e r  t e s t , a n d  t h e n o t h e r , t h e  v a r i a b l e  c o m m u t a t e d  

e . m . f .  h a v i n g  z e r o  v a l u e  i n  t h e  n e i g h b o u r h o o d  o f  c o m m u t a t i o n .

The  r e s u l t a n t  w a v e  f o r m  o f  t h e  c u r r e n t  t h r o u g h  t h e  

d e t e c t o r  a t  b a l a n c e  f o r  z e r o  a g g r e g a t e  q u a n t i t y  o f  e l e c t r i c i t y  

i s  sh o w n  i n  F i g . 6 .  a n d  h a s  a  p e r i o d  e q u a l  t o  h a l f  t h e  t i m e  o f  

r e v o l u t i o n  o f  t h e  r o t o r .  O v e r  a  r a n g e  o f  5 0 - 5  o n  e a c h  s i d e  

o f  t h e  maximum o f  m u t u a l  i n d u c t a n c e ,  a  c u r r e n t  f l o w s  t h r o u g h  

t h e  d e t e c t o r  i n  t h e  p o s i t i v e  d i r e c t i o n ,  a n d  o v e r  t h e  r a n g e  

o f  39 «5** o n  e a c h  s i d e  o f  t h e  z e r o  o f  m u t u a l  i n d u c t a n c e  a n  

e q u a l  q u a n t i t y  o f  e l e c t r i c i t y  f l o w s  t h r o u g h  t h e  d e t e c t o r  i n  

t h e  n e g a t i v e  d i r e c t i o n .  The  c u r r e n t  m a g n i t u d e  c^ i s  e q u a l  t o  

t h a t  t h r o u g h  t h e  d e t e c t o r  w h e n  t h e  r o t o r  i s  a t  r e s t .

The  w a v e  f o r m  o f  t h e  c u r r e n t  t h r o u g h  t h e  r o t o r  a t  b a l a n c e  

f o r  z e r o  a g g r e g a t e  q u a n t i t y  o f  e l e c t r i c i t y  t h r o u g h  t h e  

d e t e c t o r ,  i s  s h o w n  i n  F i g . 7 .  a n d  h a s  a  p e r i o d  e q u a l  t o  t h e  

t i m e  o f  r e v o l u t i o n  o f  t h e  r o t o r .  The c u r r e n t  i s  r e v e r s e d  

t h r o u g h  t h e  r o t o r  i n  t h e  n e i g h b o u r h o o d  o f  e a c h  c o m m u t a t i o n .
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§  4 .  T h e o r y  o f  t h e  m e t h o d .

S i m p l e  t h e o r y ;  T he  t i m e  o f  c o m m u t a t i o n  a n d  s e l f - i n d u c t a n c e

n e g l i g i b l e .

I n  t h e  a r r a n g e m e n t  s h o w n  i n  F i g . 8* t h e  p r i m a r y  c i r c u i t  

c o n s i s t s  o f  a  s t e a d y  v o l t a g e  Ë ,  i n  s e r i e s  w i t h  1 ,  t h e  

r e s i s t a n c e  t o  b e  m e a s u r e d ,  a n d  a d d i t i o n a l  r e s i s t a n c e  Z w h i c h  

i n c l u d e s  t h e  f i e l d  c o i l s .  The  s e c o n d a r y  c i r c u i t ,  d r a w n  o f f  

t h e  p o t e n t i a l  l e a d s  o f  E ,  i n c l u d e s  a  h i g h  r e s i s t a n c e  b a l l i s t i c  

g a l v a n o m e t e r  o f  r e s i s t a n c e  G r ,  t h e  l o w  r e s i s t a n c e  c o m m u t a t i n g  

r o t o r  o f  r e s i s t a n c e  r ,  a n d  a d d i t i o n a l  r e s i s t a n c e  b r i n g i n g  

t h e  t o t a l  v a l u e  o f  t h e  r e s i s t a n c e  o f  t h i s  s e c o n d a r y  c i r c u i t  

t o  F .

L e t  e  b e  t h e  i n s t a n t a n e o u s  v a l u e  o f  t h e  o p p o s i n g  

g e n e r a t e d  e . m . f .  f r o m  t h e  r o t o r  a n d  l e t  C a n d  c b e  t h e  

i n s t a n t a n e o u s  v a l u e s  o f  t h e  p r i m a r y  a n d  s e c o n d a r y  c u r r e n t s .

L e t  C a n d  c  h a v e  v a l u e s  a n d  c ^  r e s p e c t i v e l y  w h e n  e  i s  

z e r o  f o r  s e v e r a l  d e g r e e s  a r o u n d  t h e  p o s i t i o n s  o f  c o m m u t a t i o n .  

T h e n ,  b y  a p p l y i n g  K i r c h h o f f * s  Law s  t o  t h e  p r i m a r y  a n d  

s e c o n d a r y  c i r c u i t s  a n d  n e g l e c t i n g  t h e  m i n u t e  b a c k  e . m . f .  d u e  

t o  t h e  c u r r e n t  c r e a c t i n g  i n  t h e  p r i m a r y  c i r c u i t ,  we h a v e : -

C X + ( G - c ) H  =  E  -------------------------------------- ( 2 4

c F -  (C — c ) H  = r - ^ e    — ( 3 )

W h ence  C = ( E + c E ) / ( Z - ^ R )   ( 4 )

C^ = S ( F - ^ H ) / y     ( 5 )

c = E E / Y  — e ( Z " f " E ) / Y  ---------------------------------- ( 6 )
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c =  E R / y  ---------------------------------------------------- ( 7 )
O '

w h e r e  Y =  F X - t F R ^ X R .

Eow t h e  b a c k  e . m . f . ,  e = r d ( C M ) / d t  w h e r e  M i s  t h e  m u t u a l  

i n d u c t a n c e  a t  a  t i m e  t  b e t w e e n  t h e  r o t o r  a n d  t h e  f i e l d  c o i l s .  

The  v a l u e  o f  M c h a n g e s  f r o m  t h e  n e g a t i v e  maximum i n  t h e  

p o s i t i o n  j u s t  a f t e r  a  c o m m u t a t i o n  s h o w n  a t  t h e  t i m e  t  = 0 ,  i n  

F i g . 9 .  t o  t h e  p o s i t i v e  maximum a t  a  t i m e  t  =• g-T ( t h e  t i m e  

o f  h a l f  a  r e v o l u t i o n )  w h e r e  t h e  n e x t  c o m m u t a t i o n  w i l l  t a k e  

p l a c e .  W h en ce  i n t e g r a t i n g  E q . 6 .  o v e r  h a l f  a  p e r i o d ; -

j l . a t  =  | S  • - .....................................( 8 )
Jo Y 2 Y Jc . f -Z Y J

o r  ^ c . d t  =  * f  X SGqMq ---------------------------- ( 9 )

w h e n c e  f o r  z e r o  a g g r e g a t e  q u a n t i t y  o f  e l e c t r i c i t y  t h r o u g h  

t h e  d e t e c t o r  o v e r  a n y  n u m b e r  o f  h a l f  c y c l e s ; -

R = 4n.Mo.0^(Z+R)/E    {10)

w h e r e  n  = l / I  i s  t h e  f r e q u e n c y  o f  r e v o l u t i o n .

By t h e  a p p l i c a t i o n  o f  E q s .  5 a n d  7 ,  t h i s  i s  s i m p l i f i e d  t o ; -

H =  4 n . M Q ( l + C q .R/E) ------------------------------ (11)

R 4 n . M ^ | ^ l + R * / ( F Z + P R  +  ZRj^ ----------------------  ( 1 2 )

T h i s  sh o w s  t h a t  t h e  v a l u e  o f  t h e  c o r r e c t i n g  t e r m  w i l l  o n l y  

a m o u n t  t o  a  f e w  p a r t s  i n  a  m i l l i o n  a n d  t h a t  E q . l .  i s  h i g h l y  

a c c u r a t e .

C o n s i d e r a t i o n  o f  t h e  t i m e  o f  c o m m u t a t i o n  a n d  t h e  s e l f 

i n d u c t a n c e  o f  t h e  r o t o r .

I t  i s  i m p o s s i b l e  t o  e s t i m a t e  t h e  t i m e  o f  b r e a k  a t  

c o m m u t a t i o n  w i t h  a c c u r a c y  o r  t o  d i m i n i s h  t h i s  t i m e  s o  t h a t
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t h e  l o s s  o f  f l o w  i n  t h e  p o s i t i v e  d i r e c t i o n  d u e  t o  t h e  c u r r e n t

c ^  i s  n e g l i g i b l e .  I t  i s ,  h o w e v e r ,  e a s i l y  p o s s i b l e  t o  a r r a n g e

t h a t  t h e  r o t o r  i s  s h o r t - c i r c u i t e d  f o r  s u c h  a  t i m e  t h a t  M d o e s

n o t  c h a n g e  f r o m  i t s  v a l u e  d u r i n g  i t  a n d  y e t  i t  o v e r l a p s

e a c h  c o m m u t a t i o n ;  t h i s  a l l o w s  a  c u r r e n t  c , v e r y  s l i g h t l ys
g r e a t e r  t h a n  Cq , t o  f l o w  t h r o u g h  t h e  d e t e c t o r .  I f  r  i s  t h e  

r e s i s t a n c e  s h o r t - c i r c u i t e d ,  we h a v e : -

=  o ^ [ ^ H - r / ( P + R - r ) J  - ---------- ( 1 5 )

L e t  L b e  t h e  s e l f - i n d u c t a n c e  o f  t h e  r o t o r ,  a n d  l e t  t , a n d  t^

b e  t h e  t i m e s  o f  s h o r t - c i r c u i t  c o v e r i n g  t h e  tw o  c o m m u t a t i o n s

i n  e a c h  r e v o l u t i o n .  L e t  t ,  +  t^  = t .

C o n s i d e r  t h e  f i r s t  c o m m u t a t i o n .  J u s t  p r i o r  t o  t h e

s h o r t - c i r c u i t ,  a  c u r r e n t  c ^  i s  p a s s i n g  t h r o u g h  t h e  r o t o r  i n

a n  a n t i - c l o c k w i s e  d i r e c t i o n .  On s h o r t - c i r c u i t i n g ,  t h i s
—

c u r r e n t  d e c a y s  t h r o u g h  r  o n l y  t o  a  v a l u e  o ^ . e  , a n d  o n  

r e o p e n i n g  t h e  c i r c u i t ,  t h e  c l o c k w i s e  c u r r e n t  c ^  i s  e s t a b l i s h e d .  

The  t o t a l  c h a n g e  o f  f l u x  b u i l t  up  a t  t h e  e x p e n s e  o f  t h e
I

e n e r g y  t h r o u g h  t h e  d e t e c t o r  i s  t h u s  c ^ ( L  +  L, ) w h e r e  L / -  L . e  *•, 

a n d  i n  c o n s e q u e n c e  t h e r e  i s  a  d e f i c i t  i n  q u a n t i t y  o f  

e l e c t r i c i t y  t h r o u g h  t h e  d e t e c t o r  i n  t h e  p o s i t i v e  d i r e c t i o n  

o f  m a g n i t u d e  c ^ ( L - f L |  ) / ( F - f  R ) . i

L i k e w i s e ,  t h e  s e c o n d  c o m m u t a t i o n  c o v e r e d  b y  a  s h o r t -  

c i r c u i t  o f  t i m e  t j^ ,  w i l l  r e s u l t  i n  a  d e f i c i t  o f  t h e  q u a n t i t y  

o f  e l e c t r i c i t y  t h r o u g h  t h e  d e t e c t o r  o f  m a g n i t u d e  c (L -h I j^ ) / (  F f R )  

w h e r e  1^^= L . e  T he  t o t a l  l o s s  o f  q u a n t i t y  o f  e l e c t r i c i t y  

p a s s i n g  t h r o u g h  t h e  d e t e c t o r  i n  o n e  r e v o l u t i o n  d u e  t o
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s e l f - i n d u c t a n c e  i s  t h u s  c^^( E L + 1 , + ! ^  ) / (  F + H ) . I f  d u r i n g  

e a c h  s h o r t - c i r c u i t ,  t h e  r o t o r  i s  m o m e n t a r i l y  o n  o p e n  c i r c u i t  

L», a n d  w i l l  b e  z e r o .

C o n s i d e r  now t h e  t o t a l  q u a n t i t y  o f  e l e c t r i c i t y  f l o w i n g  

t h r o u g h  t h e  d e t e c t o r  i n  o n e  c o m p l e t e  r e v o l u t i o n  o f  p e r i o d  T ,  

D u r i n g  t h e  t i m e  T —t ,  we h a v e  f o r  t h e  t i m e  i n t e g r a l  o f  t h e
%

c u r r e n t ;  -

 ............

f o r  o w i n g  t o  t h e  f l a t  o f  m u t u a l  i n d u c t a n c e  d u r i n g  t h e  p e r i o d s

o f  c o m m u t a t i o n  a n d  s h o r t - c i r c u i t i n g ,  t h e  v a l u e  o f  M d o e s  n o t

v a r y  f r o m  o v e r  t h e  t i m e  t .  D u r i n g  t h e  t i m e  t  o f  b o t h

c o m m u t a t i o n s ,  t h e  q u a n t i t y  o f  e l e c t r i c i t y  f l o w i n g  t h r o u g h

t h e  d e t e c t o r  i s ; -

j ^ c . d t  = O g . t  -  Co ( 2L-#-L,+ L ; i ) / ( P + S )  - ...........................( 1 5 )

H e n c e ,  s u b s t i t u t i n g  f o r  c f r o m  E q . l 3 . ; -  
^  s

j T c . d t  . 4 G Q . M Q - / - c ^ . t . r / ( F - f R ~ r )

— L , - ^ L ; j ) / ( F - ^ R )  — ---------------------( 1 6 )

The l a s t  tw o  t e r m s  w h i c h  sh o w  t h e  e f f e c t  o f  t i m e  o f  s h o r t -  

c i r c u i t  a n d  o f  s e l f - i n d u c t a n c e  o f  t h e  r o t o r  r e s p e c t i v e l y  

a r e  v e r y  s m a l l  i f  F i s  l a r g e  a n d  h a v e  o p p o s i t e  s i g n s .  By 

n e u t r a l i s a t i o n ,  t h e i r  c o m b i n e d  e f f e c t  i s  z e r o  i f ; -

t =  ( E L + L , - f L i ) £ l / r - l / ( P + R )J — .....................— ( 1 7 )

o r  v e r y  a p p r o x i m a t e l y ,  i f : -

t  =  (2L4-  L , + L ^ ) / r     ( 1 8 )

w h a t e v e r  t h e  v a l u e  o f  c ^ .

U n d e r  t h e s e  c o n d i t i o n s ,  we h a v e  f o r  z e r o  a g g r e g a t e
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F i g u r e  9 .  S h o w i n g  t h e  d e v i c e  a n d  w i r i n g  t o  e n a b l e  e a c h  

c o m m u t a t i o n  t o  b e  c d v e r e d  b y  a  s h o r t - c i r c u i t  o f  t h e  r o t o r
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q u a n t i t y  o f  e l e c t r i c i t y  t h r o u g h  t h e  d e t e c t o r  o v e r  a n y  

n u m b e r  o f  p e r i o d s ,  t h e  E q s .  1 0 ,  1 1 ,  I E ,  a n d  1 a s  b e f o r e .

T he  a t t a i n m e n t  o f  b a l a n c e  b e t w e e n  t h e  e f f e c t s  o f  s h o r t -  

c i r c u i t  a n d  s e l f - i n d u c t a n c e .

A d e v i c e ,  e n a b l i n g  e a c h  c o m m u t a t i o n  t o  b e  c o v e r e d  b y  a  

s h o r t - c i r c u i t ,  i s  s h o w n  i n  P i g . 9 .  The e b o n i t e  c y l i n d e r  If, 

r e v o l v i n g  o n  t h e  s a m e  s h a f t  a s  t h e  c o m m u t a t o r  M, h a s  a  

l a r g e r  b r a s s  s e c t o r ,  e ,  c o n n e c t e d  t o  a  s m a l l e r  a n d  t a p e r e d  

b r a s s  s e c t o r ,  f ,  w h i c h  a r e  b o t h  t o u c h e d  b y  a d d i t i o n a l  b r u s h e s  

The  a d j u s t a b l e  r e s i s t a n c e  r^ , t o g e t h e r  w i t h  t h e  r e s i s t a n c e  r ,  

o f  t h e  r o t o r ,  c o n s t i t u t e  t h e  r e s i s t a n c e  r  w h i c h  i s  s h o r t -  

c i r c u i t e d .

I n  o r d e r  t o  a t t a i n  t h e  b a l a n c e  c o n d i t i o n s  r e p r e s e n t e d  

b y  E q s .  17  a n d  1 8 ,  t h e  v e r t i c a l  c o m p o n e n t  o f  t h e  e a r t h ’ s  

f i e l d  i s  n e u t r a l i s e d  b y  a  c u r r e n t  i n  t h e  c o i l s  V a n d  V

w h i c h  i s  a d j u s t e d  a s  i n  §  6 ,  P a r t  I I .

The f i e l d  c o i l s  a r e  t h r o w n  o u t  o f  t h e  p r i m a r y  c i r c u i t  

a n d  t h e  d e t e c t o r  G i s  r e p l a c e d  b y  a  dummy G, o f  t h e  sam e  

r e s i s t a n c e .  W i t h  t h e  r o t o r  a t  r e s t  i n  a n y  p o s i t i o n  i n  w h i c h  

t h e  s h o r t - c i r c u i t  a t  If i s  i n o p e r a t i v e ,  a  s t e a d y  c u r r e n t  c ^

i s  p a s s e d  a s  s h o w n  a n d  t h e  e . m . f .  d u e  t o  t h i s  c u r r e n t  a c r o s s

t h e  r e s i s t a n c e  S i s  b a l a n c e d  o n  a  p o t e n t i o m e t e r .  On s p i n n i n g  

t h e  r o t o r ,  t h e r e  i s  a n  i n c r e a s e  i n  t h e  a v e r a g e  v a l u e  o f  c ^  

d u e  t o  t h e  s h o r t -  c i r c u i t ,  a n d  a  d e c r e a s e  i n  t h e  a v e r a g e  

v a l u e  o f  c ^  d u e  t o  s e l f - i n d u c t a n c e ,  The l a t t e r  e f f e c t  b e c o m e s  

l a r g e r  i n  m a g n i t u d e  a s  t h e  f r e q u e n c y  i n c r e a s e s .  By a d j u s t i n g
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t h e  s i z e  o f  a r c  o f  t h e  t a p e r e d  s e c t o r ,  f ,  a t  t h e  b r u s h

c o n t a c t  a n d  t h e  v a l u e  o f  r ^  , i t  i s  e a s i l y  p o s s i b l e  t o

a r r a n g e  t h a t ,  a t  t h e  s y n c h r o n i s e d  s p e e d  o f  r e v o l u t i o n  n ,

p r e p a r e d  f o r  a  r e s i s t a n c e  t e s t ,  t h e  d y n a m i c a l  p o t e n t i o m e t e r

b a l a n c e  a c r o s s  S i s  i d e n t i c a l  w i t h  t h e  s t a t i c a l  b a l a n c e .  ;

U n d e r  t h e s e  c o n d i t i o n s ,  a s  sh o w n  b e l o w : -

Y o . d t  = Cq . T  ------------   ( 1 9 )

How, s i n c e  M»=0 ; e q u a t i o n  16  b e c o m e s

t r  E l  +L , i^L x
°o'^ °o" P-f-R-r ~  ®o* FTR  (

a n d  we o b t a i n  t h e  r e q u i r e d  n e u t r a l i s i n g  c o n d i t i o n s  o f  E q s . 17

a n d  1 8 .  I t  s h o u l d  b e  n o t e d  t h a t  i f  6 i s  t h e  a r c  o f  s h o r t -  

c i r c u i t  i n  d e g r e e s  a s  d e t e r m i n e d  b y  t h e  w i d t h  o f  t h e  s e c t o r  

f ,  s i n c e  G / 1 8 0  :®?t/T^=rnt, t h e  b a l a n c i n g  c o n d i t i o n s  o f  E q s .  17  

a n d  1 8  may b e  w r i t t e n :  -

e  =  1 8 0 . n ( E L + L , - ^ L ,  ) [ ^ l / r - l / ( P + R j ^  - ..................  ( E l )

o r ,  v e r y  a p p r o x i m a t e l y  w h e n  P i s  l a r g e

e  =  1 8 0 . n ( E L + L , + l ^ ) / r -   (E E )

U s e  o f  a  p o t e n t i o m e t e r  t o  m e a s u r e  t h e  a v e r a g e  v a l u e  o f  a  

v a r i a b l e  c u r r e n t .

I n  P i g . 1 0 . ,  a  c u r r e n t  w h i c h  i s  v a r i a b l e  a n d  p e r i o d i c  

t r a v e r s e s  a  r e s i s t a n c e  S c o n n e c t e d  a s  sh o w n  t o  a  r e s i s t a n c e  

P  o n  a  p o t e n t i o m e t e r .  I f  a t  a  t i m e  t , t h e  i n s t a n t a n e o u s  

v a l u e s  o f  t h e  c u r r e n t  a r e  a s  s h o w n ,  we h a v e  f r o m  K i r c h h o f f ’ s  

s e c o n d  l a w  f o r  t h e  d e t e c t o r  a n d  p o t e n t i o m e t e r  l o o p s : -
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g ( G + - 3 + i ‘) + c S - p P = 0   ( 2 3 )

a n d  p( Q-+-P)— j?g ^  E ----------------------------------------------------------- ( 2 4 )

I n t e g r a t i n g  t h e s e  e q u a t i o n s  o v e r  t h e  p e r i o d i c  t i m e  T a n d  

p u t t i n g  J  g , à t  =  z e r o  f o r  b a l a n c e  t h r o u g h  t h e  g a l v a n o m e t e r

f o r  z e r o  a g g r e g a t e  q u a n t i t y  o f  e l e c t r i c i t y ,  we h a v e  ; -

j T  c . d t  =  p / s  j ] p . d t  ---------------------------------------------------( 2 5 )

l / f  J ^ ^ p . d t  =  E / ( P - f - Q )     ( 2 6 )

Ifow, i f  i s  t h e  s t e a d y  c u r r e n t  t h r o u g h  S w h i c h  i s  

p e r m a n e n t l y  b a l a n c e d  o n  t h e  p o t e n t i o m e t e r  s o  t h a t  g « 0  

i n  E q s .  £3  a n d  £ 4 ,  p  i s  s t e a d y  a t  a  v a l u e  p ^  a n d

Cq =  p ^ .  p/s --  — (27)
Pg = s/(P4-Q)      (28)

W h en c e  y r
j f  c . d t  =  Cq . T  ------------------------------------------------------— - - ( £ 9 )
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^  5 .  The  A p p a r a t u s .

The g e n e r a l  l a y o u t  o f  t h e  a p p a r a t u s  i s  t h e  sam e  a s  t h a t  

i n  P a r t  I  o f  t h i s  t h e s i s  ( P i g . V ) . The  t w i n  f i e l d  c o i l s ,  A an d  

B ,  a r e  a s  d e s c r i b e d  i n  P a r t  1 ^ 5 .  T h ey  w e r e  u s e d  m uch  c l o s e r  

t o g e t h e r ,  h o w e v e r , i n  a  p o s i t i o n  w h e r e  x / a = 0 - 2 4 7  a n d  t h e  

m e a n  d i s t a n c e  o f  s e p a r a t i o n  w a s  8 * 1  c m s .

The  c o m p l e t e  r o t o r ,  a s  u s e d  i n  e x p e r i m e n t s ,  i s  s e e n  i n  

P i g . 1 1 .  E a c h  o f  t h e  c o i l s ,  C a n d  D, h a s  3 3 4  t u r n s  o f  d . s . c .  

c o p p e r  w i r e  o f  s . w . g . 2 6 ,  a n d  w a s  w ound  o n  a  m a h o g a n y  f o r m e r  

h a v i n g  a  c h a n n e l  1 * 2  c m s .  w i d e ,  a n d  a n  i n t e r n a l  d i a m e t e r  o f  

7 * 5 5  c m s .  E a c h  c o i l  w a s  o f  r e s i s t a n c e ,  8 - 9  o h m s ,  a n d  h a d  a  

s e l f - i n d u c t a n c e  o f  1 3 6 6 0  pH. The  m u t u a l  i n d u c t a n c e  b e t w e e n  

t h e s e  c o i l s  i n  t h e  f i n a l  p o s i t i o n  o f  s e t t i n g  w a s  1 5 5  pH, a n d  

t h e  s e l f - i n d u c t a n c e  o f  t h e  e n t i r e  r o t o r ,  e m b r a c i n g  b o t h  c o i l s  

i n  s e r i e s ,  w a s  2 7 6 3 0  pH.

The o a k  b e d  u p o n  w h i c h  t h e s e  c o i l s  a r e  s e c u r e d  b y  b r a s s  

b o l t s ,  i s  a c c u r a t e l y  s q u a r e  i n  s e c t i o n  a n d  i s  a d j u s t e d  t o  

r o t a t e  a b o u t  i t s  l o n g i t u d i n a l  a x i s  i n  t h e  b r a s s  c h a n n e l  h o l d e r s  

a l r e a d y  d e s c r i b e d  i n  P a r t  I  § 5 .  P a i r s  o f  p i e c e s  o f  o a k ,  e a c h  

p a i r  b e i n g  c u t  f r o m  o n e  p l a n k  b u t  o f  v a r y i n g  t h i c k n e s s e s ,  w e r e  

u s e d  t o  p a c k  t h e  c o i l s ,  C an d  B, t o  t h e  r e q u i s i t e  d i s t a n c e  

f r o m  t h e  a x i s  o f  r o t a t i o n .  T h e s e  c o i l s  w e r e  a d j u s t e d  a n d  

t e s t e d  f o r  s y m m e t r y  b y  m e a s u r i n g  t h e  m u t u a l  i n d u c t a n c e  o f  

e a c h  s e p a r a t e l y ,  w i t h  t h e  t w i n  f i e l d  c o i l s  w h i c h  w e r e  a l w a y s  

i n  s e r i e s  b u t  w e r e  u s e d  f i r s t  i n  o p p o s i t i o n  a n d  t h e n  i n
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c o n j u n c t i o n .

The  h o l e ,  5 c m s .  i n  d i a m e t e r ,  i n  t h e  o a k  b e d ,  s e r v e d  f o r  

t h e  i n t r o d u c t i o n  o f  t h e  a n g l e  c o i l  w h i c h  w a s  f i x e d  

s y m m e t r i c a l l y  w i t h  r e s p e c t  t o  t h e  t w i n  f i e l d  c o i l s  w h e n  

i n v e s t i g a t i n g  e i t h e r  t h e  n a t u r e  o f  t h e  f l a t  o f  m u t u a l  

i n d u c t a n c e ,  a s  d e s c r i b e d  i n  § 2 . ,  o r  t h e  w a v e  f o r m  o f  t h e  e . m . f .  

c u r v e  o f  t h e  g e n e r a t o r ,  a s  i t  i s  d e a l t  w i t h  i n  ^ 3 .

The  c o i l s  o f  t h e  r o t o r  w e r e  c o n n e c t e d  b y  t w i n  b e l l  f l e x  

w h i c h  p a s s e d  t h r o u g h  t h e  w o o d e n  b e d  a n d  t h e  h o l l o w  b r a s s  

s p i n d l e  t o  t h e  i n s u l a t e d  t e r m i n a l s ,  a ,  b ,  c ,  d ,  ( F i g . 1 2 )  

on  t h e  c o m m u t a t o r .

T he  c o m m u t a t o r ,  M, ( F i g . 1 2 )  w a s  a  b r a s s  t u b e ,  5 * 5  c m s .  

i n  d i a m e t e r ,  w h i c h  w a s  h a l v e d  a l o n g  i t s  l e n g t h  a n d  s e c u r e d  

t o  a n  e b o n i t e  b a s e .  I n  t h e  c e n t r e  o f  t h i s  w a s  a  s t o u t  b r a s s  

t u b e  t h r o u g h  w h i c h  w e r e  s e t  s c r e w s  w h i c h  s e c u r e d  t h e  w h o l e  

t o  t h e  h o l l o w  s h a f t .  The  g a p  b e t w e e n  t h e  s e c t o r s  w a s  n a r r o w ,  

a b o u t  0 ' 5  mms.

F u r t h e r  a l o n g  t h e  s a m e  s h a f t  w a s  f i x e d ,  i n  t h e  s a m e  w a y ,  

t h e  s h o r t i n g  c o m m u t a t o r ,  Ef, w h i c h  c o n s i s t e d  o f  a n  e b o n i t e  

c y l i n d e r  o f  5 * 5  c m s .  d i a m e t e r ,  i n t o  w h i c h  w e r e  i n l a i d  t h e  

tw o  s e c t o r s  o f  b r a s s .  T h e s e  s e c t o r s  w e r e  s e t  d i a m e t r i c a l l y  

o p p o s i t e ,  t h e  o n e  t a p e r i n g  a l o n g  i t s  l e n g t h  f r o m  O'* t o  8 * .  

a n d  t h e  o t h e r ,  p a r a l l e l  a l o n g  i t s  l e n g t h ,  o f  15^ o f  a r c .  T h i s   ̂

w a s  t o  s u p p l y  t h e  s h o r t - c i r c u i t  o f  d e f i n i t e  d u r a t i o n  w h i c h  

w a s  a l w a y s  l o n g e r  t h a n  t h e  b r e a k  o r  s h o r t - c i r c u i t  d u e  t o
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t h e  m a i n  c o m m u t a t o r ,  M. The e l e c t r i c a l  c o n n e c t i o n s  o f  t h e s e  

c o m m u t a t o r s  i s  sho w n  i n  P i g . 9 .  an d  t h e i r  p u r p o s e  i s  d e a l t  

w i t h  i n  § 4 .

The f o u r  b r u s h e s  e m p lo y e d  w i t h  t h e s e  c o m m u t a t o r s ,  w e r e  

o f  t h e  f i d d l e  bow t y p e  ( P i g . 1 3 ) ,  t h e  c o n t a c t  b e i n g  made by  

b r a s s  r i b b o n ,  0 - 5  cm s .  w i d e ,  r o l l e d  o u t  o f  s . w . g .  E2 w i r e .

T hey  w e r e  h e l d  b y  b r a s s  p l a t e s  an d  n u t s  o n  t h e  e b o n i t e  

f r a m e w o r k  i n  P i g . V  o f  P a r t  I .

I n  t h e  sam e d i a g r a m  a r e  s e e n  t h e  l a r g e  c o i l s ,  V and  7 ,  

f o r  n e u t r a l i s i n g  t h e  v e r t i c a l  c o m p o n e n t  o f  t h e  e a r t h ' s  m a g n e t i c  

f i e l d .

The m o t o r  c o u p l i n g  i s  d e a l t  w i t h  i n  ^ 5  o f  P a r t  I  and  

t h e  m o t o r  w i t h  i t s  s y n c h r o n i s i n g  a n d  t i m i n g  u n i t s  i s  d e a l t  

w i t h  i n  A p p e n d i x  I .

§  6 .  E x p e r i m e n t a l  T e s t s .

The e x p e r i m e n t a l  m e th o d  o f  r e c o r d i n g  t h e  f l a t s  o f  m u t u a l  

i n d u c t a n c e  b e t w e e n  t h e  r o t o r  c o i l  a n d  t h e  t w i n  f i e l d  c o i l s  

an d  t h e  a n g l e s  o f  r o t a t i o n  f r o m  t h e  c o n j u g a t e  p o s i t i o n .

The f u l l  c i r c u i t  i s  show n i n  P i g . 1 4 .  The a n g l e  c o i l  i s  

p l a c e d  i n  t h e  h o l e  i n  t h e  o a k  b e d  o f  t h e  r o t o r  ( P i g . 1 1 )  and  

i s  a r r a n g e d  s o  t h a t  i t s  a x i s  i s  p e r p e n d i c u l a r  t o  t h a t  o f  t h e  

r o t o r  c o i l s .  I t s  l e a d s  w e r e  j o i n e d  t o  o n e  s i d e  o f  a  t h r o w -  

o v e r  s w i t c h  ( n o t  sh o w n  i n  P i g . 14  ) ,  and  t h e  l e a d s  f r o m  t h e  

t e r m i n a l s  on  t h e  s e c t o r s  o f  t h e  c o m m u t a t o r ,  M, ( P i g . 1 2 )  

w h i c h  w e r e  j o i n e d  t o  t h e  l e a d s  f r o m  o n e  o f  t h e  r o t o r  c o i l s
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t h r o u g h  tw o  o f  t h e  i n s u l a t e d  t e r m i n a l s ,  a ,  h ,  c ,  d ,  w e r e  a l s o  

c o n n e c t e d  t o  t h e  o t h e r  s i d e  o f  t h e  t h r o w - o v e r  s w i t c h ;  t h e  

m a i n  l e a d s  o f  t h i s  s w i t c h  w e r e  j o i n e d  t o  C j .  The  s h o r t i n g  

c o m m u t a t o r  v/as d i s c o n n e c t e d .  The  q u a d r a n t  k e y s ,  Q ,  a n d  

w e r e  a d j u s t e d  t o  p u t  t h e  p r i m a y y  a n d  s e c o n d a r y  c o i l s  o f  t h e  

i n d u c t o m e t e r  i n  s e r i e s  wm th  t h e  m a i n  a n d  r o t o r  c i r c u i t s  

r e s p e c t i v e l y .  Key  E w a s  p l a c e d  o n  t h e  s h u n t i n g  s i d e ,  a n d  o f  

t h e  p l u g  k e y s ,  T^ a n d  T , , t h e  f o r m e r  w a s  o p e n  a n d  t h e  l a t t e r  

w a s  u s e d  t o  s h u n t  o u t  t h e  b o x  X.  The g a l v a n o m e t e r , G, w a s  

i n  t h e  c i r c u i t .  The  i n d u c t o m e t e r  w a s  now a d j u s t e d  u n t i l  n o  

t h r o w  o c c u r r e d  o n  t h e  g a l v a n o m e t e r  w h e n  t h e  c u r r e n t  i n  t h e  

m a i n  c i r c u i t  w a s  r e v e r s e d  b y  k e y  C, • T h u s  t h e  m u t u a l  

i n d u c t a n c e  b e t w e e n  t h e  r o t o r  c o i l  o r  t h e  a n g l e  c o i l  a n d  t h e  

f i e l d  c o i l s  c o u l d  b e  o b t a i n e d  a t  a n y  s e t t i n g  o f  t h e  p o s i t i o n  

o f  t h e  r o t o r .  The  maximum m u t u a l  i n d u c t a n c e  b e t w e e n  t h e  

a n g l e  c o i l  a n d  t h e  f i e l d  c o i l s  w a s  a l s o  o b t a i n e d .

The  v a l u e s  o f  t h e  m u t u a l  i n d u c t a n c e  b e t w e e n  o n e  

r o t a t i n g  c o i l  a n d  t h e  f i e l d  c o i l s  i n  n o m i n a l  m i c r o - h e n r i e s  

a t  d i f f e r e n t  d i s p l a c e m e n t s ,  d .  o f  t h e  r o t o r  aw ay  f r o m  t h e  

a x i s  o f  r e v o l u t i o n ,  a r e  g i v e n  i n  T a b l e  8 ,  t o g e t h e r  w i t h  

t h e  a n g u l a r  r o t a t i o n  o f  t h e  r o t o r  f r o m  t h e  p o s i t i o n  o f  

maximum m u t u a l  i n d u c t a n c e ,  i n  d e g r e e s .  T h e s e  r e s u l t s  a r e  

s h o w n  g r a p h i c a l l y  i n  P i g . 3 .
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T a b l e  8 . V a l u e s  o f  t h e  m u t u a l  i n d u c t a n c e  b e t w e e n

i . C n e  r o t o r  c o i l  a n d  t h e  t w i n  f i e l d  c o i l s  ( M ) .

i i . T h e  a n g l e  c o i l  and  t h e  t w i n  f i e l d  c o i l s  (M ) a t  t h e
G

sam e  a n g l e  (G) o f  r o t a t i o n  f r o m  t h e  maximum f o r  t h r e e  

d i f f e r e n t  d i s t a n c e s ,  d c m s . ,  o f  t h e  r o t o r  f r o m  t h e  a x i s  

o f  r o t a t i o n .  Shown g r a p h i c a l l y  i n  P i g . 3 .

L e f t B i g h t
Me G M G M

- 1 8 4 8 1 5 - 1 2 5 3 2 2 - 9 1 8 3 9 1 5 * 0 9 5 3 2 5 * 1
1 6 4 1 1 3 * 3 9 5 3 2 5 - 1 1 6 2 1 1 3 * 2 3 5 3 2 6 - 9
1 4 5 0 1 1 * 8 0 5 3 2 6 - 5 1 4 3 3 1 1 * 6 7  ' 5 3 2 7 - 6

o 1 2 3 0 1 0 * 0 0 5 3 2 7 - 8 1 2 2 8 9 -98 5 3 2 8 * 1
CV2 1 0 4 7 8 *4 9 5 3 2 8 - 5 1 0 2 2 8 * 2 9 5 3 2 8 * 7
t o 8 2 8 6 - 6 8 5 3 2 8 - 7 8 1 3 6 * 5 6 5 3 2 8 * 7
D- 636 5 - 1 5 5 3 2 8 - 9 627 5 * 0 8 5 3 2 8 * 8
w 4 2 1 3 - 4 0 5 3 2 9 - 0 4 2 7 3 - 4 5 5 3 2 8 * 9
no 243 1 * 9 7 5 3 2 9 - 0 229 1 * 8 5 5 3 2 9 * 0

36 0 - 2 9 5 3 2 9 - 0 2 8 0 * 2 3 532 9  *0

1 7 6 1 1 4 - 3 9 5 3 1 3 - 8 1 7 0 7 1 3 - 9 4 5 3 1 5 * 0
1 6 3 6 1 3 - 3 5 5 3 1 4 . 9 1 5 6 7 1 2 * 7 7 5 3 1 5 - 8
1 4 7 2 1 1 * 9 9 5 3 1 5 - 7 1 4 1 4 1 1 - 5 1 5 3 1 6 * 8
1 3 4 3 1 0 - 9 3 5 3 1 6  -3 1 2 6 7 1 0 - 3 0 , 5 3 1 6 * 8
1 2 0 7 9 - 8 1 5 3 1 6 * 6 1 1 2 3 9 * 12 5 3 1 6 * 8. 1 0 7 8 8 - 7 5 5 3 1 6 * 8 1 0 1 0 8 . 1 9 5 3 1 6 * 8

§ 945 7 . 6 6 5 3 1 6 - 9 86 5 7 . 0 1 5 3 1 6 * 9
O 796 6 - 4 5 5 3 1 7 . 0 715 5*7 9 5 3 1 6 * 9
o 685 5 * 5 5 5 3 1 7 # 0 579 4 * 6 9 5 3 1 6 * 9
l > 5 32 4 * 3 0 . 5 3 1 7  -0 4 42 3 *5 6 5 3 1 6 * 9
l > 3 8 2 3*0 9 5 3 1 7 - 0 2 9 0 2 - 3 4 5 3 1 6 * 9
11 2 4 3 1 * 9 7 5 3 1 7 - 0 1 7 1 1 * 3 8 5 3 1 7 - 0no 96 0 . 7 6 5 3 1 7 - 0 35 0 - 2 8 5 3 1 7  *0

1 8 3 5 1 5 # 0 1 5 3 0 0 - 7 1 8 1 7 1 4 - 8 6 5 3 0 0 - 5
1 6 3 3 1 3 - 3 3 5 3 0 1 - 6 1 6 2 3 1 3 - 2 4 5 3 0 1  #4
1 4 4 6 1 1 * 7 7 5 3 0 2 - 0 1 4 2 2 1 1 * 5 7 5 3 0 2 * 0

i
1 2 5 0 1 0 * 1 3 5 3 0 2 - 5 1 2 27 9 *97 5 3 0 2 * 3«o 1 0 5 4 8 - 5 5 5 3 0 2 - 5 1 0 2 7 8 - 3 3 5 3 0 2 * 4

t o 8 3 7 6 - 7 6 5 3 0 2 - 2 8 3 3 6 - 7 2 5 3 0 2 * 2
6 25 5 - 0 6 5 3 0 2 - 0 629 5 - 0 9 5 3 0 1 * 9
4 3 0 3 * 7 0 5 3 0 1 - 7 4 2 3 3 - 4 2 5 3 0 1 - 6  ;

11 242 1 * 9 6 5 3 0 1 * 4 227 1 * 8 4 5 3 0 1 ‘ 3
no 4 6 0 *3 7 5 3 0 1 - 3 4 2 0 - 3 4 5 3 0 1 * 3
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E x p e r i m e n t a l  d e t e r m i n a t i o n  o f  t h e  m/ 6 c u r v e  a n d  h e n c e  t h e  

w a v e  f o r m  o f  t h e  g e n e r a t e d  e . m . f .

To o b t a i n  t h e  m/ 6 c u r v e ,  t h e  a b o v e  a r r a n g e m e n t  w a s  

r e t a i n e d  w i t h  t h e  s o l e  e x c e p t i o n  t h a t  a  s m a l l  a n g l e  c o i l  w a s  

c o n s t r u c t e d  s o  t h a t  i t  c o u l d  b e  i n s e r t e d  i n  t h e  h o l e  i n  t h e  . 

o a k  b e d  o f  t h e  r o t o r  ( P i g . 1 1 . )  w i t h  i t s  w i n d i n g s  p a r a l l e l  

t o  t h o s e  o f  t h e  r o t o r  c o i l s  w h i c h  w e r e  now u s e d  i n  s e r i e s  

a n d  i n  c o n j u n c t i o n .  A s e r i e s  o f  v a l u e s  o f  t h e  m u t u a l  i n d u c t a n c e  

b e t w e e n  t h e  r o t o r  c o i l s  i n  s e r i e s  a n d  t h e  f i e l d  c o i l s  w e r e  

t a k e n  t h r o u g h  a  q u a d r a n t ,  a n d  a t  e a c h  s e t t i n g ,  t h e  m u t u a l  

i n d u c t a n c e  b e t w e e n  t h e  a n g l e  c o i l  a n d  t h e  f i e l d  c o i l s  w a s  

m e a s u r e d .  The maximum m u t u a l  i n d u c t a n c e  b e t w e e n  t h e  a n g l e  

c o i l  a n d  t h e  f i e l d  c o i l s  w a s  a l s o  m e a s u r e d .

T h e s e  r e a d i n g s  o f  m u t u a l  i n d u c t a n c e  b e t w e e n  ( i )  t h e  r o t o r  

a n d  t h e  f i e l d  c o i l s ,  a n d  ( i i )  t h e  a n g l e  c o i l  a n d  t h e  f i e l d  

c o i l s  a r e  g i v e n  i n  T a b l e  9 i n  n o m i n a l  m i c r o - h e n r i e s ,  t o g e t h e r  

w i t h  t h e  c o r r e s p o n d i n g  a n g u l a r " r o t a t i o n  o f  t h e  r o t o r  f r o m  

t h e  c o n j u g a t e  p o s i t i o n  i n  d e g r e e s .  The  r e s u l t s  r e v e a l e d  a  

l e a d  o f  t h e  a n g l e  c o i l  o n  t h e  r o t o r  o f  1 * 1 3 7 ^  a n d  t h e  a n g l e  6 °  

i s  o b t a i n e d  f r o m  t h e  e x p r e s s i o n  

6 ' -  S i n ' M ^  / M ^ - 1 - 1 3 7 .

T h e s e  r e s u l t s  a r e  sh o w n  g r a p h i c a l l y  i n  C u r v e  I ,  P i g . 4 .
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T a b l e  9 . S h o w i n g  t h e  v a l u e s  o f  t h e  m u t u a l  i n d u c t a n c e  i n  

n o m i n a l  m i c r o - h e n r i e s  b e t w e e n ; -

i .  t h e  r o t o r  a n d  t h e  f i e l d  c o i l s ,  M.

i i .  t h e  a n g l e  c o i l  a n d  t h e  f i e l d  c o i l s ,  M^.

i i i .  t h e  a n g l e  o f  d i s p l a c e m e n t  o f  t h e  r o t o r  i n  

d e g r e e s  f r o m  t h e  c o n j u g a t e  p o s i t i o n ,  6 .

M • M
4)

e M e

- 8 6 9 4 - 1 1 0 1 - 2 * 8 8 0 5 6 7 4 - 3 1 3 2 0 * 9 2 0 ' 2 7 5
- 7 3 2 7 —81 5 - 2 - 4 2 7 5 9 6 5 - 6 1 3 9 1 - 4 2 1 * 4 7 9
- 3 6 2 3 - 3 4 - 1 - 1 9 1 6 5 6 9 - 8 1 5 5 0 . 1 2 4 * 2 3 0

- 1 9 5 67 1 - 0 - 0 7 4 7 1 1 8  -7 1 7 0 0 * 6 26* 8 9 8
3 2 6 1 139 5 1 - 0 7 3 7 5 7 3 - 3 1 8 3 1 * 6 2 9 * 2 7 5
6 6 0 2 209 2 2 * 1 7 8 8 0 5 0 - 3 1 9 8 0 * 2 3 2 * 0 4 4
8 5 7 2 2 5 0 6 . 2  .'>835 8 4 9 3 - 6 2 1 2 8 - 2 3 4 * 8 9 1

1 1 3 0 4 3 07 6 3 - 7 4 0 8 9 3 1  -1 2 2 8 9 * 7 3 8 * 1 2 1
1 5 0 7 0 3 8 7 2 5 ' 0 0 6 9 3 5 8 - 2 2 4 6 7 * 5 4 1 * 8 6 0
1 6 0 2 1 4 0 6 5 5 - 3 1 4 9 7 1 4 - 1 2 6 3 9 * 9 4 5 * 7 1 6
1 8 9 6 8 4 6 8 8 6 * 3 0 8 9 9 5 4  -1 2 7 7 8 * 4 4 9 * 0 2 7
2 2 0 6 3 5 3 3 9 7 * 3 4 9 1 0 1 3 9  -9 2 9 0 3 * 1 5 2 * 2 1 7
2 5 5 2 9 6 0 8 6 8 - 5 4 7 1 0 3 0 0 - 3 3 0 3 6 * 9 5 5 * 9 3 1
2 8 7 0 7 67 7 2 9 - 6 5 0 1 0 4 0 1 - 0 3 1 4 2 - 2 5 9 * 1 3 9
3 1 9 0 7 7 4 6 7 1 0 - 7 7 3 1 0 4 7 0  -1 3 2 3 1 - 8 6 2 * 1 3 9
3 5 5 2 6 8 2 6 6 1 2 . 0 6 9 1 0 6 2 4 - 8 3 3 2 4 * 6 6 5 * 6 1 9
3 9 1 1 9 90 5 8 1 3 . 3 6 1 1 0 5 5 8 * 5 3 3 9 8 * 8 6 8 * 8 0 4
4 2 0 0 0 9 7 1 9 1 4 - 4 4 5 1 0 5 8 0 - 2 3 4 6 8  -5 7 2 * 3 1 9
4 2 1 6 4 9 7 4 4 14* 4 8 6 1 0 5 9 0 - 7 3 5 1 7 * 5 7 5 * 3 0 7
4 5 2 8 3 1 0 4 6 8 1 5 - 6 8 0 1 0 5 9 6 - 7 3 5 6 2 - 5 78* 7 8 8
4 7 2 9 8 1 0 9 3 9 1 6 - 4 6 1 1 0 5 9 8 - 7 3 5 9 1 * 7 8 1 * 9 1 2
4 9 5 8 8 1 1 4 6 8 1 7 - 3 4 2 1 0 5 9 9 - 7 3 6 1 2  *3 8 5 ' 5 6 3
5 0 5 9 7 1 1 7 1 8 1 7 - 7 6 0 1 0 6 0 0  -2 3 6 1 8 * 3 8 8 - 8 6 3
5 3 6 4 0 1 2 4 4 4 1 8 - 9 7 9 1 0 6 0 0 - 2  

( m a x .  )
3 6 1 8 * 3  
( m a x .  )

An e x a m i n a t i o n  o f  t h e s e  r e s u l t s  l e a d s  t o  t h e  T a b l e  1 0 . '  

w h i c h  g i v e s  t h e  v a l u e s  o f  d M / d 6 , ( w h i c h  i s  p r o p o r t i o n a l  t o  

t h e  e . m . f .  g e n e r a t e d  b y  t h e  r o t o r ) ,  w i t h  t h e  a n g l e  o f  

d i s p l a c e m e n t  o f  t h e  r o t o r  i n  d e g r e e s  f r o m  t h e  c o n j u g a t e  

p o s i t i o n .  T h i s  i s  s h o w n  g r a p h i c a l l y  i n  C u r v e  I I ,  P i g . 4 .
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T a b l e  1 0 . S h o w i n g  t h e  v a l u e s  o f  û u /d Q  i n  m i c r o - h e n r i e s  p e r  

d e g r e e  w h i c h  i s  p r o p o r t i o n a l  t o  t h e  e . m . f .  

g e n e r a t e d  b y  t h e  r o t o r ,  w i t h  t h e  a n g l e ,  G , o f  

d i s p l a c e m e n t  o f  t h e  r o t o r  f r o m  t h e  c o n j u g a t e  

j p o s i t i o n  i n  d e g r e e s .

G

d e g r e e s

dM /de  i n  pH 

p e r  d e g r e e

G

d e g r e e s

d&l/de i n  (jH 

p e r  d e g r e e

0 3 0 4 - 0 4 8 6 9 * 7

4 2 9 9 - 8 52 5 2 ' 1

8 2 9 1 * 1 56 3 6 ' 3

12 2 7 8 * 8 6 0 2 4 * 9

16 2 5 8 * 2 64 1 5 * 1

20 2 3 8 * 4 6 8 9 * 3

24 2 1 6 * 7 72 5 ' 1

2 8 1 9 0 * 7 76 E 2 ' l

32 1 6 4 . 5 8 0 0 - 6

36 1 3 8 * 5 8 4 0*2

3 9 * 5 1 1 7 * 5 9 Op 0 * 0

4 4 9 1 - 1
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P r o c e d u r e  f o r  a  t y p i c a l  r e s i s t a n c e  t e s t  w i t h  d a t a , 

i . T h e  c u r r e n t  i n  t h e  l a r g e  c o i l s ,  Y, w a s  a d j u s t e d  t o  

n e u t r a l i s e  t h e  v e r t i c a l  c o m p o n e n t  o f  t h e  e a r t h ' s  f i e l d .

The m a i n  c i r c u i t  w a s  b r o k e n  a n d  t h e  r o t o r  c i r c u i t  w a s  

c o m p l e t e d  t h r o u g h  t h e  g a l v a n o m e t e r ,  G, t h e  p l u g  k e y ,  T , ,

t h e  s h u n t  a t  S I ,  a n d  a  s i n g l e  p l u g  a t  On s p i n n i n g  a t

a n y  s p e e d ,  t h e  g a l v a n o m e t e r ,  G, w i l l  r e c o r d  n o  d e f l e c t i o n  

w h e n  t h e  e a r t h ' s  v e r t i c a l  f l u x  i s  n e u t r a l i s e d  b y  t h e  

e a r t h  c o i l  f l u x  t h r o u g h  t h e  r o t o r  c o i l s .

i i . A t  t h e  s y n c h r o n i s e d  s p e e d  o f  r e v o l u t i o n  r e q u i r e d  f o r  t h e  

e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  a b s o l u t e  r e s i s t a n c e ,  t h e  

e f f e c t  o f  t h e  s h o r t i n g  o f  t h e  c o m m u t a t o r  a n d  o f  t h e  s e l f -  

i n d u c t a n c e  o f  t h e  r o t o r  c o i l s  w a s  b a l a n c e d  i n  a c c o r d a n c e  

w i t h  E q . l 7  o f  § 4 .  T h i s  w a s  d o n e  b y  d e t a c h i n g  t h e  f i e l d  c o i l s  

f r o m  t h e  m a i n  c i r c u i t ,  a n d  b y  a r r a n g i n g  a  s h o r t  l e n g t h  o f  

w i r e  a c r o s s  k e y  Oz» K ey  E w a s  p l a c e d  o n  s i d e  2 ,  a n d  b o t h  

p l u g  k e y s ,  T ,  a n d  T ^ ,  w e r e  o p e n .  The  dummy, G , , w a s  p u t  i n  

c i r c u i t  i n  p l a c e  o f  t h e  g a l v a n o m e t e r .  The p o t e n t i a l  l e a d s ,

P j , w e r e  u s e d  t o  o b t a i n  i d e n t i c a l  s t a t i c a l  a n d  d y n a m i c a l  

b a l a n c e s  o n  t h e  p o t e n t i o m e t e r ,  a s  d e s c r i b e d  o n  p . 4 6 ,  b y  

a d j u s t m e n t  o f  t h e  a r c  o f  b r u s h  c o n t a c t  o f  t h e  t a p e r e d

s e c t o r ,  f .  a n d  o f  t h e  v a l u e  o f  r ^ ( P i g s . 9 a n d  1 4 ) .  The

a p p r o x i m a t e  m a g n i t u d e  a n d  c o n s t a n c y  o f  t h e  s h o r t - c i r c u i t  

c o u l d  b e  t e s t e d  b y  o b s e r v i n g  t h e  m i c r o - a m m e t e r  r e a d i n g s  

w h e n  t h e  c u r r e n t  w a s  p a s s e d  t h r o u g h  t h e  s h o r t i n g  d e v i c e  o n l y ,

» n d e r  both s t a t i o a l  a n d  d y n a M o a l  o o n d l t l o n a . a n d
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i n d i c a t e d  a  s h o r t i n g  c o n t a c t  o f  6 i n  1 8 0 / .

i i i . T h e  g a l v a n o m e t e r ,  o f  r e s i s t a n c e  8 1 0  ohms a n d  o f  s e n s i t i v i t y  

27  cms p e r  m i c r o - a m p e r e ,  w a s  a d j u s t e d  f o r  s y m m e t r y  o f  

i t s  m o v i n g  c o i l  s o  t h a t  n o  d e f l e c t i o n  o c c u r r e d  w h e n  p u r e  

a l t e r n a t i n g  c u r r e n t  i s  p a s s e d  t h r o u g h  i t  f r o m  a  v a l v e  

o s c i l l a t o r  w i t h  a  c o n d e n s e r  i n  t h e  c i r c u i t .  I n  t h e  m a i n  

e x p e r i m e n t ,  t h e  s p o t  o f  t h e  g a l v a n o m e t e r  i s  d r a w n  o u t  i n t o  

a n  e l l i p s e  w h o s e  m a j o r  a x i s  i s  a b o u t  t w i c e  i t s  m i n o r  a x i s  

b u t  u n d e r  t h e s e  c o n d i t i o n s ,  i t  r e m a i n s  q u i t e  s t e a d y  a n d  

a n y  d e f l e c t i o n  d u e  t o  f a u l t y  a d j u s t m e n t  o f  t h e  z e r o  

q u a n t i t y  o f  e l e c t r i c i t y  p a s s i n g  t h r o u g h  i t ,  i s  i m m e d i a t e l y  

d e t e c t e d .

i v . T h e  m a i n  f i e l d  c o i l s  w e r e  r e p l a c e d  i n  t h e  c i r c u i t  a n d  a  

c u r r e n t  o f  1  a m p e r e  i s  now p a s s e d  t h r o u g h  i t .  The  

s y n c h r o n i s e d  s p e e d  o f  r e v o l u t i o n  w a s  s e t  up  a n d  m a i n t a i n e d  

W i t h  P o p e n ,  E o n  s i d e  2 ,  a n d  T-s c l o s e d ,  a  p r e l i m i n a r y  

b a l a n c e  w a s  o b t a i n e d  o n  t h e  m i c r o - a m m e t e r  b y  a d j u s t m e n t  

o f  r e s i s t a n c e  H. The  b a l a n c e  w a s  t e s t e d  a n d  s h o u l d  b e  

m a i n t a i n e d  w h e n  C, w a s  c o m m u t a t e d  o r  w h e n  a n d  w e r e  

c o m m u t a t e d  t o g e t h e r .  The  f i n a l  a c c u r a t e  b a l a n c e  w a s  

o b t a i n e d  o n  t h e  g a l v a n o m e t e r  b y  a  f i n e  a d j u s t m e n t  o f  R. 

v . T h e  r o t o r  w a s  s t o p p e d  f r o m  s p i n n i n g  a n d  t h e  t h r o w - o v e r  

s w i t c h ,  D, w a s  p l a c e d  o n  t h e  p o t e n t i a l  l e a d  s i d e ,  , a n d  

t h e  r e s i s t a n c e  R w a s  c o m p a r e d ,  o n  a  g o o d  p o t e n t i o m e t e r  

w i t h  t h e  s t a n d a r d  r e s i s t a n c e ,  0*5  o hm s ,  t h r o u g h  t h e
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p o t e n t i a l  l e a d s ,  P ^ .

Vi.K e y  P w a s  o p e n e d ,  c l o s e d ,  a n d  E p u t  o n  s i d e  2 .  The 

r o t o r  w a s  r o t a t e d  b y  h a n d  u n t i l  f l u c t u a t i o n s  o f  t h e  

m i c r o - a m m e t e r  n e e d l e  i n d i c a t e d  t h a t  t h e  s h o r t i n g  b r u s h e s  

w e r e  j u s t  a b o u t  t o  m ake  o r  b r e a k .  The c i r c u i t  w a s  t h e n  

a r r a n g e d  t o  m e a s u r e  t h e  m u t u a l  i n d u c t a n c e  b e t w e e n  t h e  ' 

r o t o r  a n d  t h e  f i e l d  c o i l s  a s  i t  i s  d e s c r i b e d  e a r l i e r  i n  

t h i s  a r t i c l e ;  t h e  s h o r t i n g  b r u s h e s  o f  t h e  s h o r t i n g  

c o m m u t a t o r  w e r e  a r r a n g e d  t o  b e  i n o p e r a t i v e  b y  b r e a k i n g  

t h e  c o n n e c t i o n  b e t w e e n  t h e  s h o r t i n g  s e c t o r s .  T h i s  w a s  

r e p e a t e d  a t  e a c h  o f  t h e  f o u r  j u n c t i o n s  o f  t h e  b r u s h e s  

w i t h  t h e  s e c t o r s  o f  t h e  s h o r t i n g  c o m m u t a t o r .  A t  e a c h  

s e t t i n g ,  t h e  m u t u a l  i n d u c t a n c e  b e t w e e n  t h e  r o t o r  c o i l s  

a n d  t h e  f i e l d  c o i l s  w a s  m e a s u r e d  a n d  t h e  a v e r a g e  o f  

t h e s e  f o u r  r e a d i n g s  w a s  t a k e n  a s  t h e  maximum m u t u a l  

i n d u c t a n c e  b e t w e e n  t h e  r o t o r  c o i l s  a n d  t h e  f i e l d  c o i l s  

a s  i t  w a s  w e l l  w i t h i n  t h e  f l a t  o f  m u t u a l  i n d u c t a n c e ,  

v i i . F i n a l l y , t h e  s p e e d  o f  r e v o l u t i o n  w a s  d e t e r m i n e d  b y  

d i s c o n n e c t i n g  t h e  m o t o r  f r o m  t h e  a p p a r a t u s  a t  t h e  

c o u p l i n g ,  a n d  b y  o b t a i n i n g  i t  b y  t h e  m e t h o d  d e s c r i b e d  

i n  A p p e n d i x  I .

The  r e s u l t s  o f  a  t y p i c a l  e x p e r i m e n t  a r e  a s  f o l l o w s  

K o n i g  f o r k  o f  n o m i n a l  f r e q u e n c y ,  3 2 0 .

S e c t o r s  o n  s y n c h r o n i s i n g  w h e e l ,  30
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M ean  maximum m u t u a l  i n d u c t a n c e   -------------- 1 0 , 6 1 2 - 2  t r u e  jifi.

F r e q u e n c y  o f  f o r k  a t  1 8 - 4 ' * C ------------------------------ 2 1 9  "96^

R e v o l u t i o n s  p e r  s e c o n d   ----------------------------------  1 0 * 6 6 5 ^

R e s i s t a n c e  ^  1 0 * 6 6 5 ^  X 4  x  1 0 , 6 1 2 "  2  f r o m  E q . l .

=  O ' 4 5 2 7 2  X 1 0 ^  e . g . 8 . u n i t s .

R e s i s t a n c e  b y  c o m p a r i s o n  =  0 - 4 5 2 7 3  o h m s .

The  r e s u l t s  o f  t h e  s e r i e s  o f  e x p e r i m e n t s  p e r f o r m e d  

a r e  g i v e h  i n  T a b l e  1 1 .

T a b l e  1 1 .

F r e q u e n c y  o f T e e t h  o f R e v s ,  p e r
9

a x  1 0 a  i n  ohms

b a r  o r  f o r k w h e e l s e c o n d c c g . s . b y

R t K / t u n i t s c o m p a r i s o n

2 5 5 * 9 1 3 30 8 - 5 3 0 4 2 0 - 3 6 1 9 3 0 - 3 6 1 9 6

2 8 8 - 6 5 { b a r ) 3 0 9-6216.J , 0 t 4 0 8 1 4 0 - 4 0 8 1 9

3 1 9 ' 9 6 g 3 0 1 0 - 6 6 5 4 0 - 4 5 2 7 2 0 -4 5 2 7 3

5 1 1 - 8 1 4 4 1 1 - 6 3 2 ^ 0 -49362 0 - 4 9 3 6 5

3 8 4 - 0 4 3 0 1 2 - 8 0 2 0 - 5 4 3 2 4 0 - 5 4 3 2 1

3 2 0  00^  
0

24 1 3 -33Sg 0 - 5 6 5 8 0 0 - 5 6 5 7 7

5 1 1 ' 8 2
5

36 1 4 - 2 1 7 ,
4

0 - 6 0 3 3 5 0 - 6 0 3 2 5
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A -p pend ix  I .

T he  d e t e r m i n a t i o n  o f  t h e  f r e q u e n c y  o f  a  v a l v e  m a i n t a i n e d  

t u n i n g  f o r k  o r  b a r  a n d  h e n c e  t h e  d e t e r m i n a t i o n  a n d  

m a i n t a i n e n c e  o f  t h e  s p e e d  o f  r e v o l u t i o n  o f  t h e  r o t o r ,  

t o g e t h e r  w i t h  o t h e r  i n c i d e n t a l  a p p l i c a t i o n s  o f  t h i s  m e t h o d .

A v a l v e  m a i n t a i n e d  t u n i n g  f o r k  o r  b a r  w a s  a r r a n g e d  t o  

s u p p l y ,  t h r o u g h  t r a n s f o r m e r s  a n d  v a l v e s ,  u n i - d i r e c t i o n a l  

p u l s e s  o f  e l e c t r i c i t y  w h i c h  l i g h t e d  a  n e o n  l a m p  b y  w h i c h  a  

s t r o b o s c o p i c  d i s c  w a s  v i e w e d ,  a n d  w h i c h  c o n t r o l l e d  a  p h o n i c  

w h e e l  o n  t h e  s p i n d l e  o f  t h e  m o t o r  w h i c h  d r o v e  t h e  r o t o r .

The  v a l v e  c i r w u i t  u s e d  t o  m a i n t a i n  t h e  i r o n  v i b r a t i n g  

s y s t e m ,  Z ,  t o  l i g h t  t h e  n e o n  l a m p ,  Y ,  a n d  t o  c o n t r o l  t h e  

p h o n i c  w h e e l ,  X ,  o f  t h e  t e l e v i s i o n  m o t o r ,  W, i s  s h o w n  i n  

F i g . 1 5 .  T he  m o t o r ,  W, w i t h  s p i n d l e  a t t a c h e d ,  t h e  f i d d l e - b o w  

b r u s h ,  U, a n d  t h e  d e v i c e ,  T ,  f o r  m a k i n g  o n e  c o n t a c t  p e r  

r e v o l u t i o n  w i t h  a  d i r e c t  c u r r e n t  c i r c u i t  i s  s h o w n  i n  F i g . 1 6 .  

T h i s  c i r c u i t  h a d  i n  s e r i e s  w i t h  i t ,  t h e  f o l l o w i n g  u n i t s : -  

t h e  s o u r c e  o f  e . m . f . , a  r e s i s t a n c e  b o x ,  a  m i l l i - a m m e t e r , t h e  

f i d d l e - b o w  b r u s h  m a k i n g  o n e  c o n t a c t  p e r  r e v o l u t i o n ,  a  b r u s h  

m a k i n g  c o n t i n u o u s  c o n t a c t  w i t h  t h e  s p i n d l e ,  a  m ak e  a n d  b r e a k  

k e y  s u p p l i e d  w i t h  a  s c r e w  f o r  f i x i n g  i t ,  a n d  a  p o s t  o f f i c e  

t e l e p h o n e  c o u n t e r .  T h e r e  w a s  a l s o  i n  t h i s  c i r c u i t ,  t h e  u s u a l  

c a p a c i t a n c e  d e v i c e  f o r  q u e n c h i n g  t h e  s p a r k i n g  a t  t h e  m ak e  

a n d  b r e a k  o f  t h e  i n t e r m i t t e n t  c o n t a c t .  T he  c o u n t e r  i s
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d e s i g n e d  t o  o o u n t  25 c o n t a c t s  p e r  s e c o n d  f o r  s h o r t  i n t e r 

m i t t e n t  p e r i o d s  o f  t i m e  b u t  i t  w a s  f o u n d  t o  b e  i n a d v i s a b l e  

t o  e x c e e d  c o u n t s  o f  a b o u t  1 4  p e r  s e c o n d  o v e r  l o n g  a n d  

c o n t i n u o u s  p e r i o d s .  T he  t i m i n g  w a s  d o n e  b y  a  s t a n d a r d  c l o c k  wh 

w h i c h  h a d  b e e n  c h e c k e d  a g a i n s t  G r e e n w i c h  t i m e  s i g n a l s  o v e r  

a  p e r i o d  o f  som e w e e k s .  The  p e n d u l u m  o f  t h e  c l o c k  w a s  o b s e r v e d  

b y  t e l e s c o p e .

E x p e r i m e n t a l  d e t a i l .

T he  p a r t  o f  t h e  c i r c u i t  w h i c h  m a i n t a i n e d  t h e  v i b r a t i n g  

s y s t e m  a n d  l i t  t h e  n e o n  l a m p ,  w a s  s w i t c h e d  o n .  The  v i b r a t i n g  

s y s t e m  s h o u l d  b e  s e l f  s t a r t i n g  t o  o b t a i n  t h e  b e s t  r e s u l t s .

T he  r e m a i n i n g  p a r t  o f  t h e  c i r c u i t  w h i c h  w a s  c o n n e c t e d  w i t h  

t h e  p o l e  p i e c e s  o f  t h e  p h o n i c  w h e e l  w a s  now s w i t c h e d  o n  a n d  

t h e  c a p a c i t a n c e  i n  s e r i e s  w i t h  t h i s  p a r t  o f  t h e  c i r c u i t  w a s  

a d j u s t e d  u n t i l  a  m axim um  d e f l e c t i o n  w a s  o b t a i n e d  o n  t h e  

a l t e r n a t i n g  c u r r e n t  m i l l i - a m m e t e r .  T he  d i r e c t  c u r r e n t  t o  t h e s e  

p o l e  p i e c e s  w a s  s w i t c h e d  o n  a n d  a d j u s t e d  o n  t h e  m i l l i - a m m e t e r  

i n  o r d e r  t o  m a k e  t h e  a b o v e  a l t e r n a t i n g  c u r r e n t  u n i - d i r e c t i o n a l  

F i n a l l y ,  t h e  m o t o r  w a s  s t a r t e d  a n d  i t s  c u r r e n t ,  a d j u s t e d  u n t i l  

t h e  s t r o b o s c o p i c  d i s c  a n d  n e o n  l a m p  i n d i c a t e d  t h a t  t h e  s p e e d  

o f  r e v o l u t i o n  w a s  u h i f o r m .

T h e  c o u n t e r  c i r c u i t  w a s  now s t a r t e d  b y  d e p r e s s i n g  t h e  

m a k e  a n d  b r e a k  k e y  a t  a  d e f i n i t e  s e c o n d ,  o b s e r v e d  b y  a  

t e l e s c o p e  o n  t h e  p e n d u l u m  o f  t h e  s t a n d a r d  c l o c k .  A c o u n t  

c o u l d  b e  m ad e  o v e r  a l m o s t  a n y  p e r i o d  o f  t i m e  b y  s c r e w i n g  

u p  t h e  m a k e  a n d  b r e a k  k e y .  T he  c o u n t  c o u l d  b e  e n d e d  b y
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r e v e r s i n g  t h e  p r o c e d u r e  o f  s t a r t i n g  v i z .  b y  h o l d i n g  t h e  k e y  

d e p r e s s e d  w h i l s t  u n s c r e w i n g  t h e  f i x i n g  s c r e w ,  a n d  b y  

r e l e a s i n g  t h i s  k e y  a t  a  p r e c i s e  s e c o n d , o b s e r v e d  b y  t h e  

t e l e s c o p e  o n  t h e  p e n d u l u m ,  o n  t h e  s t a n d a r d  c l o c k .

I n  o r d e r  t o  e n s u r e  t h a t  t h e  r e v o l u t i o n s  p e r  s e c o n d  w e r e  

w i t h i n  t h e  l i m i t s  o f  t h e  c o u n t e r ,  o r d i n a r y  c o g g e d  w h e e l s  o f  

m i l d  s t e e l  w e r e  s o f t e n e d ,  d r i l l e d  a n d  s u p p l i e d  w i t h  a  

c e n t r a l  s l e e v e  a n d  s e t  s c r e w s ,  a n d  w e r e  u s e d  a s  s y n c h r o n i s i n g  

w h e e l s .  T h e s e  w e r e  o b t a i n e d  w i t h  d i a m e t e r s  o f  f r o m  1 ^  i n c h e s  

t o  2 ^  i n c h e s  w i t h  t h e  f o l l o w i n g  n u m b e r s  o f  c o g s : - 4 ,  6 ,  8 ,  1 2 ,  

2 0 ,  3 0 ,  4 4 ,  6 0 ,  a n d  1 0 0 .  The  s y n c h r o n i s i n g  p o l e  p i e c e s  

c o u l d  b e  a d j u s t e d  i n  p o s i t i o n  t o  s u i t  t h e  w h e e l  e m p l o y e d  f o r  

a n y  c o u n t .  T h e s e  w h e e l s  c o u l d  b e  u s e d  t o  m e a s u r e  f r e q u e n c i e s  

f r o m  2 2  t o  1 2 0 0  a t  s p e e d s  o f  r e v o l u t i o n  f r o m  a b o u t  6  t o  1 4  

p e r  s e c o n d .  To o b t a i n  t h e  c o g g e d  w h e e l s  o f  4 ,  6 ,  8 ,  a n d  1 2 ,  

t e e t h ,  w h e e l s  o f  m o r e  c o g s  h a d  som e r e m o v e d .  T h u s  a  w h e e l  

w i t h  26 t e e t h  c o u l d  b e  m ad e  i n t o  a  12  t o o t h e d  w h e e l  b y  

r e m o v i n g  t w o  t e e t h  a n d  l e a v i n g  o n e  a l l  t h e  w ay  r o u n d .

T he  1 0 0  t o o t h e d  w h e e l  w a s  n o t  s a t i s f a c t o r y  a s  t h e  

t e e t h  w e r e  t o o  s m a l l  o w i n g  t o  t h e  f a c t  t h a t  t h e  a v a i l a b l e  

s p a c e  b e t w e e n  t h e  p o l e  p i e c e s  w a s  l i m i t e d  b y  t h e  c l a m p i n g  

d e v i c e  o n  t h e  m o t o r .

V i b r a t i n g  s y s t e m s  e m p l o y e d  : -

i . T u n i n g  f o r k s . T he  c o u n t s  w e r e  o f  a n y  s u i t a b l e  d u r a t i o n  

f o r  tw o  o r  t h r e e  s u c c e s s i v e  p e r i o d s .  Some t y p i c a l  

r e s u l t s  a r e  g i v e n  i n  T a b l e  1 2 .
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T a b l e  1 2 . S h o w i n g  t h e  e x p e r i m e n t a l  d e t a i l s  a n d  f r e q u e n c i e s  

o b t a i n e d  i n  som e t y p i c a l  c o u n t s  o f  t u n i n g  f o r k s .

Temp, i n  

d e g r e e s  C

D u r a t i o n  i n  

m i n u t e d

T e e t h  o n  

c o g  w h e e l

C o u n t s F r e q u e n c y

1 8 - 4 66 4 4 2 8 . 7 9 5
2 8 . 7 9 6

3 1 9 * 9 5

1 8 * 4 6 0 4 4 2 3 . 0 4 3
2 3 . 0 4 4

3 8 4 • 0 6

1 8 - 4 4 4 4 4 3 0 . 7 1 1
3 0 . 7 1 1

5 1 1 - 8 5

1 5 ' 3 6 0 3 0 3 0 , 7 1 1
3 0 . 7 1 0
3 0 . 7 1 1

2 5 5 - 9 2 ^

1 8 - 5 15 4 1 1 , 2 3 6
1 1 , 2 3 5

4 9 * 9 4

1 8 ' 6 1 0 6 4 , 9 9 3
4 , 9 9 1

4 9 * 9 2

I t  w a s  f o u n d  t h a t ,  w i t h  t h e  e l e c t r o  m a g n e t s  m a i n t a i n i n g  t h e

f o r k  i n  o p p o s i t i o n ,  t h e  f i r s t  o v e r t o n e  o f  t h e  f o r k  c o u l d

b e  p r o d u c e d ,  m a i n t a i n e d ,  a n d  i t s  f r e q u e n c y  m e a s u r e d .  T h u s

t h e  f o r k  o f  n o m i n a l  f r e q u e n c y  6 0 ,  g a v e  tw o  s u c c e s s i v e  f i v e

m i n u t e  c o u n t s  w i t h  a  30  t o o t h e d  s y n c h r o n i s i n g  w h e e l  o f  3 1 2 0

a n d  3 1 1 9 .  The  f r e q u e n c y  o f  t h e  f i r s t  o v e r t o n e  o f  t h i s  f o r k

w a s  3 1 1 ' 9  . T he  s e c o n d  o v e r t o n e  w a s  a l s o  o b t a i n e d  b y  t h e  
5

a d j u s t m e n t  o f  t h e  p o s i t i o n  o f  t h e  e l e c t r o  m a g n e t s  w h i c h  h a d  

t o  b e  t h e  c o r r e c t  w a y  o n  i n  t h i s  c a s e .  The  f r e q u e n c y  o f  

t h i s  o v e r t o n e  c o u l d  h a v e  b e e n  o b t a i n e d  i n  t h e  sa m e  w a y .
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i i . B a r s . B a r s  o f  c r u c i b l e  s t e e l ,  m i l d  s t e e l ,  a n d  s o f t  i r o n  

w e r e  d r i l l e d  a t  t h e i r  n o d a l  p o i n t s ,  0 * 2 2 4  o f  t h e i r  t o t a l  

l e n g t h  f r o m  e a c h  e n d , a n d  w e r e  s u p p o r t e d  o n  r u b b e r  p a d s  

b y  h o r i z o n t a l  r o d s  t h r o u g h  t h e  h o l e s .  T h e s e  w e r e  m a i n t a i n e d  

i n  v i b r a t i o n  a n d  t h e i r  f r e q u e n c i e s  m e a s u r e d .  By a d j u s t m e n t  

o f  t h e  p o s i t i o n  o f  t h e  m a i n t a i n i n g  e l e c t r o  m a g n e t s ,  o r  b y  

p u t t i n g  t h e m  i n  o p p o s i t i o n ,  t h e  o v e r t o n e s  o f  t h e  b a r s  

c o u l d  b e  m a i n t a i n e d  a n d  m e a s u r e d .  The  f r e q u e n c y  o f  o n e  

b a r  w a s  d e t e r m i n e d  b o t h  i n  a  s t e a m  j a c k e t  a n d  i n  a  c o l d  w a t  

w a t e r  j a c k e t ,  a n d  h e n c e  t h e  c o e f f i c i e n t  o f  f r e q u e n c y  

c h a n g e  w i t h  t h e  t e m p e r a t u r e  w a s  o b t a i n e d .  Some t y p i c a l  

r e s u l t s  f o r  b a r s  a r e  g i v e n  i n  T a b l e  1 3 .

T a b l e  1 3 . G i v i n g  t h e  d i m e n s i o n s  o f  b a r s  a n d  t h e i r  f r e q u e n c i e s .

C r u c i b l e  s t e e l .

Temp L e n g t h B r e a d t h D e p t h T im e T e e t h C o u n t F r e q u e n c y
u /C c m s . c m s . c m s . m i n u t e s

1 9 ‘ 8 5 5 ' 1 8 1 2 7 0 - 6 3 5 1 12 5 55 1 1 1

2 1 2 1 1 1 1 1 1 1 - 1

20 12 1 1 1 0 6 1 1 1 - 0 6

1 8 - 7 7 '  ^ / ' 5 , 7 4 0 3 0 2 3 0 9 2 2 8 8 - 6 5
2 3 0 9 2

2 0 - 4  ' j 6 0 ' 6 1 - 9 0 1 - 2 7 1 0 6 0 3 1 5 2 3 1 5 - 2

L i s t  07' e r t o n e 8 5 9 8 8 5 9 - 8

2 0  ' 6 4 7 ' 7 5 2 * 5 4 1 - 2 7 1 0 6 0 5 7 2 5 5 7 2 - 5

2 0 7 4 6 - 5 1 ' 9 0 1 * 2 7 1 0 60 6 5 3 0 6 5 3 * 0
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T a b l e  1 3 .  ( c o n t i n u e d )

mid s t e e l

Temp L e n g t h B r e a d t h D e p t h Time /n. T e e t h C o u n t F r e q u e n c y

i n  “ G c m s . c m s . c m s . o i i n u t e s

2 0 - 8 2 1 ' 8 0 - 3 1 8 0 - 7 9 4 6 0 3 0 3 8 7 2 0 3 2 2 - 6 7 =
0

II If If 11 IT ff 3 8 7 2 1

9 8  8 If If II 2 0 If 1 2 7 9 1 3 1 7 - 7 7 =  5
i 9 9 - 0 H ff I f w If 1 2 7 8 9 3 1 7 - 7 2g

9 9 - 1 n If If II I f 1 2 7 9 0 3 1 7 - 7 5

S o f t  I r o n

2 1 ' 2  

It

2 1 ' 8 0 - 5 1 8 G ' 9 5 3 • 60 3 0 4 0 5 3 2

4 0 5 3 2
3 3 7 - 7 6

2 1 ' 8 6 0 3 0 4 0 5 3 0 3 3 7 - 7 5

F o r  t h e  m i l d  s t e e l  b a r ,  t a k i n g  f r e q u e n c i e s  a s : -

3 2 E ' 6 7 ^  a t  2 0 - 8 " 0  a n d  
o

3 1 7 - 7 5  a t  9 9 ; C " C  •

T h e n  t h e  c o e f f i c i e n t  o f  c h a n g e  o f  f r e q u e n c y  w i t h  t e m p e r a t u r e  

i s  ------------------ 0 ^ 0 0 0 1 0 9

i i i .  P l a t e s .A  c i r c u l a r  m i l d  s t e e l  p l a t e ,  h e l d  a t  i t s  c e n t r e ,  

w a s  m a i n t a i n e d  i n  v i b r a t i o n  a n d  i t s  f r e q u e n c y  

m e a s u r e d . The  p o s i t i o n  o f  t h e  e l e c t r o  m a g n e t s  

d e t e r m i n e d  t h e  t y p e  o f  v i b r a t i o n  w h i c h  r e s u l t e d  

a n d  d u s t  f i g u r e s  c o u l d  b e  p r o d u c e d  o n  t h e  s u r f a c e
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i n  t h e  u s u a l  m a n n e r .

i v . A  s t e e l  w i r e  o n  a  s o n o m e t e r  w a s  m a i n t a i n e d  i n  v i b r a t i o n  

i n  1 ,  2 ,  3 ,  o r  4  l o o p s  a c c o r d i n g  t o  t h e  p o s i t i o n  o f  

t h e  m a i n t a i n i n g  e l e c t r o  m a g n e t s  a n d  t h e  f r e q u e n c y  

w a s  m e a s u r e d .
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Appendix I I .

T a b l e s  o f  f u n c t i o n s  f o r  c a l c u l a t i n g  t h e  m u t u a l  i n d u c t a n c e  

f o r  s p e c i a l  c a s e s  o f  n o n - c o p l a n a r  c o i l s .

I n  t h e  t h e o r y  o f  t h e  a n g l e  c o i l  i n  P a r t  I  §  3 ,  t h e

v a l u e s  o f  P , l ( C o s  ^ ) / 0 o s ( | )  a r e  r e q u i r e d  f o r  t h e  a n g l e
£

(J) = 49°  6 * 2 4 ” a p p r o x i m a t e l y  h a v i n g  C os  ( j ) = 3 /7 *  The n e c e s s a r y  

v a l u e s  a r e  g i v e n  i n  T a b l e  I .

T a b l e  I .

n Pv.( Cos4>)/Cos(j)

2 3

4 0

6 - 3 3 / 7

8 4 6 8 / 7 ^

1 0 1 3 3 6 5 / 7 ^

1 2 - 7 9 5 6 / 7 ^

I n  t h e  t h e o r y  o f  t h e  a n g l e  c o i l  i n  P a r t  I  § 3 ,  a n d  i n  

t h e  t h e o r y  o f  t h e  d i f f e r e n t i a l  r o t o r  P a r t  I  É  4 ,  v a l u e s  o f  

C os  Ÿ") & re  r e q u i r e d  f o r  t h e  H e l m h o l t z  a n g l e . y * -  63^ 26 *6” 

a p p r o x i m a t e l y  h a v i n g  C o s ^ Ÿ '  = l / 5 .  T h e s e  v a l u e s  h a v e  b e e n  

c a l c u l a t e d  b y  r e c u r r e n c e  f o r m u l a e  a n d  c h e c k  h a s  b e e n  m ad e  

b y  d i r e c t  e v a l u a t i o n  o f  Cos • T h e y  a r e  g i v e n  i n  T a b l e  

I I .
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Table I I .

n P n (  Cos Ÿ ) L o g a r i t h m

1 1

3 G

5 - 1 8 0 - 2 5 5 , 2 7 2 , 5

7 2 - 4 6 4 0  3 9 1 , 6 4 0 , 7

9 - 0 - 9 3 6 1 - 9 7 1 , 2 7 5 , 8

1 1 - 1 - 8 1 6 , 3 2 0 - 2 5 9 , 1 9 2 , 4

1 3 3 - 4 6 5 , 2 8 0 - 5 3 9 , 7 3 8 , 3

1 5 - 2 - 3 3 4 , 7 2 0 - 3 6 8 , 2 3 4 , 8

1 7 - 0 - 9 7 3 , 3 2 4 , 8 T - 9 8 8 , 2 5 7 , 7

19 3 - 8 4 8 , 3 9 6 , 8 0 5 8 5 , 2 7 9 , 8

2 1 - 3 - 7 6 3 , 5 3 3 , 3 0 5 7 5 , 5 9 5 , 7

2 3 0 - 4 9 2 , 1 8 9 , 7 1  6 9 2 , 1 3 2 , 5

25 3 - 4 8 3 , 4 2 6 , 9 0 - 5 4 2 , 0 0 6 , 7

27 - 4 - 8 6 9 , 7 1 0 , 7 0 - 6 8 7 , 5 0 3 , 2

29 2 - 3 0 1 , 7 9 8 , 2 0 - 3 6 2 , 0 6 7 , 2

3 1 2 - 3 5 8 , 9 4 1 , 7 0 - 3 7 2 , 7 1 7 , 2

3 3 - 5 - 3 7 0 , 3 8 2 , 4 0 - 7 3 0 , 0 0 5 , 2

35 4 - 1 2 6 , 8 0 1 , 7 0 - 6 1 5 , 6 1 3 , 6

37 0 - 5 9 4 , 0 9 4 , 4 T - 7 7 3 , 8 5 5 , 4

39 - 5 - 0 8 4 , 3 3 1 , 1 0 - 7 0 6 , 2 3 3 , 9

4 1 5 - 6 2 6 , 6 8 8 , 3 0 - 7 5 0 , 2 5 2 , 8
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I n  t h e  t h e o r y  o f  t h e  d i f f e r e n t i a l  r o t o r  P a r t  I  ^ 4 ,  t h e  

v a l u e s  o f  t h e  f o l l o w i n g  f u n c t i o n s  a r e  r e q u i r e d  i n  w h i c h  n

i s  a n  od d  p o s i t i v e  i n t e g e r : -

£ l \ 3 \ ô " ....................( n ) '
2  =  n l  F T T T "  ■ - - ' - I ' - ' - l  n  -  I T

D =  1 +  ( n  +  2 ) ( n - l )

E =  1 + 1 0 ( n + 2 ) ( n  -  1 )  +  ( n  - + - 4 ) ( n +  2 ) ( n  —3 ) ( n - 1 )

F *  l + 9 1 { n  +  2 ) ( n - l ) + 3 5 ( n  +  4 ) ( n - ^ - 2 ) ( n - 3 ) { I l - l ^ +

( n  + - 6 ) ( n + - 4 ) ( r n - 2 ) ( i i — l ) ( n — 3 ) ( n — 5).

T a b l e s  o f  l o g a r i t h m s  o f  t h e s e  f u n c t i o n s  up  t o  n  =  21  h a v e  

b e e n  g i v e n  b y  E e t t l e t o n  a n d  L l e w e l l y n  ( P r o c . P h y . S o c . 4 4 , 2 1 6 , 1 9 3 £  

I t  h a s  b e e n  n e c e s s a r y  t o  e x t e n d  t h e s e  t a b l e s  up  t o  n  —4 1  a n d  

T a b l e  I I I  b e l o w  g i v e s  t h e  l o g a r i t h m s  o f  t h e s e  f a c t o r s  f o r  

o d d  v a l u e s  o f  n  b e t w e e n  3 3  a n d  4 1  i n c l u s i v e .

T a b l e  I I I .

n l o g  B l o g  D l o g  E l o g  F

33 r - 5 8 0 , 0 1 0 , 4 3 - 0 4 9 , 6 0 5 , 6 6 - 0 9 8 , 4 3 6 , 3 9 - 1 4 6 , 4 9 6 , 5

zt> ^ ■ • 5 5 4 , 8 1 0 , 9 3 - 1 0 0 , 0 2 5 , 7 6 - 1 9 9 , 3 6 1 , 5 9 - 2 9 8 , 0 1 0 , 8

37 ï ï - 5 3 0 , 9 9 4 , 6 3 - 1 4 7 , 6 7 6 , 3 6 - 2 9 4 , 7 3 4 , 4 9 - 4 4 1 , 1 7 7 , 0

39 1 - 5 0 8 , 4 1 7 , 4 3 - 1 9 2 , 8 4 6 , 1 6 - 3 8 5 , 1 3 5 , 1 9 - 5 7 6 , 8 6 9 , 0

4 1 F ' 4 8 6 , 9 5 6 , 6 3 - 2 3 5 , 7 8 0 , 9 6 - 4 7 1 , 0 5 7 , 0 9 - 7 0 5 , 8 3 0 , 3
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ABSTRAC7'. In the first method a sinusoidal alternating current of some 15 mA. derived 
from a valve oscillator and of frequency equal to that of a Konig tuning-fork is allowed to 
induce an equal current in a secondary circuit. The equality of amplitude of the primary 
and secondary currents is judged with the aid of a Westinghouse instrument rectifier. The 
resistance of the secondary circuit is given by the expression

6' = 27T»y(M2-N2),
where n is the frequency, N  the self-inductance of the secondary and M  the mutual 
inductance between the primary and secondary. With standard forks of frequencies 256, 
320, 384 and 512, resistances have been measured ranging from 16 O to 67 H.

In the second method equal primary and secondary currents of known frequency are 
also produced and are further adjusted to be in quadrature. A simple arrangement is 
thereby derived which enables Campbell’s two-phase alternating-current method of 
measuring resistance to be carried out in the laboratory.

In both methods a visibly beating circuit is employed which enables the frequency of 
the current used to be tuned easily, with precision, to that of a valve-maintained fork. This 
beating circuit is also of value in checking the relative accuracy of forks whose frequencies 
are very approximately in simple ratio to one another.

§1 . P R IN C IP L E  O F T H E  F IR S T  M E T H O D

1  P R I M A R Y  circuit consists of a valve oscillator, resistance 7?, relatively large R
/ \  inductance L  and neutralizing capacitance K. A secondary circuit of small L, K

4L V self-inductance N  and having a mutual inductance M, greater than W, with N, M
the primary circuit, has a total resistance S. The amplitudes of the primary and S
secondary currents are adjusted to equality by varying S  or M, while the frequency 71 n
of the currents is adjusted to that of a valve-maintained Konig tuning-fork so that 
the beats, rendered visible, are of the order of i a minute.

Under such conditions the resistance of the secondary circuit is given by the 
relationship

 (i).
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This expression readily follows* from the well-known equations of a primary and 

secondary circuit, namely
I  \ d i i

/CCt) dt .(2 a), 

.(26),

where 4, 4 are the respective instantaneous values of the primary and secondary 
currents when a sinusoidal alternating e.m.f. of pulsatance o) equal to zirn is applied 
to the primary circuit. For these equations give, for the ratio of the currents,

 (3).
Thus the ratio of the secondary and primary current-amplitudes is in general 

M œ j^{S^  +  and equation (i) results when these amplitudes are equal.

§2 . T H E  E X P E R IM E N T A L  A R R A N G E M E N T  FO R  M E T H O D  i

The primary circuit. A simple valve oscillator F, figure i, was allowed to give 
a current of some 15 mA. through capacitance i^, a variable self-inductance Lj,

circuit To P.O. 
BoxSecondaryPrimary

circuit circuit

ion 11—
To rectifier 
and dummy"V  Q i i v a  c i u i l i i i j y

Figure i . Simple circuit for absolute measurement of resistance

a coil or coils of self-inductance linked with the secondary circuit, a coil B  
supplying energy to the beating circuit described below, a resistance box and a 
standard lo-ohm non-inductive resistance. The primary of a Campbell mutual 
inductometer could at any time be switched into the circuit.

The anode circuit of the oscillating valve (Mazda P 220) had adjustable capaci
tance including a variable o-ooi-/xF. condenser. The inductance consisted of one 
or two twin coils of self-inductance 0-15 H., resistance 15O, turns 500 and mean 
diameter 35 cm. The total effective inductance of the circuit was approximately 
neutralized, for the frequency used, by the capacitance K.

The secondary circuit. The secondary circuit included a coil N  of 67 turns of 
s.w.g. 18 insulated copper wire about 31 cm. in diameter and of self-inductance 
3242 /xH. The coil had a maximum mutual inductance of 10500 /xH. with either of the

* Cf. S. G. Starling, Magnetism and Electricity y pp. 359-61 (4th edition); A. Gray, Absolute 
Measurements in Magnetism and Electricity, pp. 251, 252; J. H. Jeans, Electricity and Magnetism, 
pp. 465, 466 (4th edition).
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twin coils of the primary circuit. The rest of the circuit consisted of a non- 
inductive resistance box R2 adjustable to o-oiO, a standard non-inductive lo-fl 
resistance similar to that in the primary circuit, and a plug key U which could be 
either closed to complete the secondary circuit or opened to permit connection with 
an accurate Post Office box, so that the total resistance S  of the circuit could be 
measured. At any time the secondary of the Campbell mutual inductometer in 
series with a telephone could be included in the circuit.

The equal-amplitude tester. The lo-D coils in the primary and secondary circuits 
were those of an accurate non-inductive ratio box and were connected, via potential 
leads, to a mercury rock-over key enabling either to be shunted at will by a circuit 
consisting of 500O, a full-wave instrument-type Westinghouse metal rectifier 
(specified as 4-1-1, 50 mA. Inst, unit) and a unipivot 0-120 d.-c. millivoltmeter. 
Equality of amplitude was judged by identity of deflection of the millivoltmeter as 
viewed through a microscope with an eye-piece scale on very quickly rocking over 
the switch, such identity of deflection having been carefully verified when the lo-Q 
coils were in series in the same circuit.

As the Westinghouse shunt circuit is not of infinite resistance, and as the primary 
and secondary currents are interdependent and have circuits of unequal impedance, 
special precautions have to be taken in accurately judging identity of current- 
amplitude. For the actual operation of the rock-over will very slightly modify the 
currents, and this effect, though small, is not symmetrical. Accordingly a dummy 
circuit of 1 6 5 0 - resistance was prepared and was always switched on to the primary 
10 n  when the secondary 10 Q was on the Westinghouse circuit, and likewise always 
rocked on to the secondary 10 O when the primary 10 O was on the Westinghouse 
circuit. This dummy resistance was that of the Westinghouse circuit for the order of 
the deflection used and was such that the resistance of the secondary circuit, even 
when small, was the same whether the 10 O in this circuit was shunted by the 
dummy or by the Westinghouse arrangement. This equality of resistance was judged 
by means of a P.-O.-box test with such a direct current, in either direction, as 
would produce the standard millivoltmeter deflection when the battery key was 
depressed.

Though this compensating device is most satisfactory it is no longer necessary 
if the voltages tapped off the lO-fl coils are switched in turn to the filament and grid 
of an amplifying valve, the anode current of which is passed through a transformer 
and thence to the Westinghouse circuit with added resistance. Rectifier M.B.S. 10 
is now sufficiently sensitive.

The visihle-beater. The output transformer from a valve-maintained tuning-fork 
was connected to a coil , figure 2, forming an adjustable mutual inductance with 
a secondary . Likewise the output from the coil B, figure i , in the valve oscillator 
primary circuit was led to a coil , figure 2, forming an adjustable mutual inductance 
with the secondary . The secondaries S -̂ , were connected in series through a 
resistance box R, having a telephone T  across it, to a Westinghouse metal rectifier W  
and a unipivot 0-120 d.-c. millivoltmeter MV. If desired a push-pull wireless 
transformer having two equal primaries and a common secondary may be substi-
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tilted for the coils P i , Pg, So, provided the inputs into the primaries are under 
control.

If the frequencies of the fork and valve-oscillator current are sufficiently near one 
another, beats may be heard in the telephone T  and seen by the oscillations of the 
millivoltmeter pointer and so may be counted by both ear and eye. As the variable 
condenser on the oscillator is turned to bring the frequencies more closely into 
unison the beats become too slow to be recognized by ear, but the pointer oscillations 
increase in amplitude and are easily timed by eye. If the steady millivoltmeter 
deflections, due to each source separately, are made approximately equal at a 
quarter-scale reading, elegant full-scale swings of the pointer of many seconds’ 
period may be produced when both sources are in operation, and the final tuning 
to unison is remarkably exact.

If both input circuits are derived from valve-maintained forks whose frequencies 
are very approximately in simple ratio to one another, beats between the common

Rheostat

y jv
Output from 

fork circuit

Output from B  
(Fig. i)

Rheostat
Figure 2. The visibly beating circuit.

harmonic components of the currents in the driving circuits, though of small 
amplitude, are readily seen and counted. Thus a Konig C 256 fork gave rise to beats 
of period 3-7 sec. when used in conjunction with a Konig E fork of frequency 
320 + X .  These beats are between the current harmonics of frequencies 5 x 256 
and 4 X (320 + and were suppressed by a very minute load upon the E fork. A 
rapid and accurate check on the relative frequencies of the forks used can thus be 
easily effected, and data are given in table 5 below.

§ 3 . E X P E R IM E N T A L  T E S T S  (M E T H O D  i)

In performing an experiment the capacitance K, figure i, was adjusted so as to 
neutralize approximately the total inductance of the primary circuit for the frequency 
used, while the anode condenser of the oscillator was chosen to produce visible 
beating with the standard valve-maintained fork, these adjustments being successive.

The resistance of the secondary circuit was set to produce an induced current 
approximately equal to the primary current, the final exact adjustment being made 
after tuning the oscillator to beat with the fork not more than once a minute. Any 
slight drift of frequency was easily corrected by a slight turn of the anode o*ooi-/xFi 
condenser.



Absolute measurement of electrical resistance 549

As soon as currents of equal amplitude, as judged by several rock-overs, had 
been obtained, the oscillator was switched off and the resistance of the secondary 
circuit was measured on a reliable Post Office box after removal of the plug key U, 
the resistance of the leads (as taken when the plug key was inserted) having been 
adjusted previously to an exact number of hundredths of an ohm. Whether the 
secondary 10O was shunted by the dummy or by the Westinghouse circuit the 
value of 6" thus obtained was in all cases the same to the nearest 0 010.

The mutual inductance M  between the primary and secondary was then measured 
with a Campbell mutual inductometer, the primary of which was switched into the 
primary circuit while the secondary and telephone were inserted in the secondary 
circuit. The usual impurity device was included and the frequency was maintained, 
by adjusting capacitance, at approximately that of the fork.

The self-inductance N  of the secondary circuit is of smaller importance than M  
and was practically constant throughout the experiments. It was measured twice 
with the Heaviside-Campbell equal ratio bridge and found to be 3242/xH.

Variation of M  for further tests was obtained by using one or both of the twin 
coils Lo and by separating and N. As the range of the inductometer was limited 
to 11,100 /xH. it was necessary when working above this range to add to it, at sufficient 
distance of separation, a 10,000jnH. standard of mutual inductance which could 
readily be cross-checked against the inductometer.

The results in tables i to 5 form a continuous series obtained when the mains 
were used with an eliminator as a source of high tension for the oscillator. Even in 
spite of slight fluctuations due to the d.-c. mains the equal-amplitude tester was very 
sensitive to changes of secondary resistance, which affect the primary and secondary 
currents in opposite directions. A change of ±  0-02 O clearly upset the equilibrium 
when the secondary resistance was some 25 O, and a change of ±  0-050 did so when 
the value of the secondary was 67 O. We found later that if a high-tension battery 
was substituted for the mains and eliminator perfect quiescence was obtained, 
allowing a higher-power microscope to be used and aiding the ease and certainty of 
the equal-amplitude setting. Under such circumstances a secondary resistance of 
32O could be set by the tester to within ±  o-oiO.

Tables i, 2, 3 and 4 give data for the four frequencies used. S  is calculated from 
the relationship S  = 2tt?i — N )  after M  and N  have been expressed in
centimetres by multiplying the readings in microhenries by 10̂ . Table 5 gives the

Table i. Results when n = ^12, N  = 3242/xH.

M  (/xH.)
^  X I O -«  
(c.g.s.u.)

Resistance by 
bridge (Ü)

21090 67-04 67-09
18629 59-02 59 0 7
16626 52-46 52-50
1 0 5 5 7 32-32 3 2 - 3 1
10510 32-16 32-14

8067 23-76 2 3 7 3
6025 16-34 16-305
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Table 2. Results when n =  384, N  = 3242/xH.

5  X IO~® 
(c.g.s.u.)

Resistance by 
bridge (O)

21087 50-27 50-21
18790 44-66 44-665
16695 39-51 3949s
13608 31-89 31-87
10578 24-29 24-29

8085 17-87 17-88

Table 3. Results when n =  320, N  =  3242/xH.

M (^ H .)
S  X i o ~ ^  
(c.g.s.u.)

Resistance by 
bridge (Ü)

1 0 5 5 3 20-19 20-25
21097 41-91 41-87
1 8 7 5 7 37-15 3 7 - 1 7
16718 32-975 32-965
1 3 7 0 3 26-77 26-79

Table 4. Results when n =  256, N  =  3242/xH.

M if iH .)
5  X 10-^ 
(c.g.s.u.)

Resistance by 
bridge (O)

21067 . 33-48 33-51
18651 29-54 29-60
16634 26-24 26-26
13615 21-27 21-29
10746 16-48 16-50
10746* 16-48 16-47

* A second Kônig fork, 256 B, was used in this experiment.

Table 5. Beats produced by valve-maintained tuning-forks

Beating*
forks Interval

Frequency  
of com m on  

octave

T im e occu
pied by 10 

beats in 
seconds

Corrected 
frequency of 
second fork

256 & 320 major third 1280 37 320-07
256 & 384 fifth 768 50-5 384-10
256 & 512 octave 512 88 512-11
256 & 256B unison 256 123 256-08

* The second fork in all cases required load for perfect harmony.

beats between the 256 fork and the others : the corrected value of the higher fork is 
relative only, the 256 fork being assumed to be correct. Such corrections have been 
neglected in the calculation of S.
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§ 4 . M E T H O D  2: A S IM P L E  FO R M  O F C A M P B E L L ’S T W O -P H A S E  
A L T E R N A T I N G  C U R R E N T  M E T H O D  O F M E A S U R IN G  R E S IS T A N C E

If the arrangement shown in figure i be modified so as to take the form shown 
in figure 3 we have a circuit which is of value in teaching Campbell’s method* of 
determining the ohm, and experiments may be carried out with a current of 15 mA. 
derived from a simple valve oscillator.

The primary circuit now includes the primary P' of a variable mutual inductance, 
preferably that of a Campbell mutual inductometer. The secondary circuit has two 
additions, viz. the resistance R  whose magnitude is required, with potential leads, 
and the phase-adjuster consisting of a capacitance K ' in parallel with a variable 
non-inductive resistance which permits of fine adjustment. The object of this 
multiple-arc arrangement is to neutralize the small self-inductance N  of the secondary 
circuit so that the induced current shall be in quadrature with the primary current 
as well as ultimately equal to it in amplitude. Such compensation is attained when

C- - - - - - W vA A A /— ( ~ )B
L2

—̂AAAAAA
M

A  cos oit 
Primary circuit

To rectifier 
and dummy

A  sin cot

Secondary circuit $
Figure 3. Simple form of Campbell two-phase alternating current method of measuring resistance.

N  =  Rs^K' approximately and is almost independent of frequency, which only 
slightly influences the equivalent resistance. As the inductance-neutralizer intro
duces eflrective resistance into the circuit, and as the secondary current is limited 
when equal to the primary by the relationship

S  =  27rnM
{N  being now zero), it is well to use as a standard of frequency a valve-maintained 
fork of frequency not less than 512, and to set M  at its largest value (in our case 
21,000/xH.). The resistance 7? is connected to the telephone T  and the secondary of 
the mutual inductometer.

If by adjusting the mutual inductance M ' silence can be obtained in the telephone 
when the primary and secondary currents are in quadrature as well as equal in 
amplitude, we have Campbell’s relationship

R = z t tu M '   (4)-

* A. Campbell, Proc. R. S. 81 , 450 (1908) ; 87 , 398 (1912). For a brief account see the Dictionary 
of Applied Physics, 2, 224, 426.
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In performing a first experiment the capacitance K  in the primary circuit and the 

oscillator condenser were adjusted successively, as in § 3 above, to neutralize 
approximately the primary inductance and to produce visible beats with a valve- 
maintained Konig fork of frequency 512, The resistance R  was one of the l O - Q  

ratio arms of a Post Office box. K ' was about 2/xF. and the resistance R3 was 
adjusted until, irrespective of equality of amplitude of the two currents, a reasonably 
sharp inductometer balance, as judged by approach to silence in the telephone T, 
was obtained. This occurred when R^ was about 40 O and it showed the close approach 
to perfect quadrature, the secondary circuit being approximately non-inductive. 
The primary and secondary currents were now adjusted to equality with the box R2, 
as judged by the equal-amplitude tester, the frequency was controlled to obtain 
visible beats not exceeding one a minute, and R3 was slightly adjusted for sharpness 
of inductometer-telephone balance. The adjustments were successive. A sharp 
reading for M ' was thus obtained without the slightest difficulty, and a zero reading, 
equally sharp, was taken similarly with the lO -O  plug of R  inserted.

By making K ' about 2-3 /xF., R^ was reduced to some 380, permitting R  to be 
increased to 20 O while leaving sufficient surplus secondary resistance to allow of 
equal-amplitude adjustment with the box R q. Table 6 shows the readings obtained.

Table 6. Determination of resistance by Campbell’s method

=  512, =  27t?iM'

K ' Rz Resistance as
Nom inal (/iF .) ( Ü ) M ' R  X IQ -^ measured with

value of R approx. approx. (/zH.) (c.g.s.u.) bridge (Ü)

zero (plugs inserted) 2 40 zero (by zero — zero (lead reading
adjuster) taken)

10 Q (left arm) 2 40 3101 9-97o 9 9 8
10 D (right arm) 2 40 3102 9 ’97o 9 9 8
20 n  (both arms) 2-3 38 6208 19-97 19-96

§5 . C O N C L U D IN G  R E M A R K S

The experiments described in this paper may be simplified and readily performed 
by advanced students. Inexpensive condensers may be used for capacitance in both 
methods. If no inductometer is available, the fundamental relationships involved 
in the methods, viz. those of equations (i) and (4), may be tested by resorting to the 
Owen and Carey Foster bridges for the measurements of self and mutual inductance 
respectively, though the absolute character of the methods is thereby sacrificed.

By virtue of the high inductance of the primary circuits, which ensures that the 
currents are minute until neutralizing capacitance for the fundamental frequency is 
introduced, error due to the presence of harmonics appears to be very small and 
inductometer balances are sharp.
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D I S C U S S I O N
Dr D. O w e n . The authors’ first method utilizes ingeniously the fact that in 

the a.-c. transformer there is a simple relation between the resistance of the 
secondary, the mutual inductance, the self-inductance of the secondary, and the 
frequency, if the primary and secondary currents are exactly equal. From this 
relation the resistance of the whole of the secondary circuit may be calculated in 
absolute measure. It must be borne in mind that the effective a.-c. resistance of 
a coil is not equal to its d.-c. value, but always in excess of it, to an extent increasing 
with the frequency. It would have been of interest if results for the same circuit 
at various frequencies could have been recorded. The second method furnishes a 
simple means of carrying out A. Campbell’s a.-c. determination of absolute resis
tance, which may with advantage be included in the laboratory course of the 
advanced physics student.

Mr A. C a m p b e l l . The authors’ second method is quite suitable for an ordinary 
laboratory and the results show that it can give good accuracy. Some time ago 
I introduced a somewhat similar system as a phase-splitter for a.-c. potentiometers*. 
It is rather simpler in detail than that of the authors, but not so self-contained for 
students’ use.

In the accompanying figure the two loops have equal total resistance R  and 
self-inductance L, being set by preliminary tests. The currents R  and R  will thus

m R,L

A

B
^— (D ~)

R,L VL

be always in quadrature. By means of differential thermo-junctions and heaters 
A  and 75, by altering either S  or m, we can get

* British Patent Specification No. 342,441. ^
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Then S  = corn = zirunij

which determines the resistance S  in terms of m and ti. With ordinary apparatus 
I have obtained accuracy to about i part in 2000.

I have suggested the system to Dr Hartshorn as an alternative to my M -R  
method, by which the National Physical Laboratory has recently made a determina
tion of the ohm. It is sufficiently sensitive and requires very little apparatus, but 
it has one weak point—the accuracy is lowered by the presence of harmonics, for 
balance is obtained by making the effective (r.m.s.) values of R  and R  equal, and 
not, as in the M -R  method, by use of a selective vibration galvanometer.

A u t h o r s ’ reply. In reply to Dr D. Owen : We hope to carry out shortly further 
tests on the absolute measurement of resistance by a yet more simple a.-c. method. 
We shall certainly keep his suggestion in mind and measure the same resistance 
under different frequencies.

We are very interested to learn that Mr Albert Campbell has used a simple 
device in which two currents, always in quadrature, are adjusted to equality to 
enable a resistance to be measured absolutely in terms of a mutual inductance and 
a frequency. The circuit of figure 3 is designed for teaching purposes to resemble 
the original arrangement as closely as possible and it is perhaps an advantage that 
the student has to perform the adjustment for quadrature carefully to obtain 
sharpness of balance.



537-743

THE ABSOLUTE MEASUREMENT OF ELECTRICAL 
RESISTANCE BY A NEW ROTATING-COIL METHOD

BY

H. R. NETTLETON, D.Sc.
AND

E. G. BALLS, M.C., B.Sc., A.I.C.

R e p r in te d  f r o m  t h e  

PROCEEDINGS OF THE PHYSICAL SOCIETY 
V ol. 47, p. 54,1935

PRINTED IN GREAT BRITAIN AT THE 
UNIVERSITY PRESS, CAMBRIDGE



Reprinted from the 
PROCEEDINGS OF THE PHYSICAL SOCIETY  

Vol. 47, p. 54, 1935 
A ll Rights Reserved



54

537-743

THE ABSOLUTE MEASUREMENT OF ELECTRICAL 
RESISTANCE BY A NEW ROTATING-COIL METHOD

By H. R. n e t t l e t o n ,  D .S c., Lecturer in Physics, Birkbeck College 
AND E. G. BALLS, M.C., B.Sc., A.I.C., Birkbeck College

Received July i i ,  1934. Read November 2, 1934.

ABSTRACT. A rotating coil of mean radius a lies symmetrically between two fixed twin 
coils of radius a. If the ratio oija lies between 0-58 and 0*53 it is easy to arrange, by merely 
adjusting the distance between the twin coils, that the mutual inductance M  between the 
rotating coil and the two fixed coils shall be very accurately proportional to the angle 6 
of displacement from the conjugate positions over a range of some 10° of arc on either side 
of the zeros. The constant K  of the relation M=Kd  can then be accurately measured by a 
method here described in which 6 is deduced from a mutual-inductance ratio. At the 
same time errors in the calibration of the inductometer used are eliminated.

If such a coil spins with an angular velocity co, while a current C traverses the fixed 
twin coils, a uniform e.m.f. coCK can be drawn off a commutator on the rotating shaft 
and made to balance an e.m.f. CR drawn off an adjustable resistance R carrying the 
same current. Thus R = œK.

If now the twin coils are brought rather closer together, the law of variation of M  
with 6 takes the form MI6 = K  + Ad^ — B6^ over a displacement of 35° of arc from the 
zeros, where A  and B are very small positive constants and Mjd attains a maximum value 
K', where d̂  = AlzB  and scarcely changes over a range of 3° in this neighbourhood. 
This allows larger sectors to be used on the commutator and the constant K ' of the 
relationship R = K'co can be accurately determined for a suitable commutator in situ.

The experimental work is mainly devoted to a study of the laws of inductance on which 
the method depends and to the determination of the constants K  and K', but preliminary 
spin experiments are very hopeful and resistances of between 0-32 H. and 0-64 D. have 
been measured absolutely by means of commutators with sector contacts of 23° and 47° 
of arc. Owing to the relatively large e.m.f.’s involved, the method is very sensitive and a 
fluxmeter can be used as the balance-detector for hand-controlled stroboscopic spins. In 
other experiments a synchronized television motor was used.

§ I .  I N T R O D U C T I O N

Th e  well-known method of measuring electrical resistance absolutely with the 
aid of a spinning coil was originally suggested by Weber and put forward 
independently by Kelvin to the Electrical Standards Committee of the 

British Association in 1863. It is very fully described in the reports of the British 
Association covering the period 1862-67; the experiments were carried out prin
cipally by Maxwell, Stewart, and Jenkin. Later determinations by this method 
were undertaken by Rayleigh and Schuster* ; Rayleighf and H. Weber J.

* Proc. roy. Soc. 32, 104 (1881). f  Phil. Trans, 173, 661 (1882).
f  Der Rotations-inductor (Leipzig, Teubner, 1882).
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The method involves fundamentally the measurement of a coil-area, a galvano
meter constant, a speed of rotation, and the deflection of a needle at the centre of 
the spinning coil. Corrections are necessary for the moment of the magnetic needle, 
the torsion of the supporting fibre, and the self inductance of the coil. It is not 
surprising, therefore, that the method has largely given way to the methods of 
Lorentz and Campbell which involve quantities more easy to determine and are 
applicable to the measurement of external resistances with potential-leads.

In 1880 Carey Foster* suggested an interesting null method involving the same 
principle as the British Association method. In this arrangement a steady current 
is passed through a tangent galvanometer of known principal constant and through 
the resistance to be measured. The e.m.f. across the potential leads of this resistance 
is balanced against that derived from a coil spinning in the earth’s field, the balancing 
circuit being completed through commutators only over some 20° of arc. The middle 
of the period of contact was made to coincide with the instant when maximum 
e.m.f. was induced in the spinning coil, and the extreme variations of the e.m.f. 
during contact was 1*83 per cent. Though this null method has the great advantage 
of dispensing with the corrections necessary in the original method and is applicable 
to the measurement of an external resistance, the same fundamental quantities are 
involved. The correction necessary for the angle of contact, which must be measured, 
depends fdr its validity on a symmetrical setting of the commutators about the 
position of maximum e.m.f. which is difficult to locate with precision, and thermo
electric effects are likely to be troublesome.

The object of the present communication is to describe a preliminary investi
gation of a sensitive null method by which a resistance may be measured absolutely 
in terms of a mutual inductance and a frequency.

§ 2 . T H E  T H E O R Y  O F T H E  M E T H O D

Simple form of the method. A coil spinning uniformly about a horizontal diameter 
lies between two larger fixed twin field coils having their planes horizontal and so 
separated in the theoretically simplest type of experiment that the mutual induct
ance M  between the rotating and fixed coils in series and conjunction is, over a M
range of some 10° of arc on either side of zero, very accurately proportional to the 
angle 6 of displacement from the position of zero mutual inductance. The axis of 9
rotation lies in the magnetic meridian and the earth’s vertical flux through the ro
tating coil is neutralized by a small current passing through large compensating 
coils in the Helmholtz position.

A steady current C of about one ampere is passed through the twin fixed coils C 
and through a variable manganin resistance which is adjusted until the e.m.f. across 
its potential-leads is balanced by that across the commutating sectors of th e ‘ro
tating coil. These make contact through fixed brushes with a galvanometer over 
some 20° of arc, during which the e.m.f. arising from the uniform spin is constant.

* B.A. Reports, p. 426 (1881).
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M  Since the mutual inductance M  at any position 6 over the range of contact is given 
by the linear relationship

M = K d   (i),

K  where K  is constant, we have for the flux F  through the spinning coil at any position 6
C F = C M = C K d   (2),

and for the numerical value of the e.m.f.
7̂ , f =   (3 ),

o) where co is the constant angular velocity of rotation. Whence, equating this to the
R  e.m.f. CR across the balancing resistance R, we have

R = Kcx> = ztttiK   (4),

n where n is the number of revolutions per second.
In view of the remarkable accuracy of the linear law connecting M  and 6 over 

considerable range the constant K  can be determined with precision, and a method 
of doing this is described below which not only avoids the direct measurement of 
angles but at the same time eliminates errors in the stud-calibration of the mutual 
inductometer used. Further, on account of the linear law which gives rise to a 
uniform e.m.f. the exact angle of contact is not required and, although symmetry 
of contact is readily obtainable by means of inductance measurements, slight 
departure from symmetry is unimportant. Thermoelectric effects are rendered in
significant by adjusting the earth-coil current for zero galvanometer deflection 
when the current C is broken and the resistance R  is connected across the contacts 
of the rotating coil spinning at the frequency n. On application of the current C 
relatively large opposing e.m.f’s. come into action, giving high sensitivity, and on 
reversal of C throughout the balance is preserved.

Extension of the method to large angles of contact. So far we have supposed that 
the twin field coils are so separated that the linear law M  = K6 is rigorous and that 
an unvarying e.m.f. CKœ is drawn off the rotating coil over an angle limited to 
some 20° of arc. Let us now consider a more general case applicable when the 
commutator sectors are enlarged to some 50° of arc.

M ' Let M ' be the change in the mutual inductance between the rotating coil and
6' the twin fixed coils over the angle of contact 6' of the sectors with the brushes in

Tkf'' the region of the first conjugate position, and let M" be the change in mutual in-
6" ductance over the corresponding angle of contact 6" around the second conjugate

position. Then the flux changes CM', CM" occur in times 9'jœ, 9"joj respectively. 
Thus the average e.m.f. during the contacts of one revolution is Co) {M'jO' 4- M"l6")lz ; 
and if this is balanced on a ballistic galvanometer or fluxmeter by the opposing 
e.m.f. CR, drawn off the adjustable resistance R, we have:

R  <5)-
Now while in general it would not be possible to measure precisely the sweeps 

of inductance M ' and M "  over precise sector angles 9' and 9", it is easily possible
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to measure with great precision the ratios M'jd' and provided that Mj6 is
rendered constant in the neighbourhoods of the sector-extremities. This, it has 
been found, can be readily accomplished by bringing the twin field coils rather 
closer together than when they are set to yield the linear law, so that their mutual 
inductance for a range of some 35° of arc on both sides of the zero obeys a law of 
the form

M ie = K+A6^-Bd^  (6).

It will be seen below that the coils were so separated that
M /0 = 124*932+ 3-665 X iQ-^0  ̂—3*03 X  (7),

where M  is in nominal microhenries and 6 is in degrees of arc. This gives a 
maximum value for M /9 of 125*042 /xH. per degree at 24°*5. The value 125*040 
corresponds to both 22°*8 and 26°*!, so that over this range of 3̂ *3 of arc M /9 
may be regarded as constant and equal to dM/d9.

By making one sector larger than the other so that the range of contact is deter
mined by the smaller sector, 9' and 9" were made equal at a value of about 46^*8. 
M '/9' and M ''j9", rendered almost equal by symmetrical setting, were measured by 
observations of M  and 9 in the neighbourhoods of the sector edges, readings being 
taken when the sectors were (a) just on and (b) just off the contact brushes, the 
differences in angle between the on and the off readings being narrowed down to 
about o°*i. Under such circumstances, the constant K ' can be measured with high 
precision.

It should be observed that although in this method of working with a large angle 
of contact the e.m.f. drawn off the rotating coil is not quite constant, the extreme 
variation of e.m.f. is only 0*16 per cent over a contact of 47° as against 1*83 per cent 
over 22° of arc in Carey Foster’s method. Moreover in this method the e.m.f. at 
the point of leaving the sectors is equal to the average e.m.f. over the whole contact.

Design and arrangement of coils. The design and arrangement of coils which 
provide the simple inductance laws stated above are based on the following theory. 
If two concentric circles have the ratio of their radii oc/a equal to 0*506078* the 
mutual inductance between them is so accurately proportional to the angle of dis
placement from the conjugate positions that the rising deviation from a straight-line 
law amounts to only 4*2 parts in a million at 7° of displacement and 18 parts in a 
million at 10° of displacement. With a slightly larger ratio of a/<2, the deviation may 
be distributed so that over a range of 7° it never exceeds 0*75 parts in a million. On 
the other hand, if a coil of radius a lies between two circles of radius a separated by 
a distance zx, the ratio (x/a must be increased to bring about a similar approach to 
linearity. Thus if ag/a = 0*19438, the ratio xja must be raised to 0*5461 to preserve 
the limiting linear law, the deviation at 7° being now 5*1 parts in a million. This 
deviation may likewise be distributed and diminished by slightly raising the 
ratio oL/a.

The practical significance of this theory, coupled with the fact that the primary 
effect of multiplicity of layers is to alter slightly the effective radii of the coils, lies 

* Nettleton and Llewellyn, Proc. phys. Soc. 44, 195 (193a).



58  H, R, Nettleton and E. G. Balls

in the result that if oc/a lies between the limits 0-58 >a/<2> 0-52, linearity within 
the accuracy of experimental measurements may be secured over some 12° with 
multiple-layered coils by merely adjusting the distance of separation between the 
larger twin coils. Such twin coils may at any time be joined in opposition, thus 
enabling the smaller coil to be set symmetrically.

In general we may express the mutual inductance between twin coils and a
smaller coil displaced from the conjugate positions by an angle 0 by a series of the
type

M = K d  + Ad -̂\-Bd  ̂+ . ...............(8),

where the constants K, A, B  etc. depend on a, a, x  and the number of turns, and 
may be evaluated with the aid of Legendre functions, though the process is laborious.

If a/<2 lies between the limits given, the coefficient A  may be rendered zero by 
adjusting the separation zx. The succeeding coefficients are then small and negative, 
and a limiting linear law with accuracy of the order already stated results. If now 
the separation zx  is reduced, A  assumes a small positive value and we have in 
practice with high accuracy over 30° of arc

M = K e ^ A 6 ^ -B d ^ ........................................... .(9),

which gives a maximum value of A^j^B  at positions given by d̂  = A jzB .
These positions are those proposed for the sector edges and define the ideal angle 
of contact for the new and closer distance of separation.

The e.m.f. on uniform rotation is everywhere proportional to dMjdd. Thus the 
minimum e.m.f. over the sector contacts is represented by K  when 0 = 0, the maxi
mum e.m.f. by K + gA^/zoB  when d̂  = '^AjioB, and the average e.m.f. by 
K -\-A '^ l^  (which is the actual e.m.f. when 0̂  =  A[/ioB or at the sector edges) where 
e  ̂= A lzB .

Measurement of angle by a mutual inductance method. This method of measuring 
an angle of displacement is particularly suitable for the present purpose and is based 
upon the fact that the mutual inductance between a small solenoid of designed 
dimensions and two large twin coils between which it rotates can be rendered with 
great accuracy proportional to the sine of the angle of displacement from the 
conjugate positions.

The mutual inductance between twin circles A  and B, figure i, and a single 
L  layered solenoid C of radius a and length zL, rotated from the conjugate position

by an angle 0, is given by the expression

" •  " •-< S ;rF F iT (iT i)  <“  «  <“  “>......
Pn^ P f  where is the Legendre function of the first kind, of order n\ P„' its differential

G coefficient; n an odd positive integer, G the galvanometer constant of A  and B
q, s, r, </), ip together at the origin of symmetry ; q the total area of C; and s, r, <f>, and ip are

sufficiently defined by the figure.
If the angle solenoid C is of small radius, this series converges rapidly and only
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the first three terms are of importance. They lead to the expression
. MelGq = sin  ̂ Pg (sin 6) 4- Xg Pg (sin 6)  (11),

where

and

—

5-6
4- L 3  ' 4 J

l 5
+ ■

or when the result is expressed in powers of sin 9
MejGq = sin 0 [i -  2KJ2 + 1sKz/S]

+ sin=  ̂[5jTi/z -  357 2̂/4] 4- sinS  ̂ .......(12).
If (%/a is less than f, and is rendered sensibly zero by making P %  equal to (%̂/4 
or equal to a^/q, also is always small and a close approach to the sine law 
results. If the coils are multiple-layered to the extent used in this research, this 
effect may be treated by a method due to Maxwell* and shown to be negligibly small.

T

2L-
•  ̂ Figure i.

/
In the angle solenoid used in our experiments 2l/ = 3*78 cm. and a = 2-18 cm. 

as found with the aid of a standard solenoid. The mean radius a of the twin coils 
was 16-41 cm. and in the least favorable position used, namely when the coils were 
closest and i/f = 78°, these figures give K i=  — i-oqx io “  ̂ and —3-20 x io “^ 
Whence if Mm&x. denotes the value of M  when 6 = 90°

M qsin 6 Mr [i 4-7 X 10”'̂  —2*5 X 10“  ̂(sin 0̂ —sin^0)]  (13)

and the sine law is very accurate, but it should be observed that the value of is 
necessarily uncertain as errors in the measurements of L  and a have large effects on 
its calculated value. Some experimental tests upon this angle coil have already been 
described by Llewellynf, but in view of the special advantage of the method for the 
present purpose and its sensitivity to two or three seconds of arc over considerable

Mr

* Proc. phys. Soc. 42 , 507 (1930). 
t  Thesis, Ph.D. degree, University of London,
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range, further improvements in the method and in the tests of its accuracy are 
contemplated.

Method of eliminating local inductometer errors. Essentially the methods here 
described with either large or small angles of contact require the determination of 
a constant Mj6, the angle 6 being measured from the relationship sin  ̂=  Mg/Mmax. 
All mutual inductances are measured on a Campbell inductometer. This inducto
meter is first carefully calibrated so that all the stud readings are known in terms of 
ICO divisions of the scale, so that inductances can be read in nominal microhenries, 
subject to calibration errors. Further, the rotating coil is wound with such a number 
of turns that its mutual inductance with the twin field coils is so close to the value 
of the mutual inductance between the angle coil and the same field coils that up to 
at least 25° of arc the readings are within 100 microhenries; thus the same thousands 
and hundreds studs are in use for both readings. With the widening gap between 
the radian law and the sine law, the difference of reading at 40° of arc is still only 
some 300 ftH.

Under such circumstances it is easy to show that any errors of the order possible 
in the calibration are rendered quite negligible as regards the determination of the 
ratio M jM e, and the accuracy of Mjd is solely dependent on the accuracy of the 
inductometer at the angle-coil reading Mmax., which in our case was some 7000 /xH.

In future work we shall aim at a maximum angle-coil reading of just over 
10,000 /xH., which will enable the fundamental dimensional length measurement to 
be checked by a 10 millihenry standard without any resort to the calibration curve.

§ 3 . T H E  A P P A R A T U S

The formers of the fixed twin field coils A  and P , figure 2, were constructed of 
dexonite. The channels, of radial depth and axial breadth 3 6 cm., were each filled 
with 504 turns of double-silk-covered copper wire, s.w.g. 16, the mean diameter 
of winding being 32*8 cm. The coils, separated by distance pieces Z), D, were locked 
together and firmly supported.

The rotating coil C consisted of 80 turns of double-silk-covered copper wire, 
s.w.g. 26, wound on a solid mahogany former, the channel having axial breadth 
I  cm. and radial depth 0-3 cm. The mean diameter of winding was about 19-0 cm. 
A hole of diameter 5 cm. through the centre of the former served for the insertion 
of the angle solenoid when required. The hole was lengthened by attaching to each 
face of the former wooden rings, one of which is seen at P ; to the ends of these 
rings were fastened small brass brackets with screw adjustments enabling the angle 
coil to be set centrally and secured in position.

The portions of the brass shaft to which the rotating coil C was attached 
terminated in pieces of channel brass P, P  which held the coil by brass bolts. Some 
play within the channel pieces, which allowed room for packing, enabled the coil 
to be set symmetrically about the axis of rotation before the bolts were screwed up 
tightly. The brass shaft was of external diameter 1*27 cm. and had a central hole of 
bore 0-5 cm. which permitted bell flex leads from the rotating coil to be led through 
the portion G of the shaft to terminals tj t on the sectors of the commutator M,
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The commutator M  consisted of a cylindrical ebonite piece some 6-5 cm. in 
diameter and 3-3 cm. long, through the centre of which passed stout brass tubing 
which enabled it to be slipped over the shaft and fixed thereon by heavy screws. The 
brass sectors let into the ebonite were diametrically opposite. In the particular 
commutator shown inset in figure 2 on a larger scale, one sector S  consisted of a brass 
piece tapering along its length from 44° to 51° of arc while the other sector was 
parallel along its length and of width equivalent to 60° of arc. The framework N  
carried spring brass brushes adjustable in width and height and provided with 
terminals. The fly-wheel L, the stroboscopic disc i?, the flexible unions U and 
the well-separated motor T  are seen in the diagram.

Figure 2.

The large horizontal coils F, V  of sides 49 x 55 cm. are placed in the equivalent 
Helmholtz position and serve for the neutralization of the earth’s vertical flux 
through the rotating coil when fed by a small current derived from accumulators.

The main electrical circuit will be readily understood from figure 3 with little 
description. The current of about i A., derived from accumulators, can be sent in 
either direction through the twin coils A  and B, the quadrant key serving to join 
them either in conjunction or in opposition but always in series. The same current 
passes through standardized resistances of 0-20029 H. and 0-50006 H. and through 
the variable resistance R  to be adjusted and measured, all of which can be connected 
by potential leads with a good thermoelectric potentiometer which reads from o to 
90 millivolts so that the value of R  can be checked by comparison within a few 
minutes of measuring its resistance absolutely. The resistance R  consisted of a box 
of manganin resistances of nominal values varying from 0-005 H. to 2-0 O. in series 
with a short semi-circular copper wire, of s.w.g. 18 provided with a movable poten
tial contact. The e.m.f. across R  can be adjusted to neutralize that across the
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brushes b of the uniformly spinning coil, balance being observed on a galvanometer 
or fluxmeter provided with a tapping key.

The circuit also readily permits of the measurement of the mutual inductance 
between the rotating coil, when stationary, and the twin field coils as well as of the 
measurement of the angle between them. For this purpose the primary of a Camp
bell mutual inductometer is switched in at the quadrant key Qi to be in series with 
the fixed coils. The rotating coil through the sector terminals t  is thrown into 
series with the secondary of the mutual inductometer at the quadrant key Q2 and the 
galvanometer is included in this loop and detached from R  by rocking over the 
mercury switch D. Alternatively, the angle coil may be thrown into the secondary 
circuit at H  instead of the rotating coil and mutual inductance, and hence the 
angle between it and the twin coils can be measured. Balance is easily obtained to 
within O'I /iH., which represents in the case of the angle coil 3" of arc.

1~wvv\Xm/V 0 } To coil A

_____________ J  To coil B

-^To galvo. 
or

riuxmeter

To secondary 
of inductometer > T o  angle coil

Figure 3.

The most constant speed of revolution was obtained by using a synchronized 
television motor, the cogged wheel of which had thirty narrow teeth separated by 
gaps four times the width of a tooth. The synchronizing impulse is fed to coils 
actuating an electromagnet pulling upon the teeth of the cogged wheel. The im
pulses used were derived from valve-maintained Konig tuning-forks which had 
been calibrated against one another by the method of visible beating*. In figure 4 
the complete valve circuit is shown for maintaining the fork, synchronizing the 
motor and supplying a neon lamp with the tuning-fork frequency for viewing the 
stroboscopic disc i?, figure 2, now provided with thirty lines. Because the television 
motor was rather weak in power, it was somewhat overrun and required careful 
rheostat adjustment to maintain synchronization for brief periods, but perfect

* Nettleton and Balls, Proc. phys. Soc. 45, 545 (1933).
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balances were obtained on the galvanometer at three different speeds, viz. 8*533, 
10*667 12*800 revolutions per second corresponding respectively to forks of
frequencies 256, 320, and 384 vibrations per second.

For other speeds a stronger motor was used in conjunction with other strobo
scopic disc rulings, viewed by means of the fork-controlled neon lamp, and the 
average speed was maintained as constant as possible with rheostats and hand- 
friction control. Though the imperfections of this control were manifested on a 
galvanometer by the oscillations of the spot of light, excellent balance was obtained 
by means of the following artifice. A Grassot fluxmeter of the silk-fibre-suspension

OH.T. +

To neon

To synchronizing 
coils on motor 

O

G.B. - 4G .B .- 2 G.B. +

L.T. + 2 
L.T. + I 

1 O L.T. — 
I—r-O—O H.T. —

Figure 4.

type* shunted by some 80 D. was substituted by a rock-over switch for the gal
vanometer, and the tapping-key was depressed while the average known speed of 
revolution was maintained. Any advance of a stroboscopically viewed line was 
immediately rectified by increasing the friction and enforcing its return. Departure 
from balance was then manifested by the growing drift of the fluxmeter pointer in 
one or the other direction, and was rectified by adjustment of R  until, after a con
siderable run, the pointer maintained its zero value. This method was proved to be 
satisfactory by deliberately allowing lines to escape and return in a time small 
compared with the period of the fluxmeter. Moreover the sensibility was good, the 
balance of R  being sharp on the slide wire, while even small departures from the 
correct current in the earth coils used for neutralizing the earth’s vertical com
ponent could readily be detected by this fluxmeter method.

§4 . E X P E R IM E N T A L  T E S T S

Attainment of the linear law M  — K6. The distance pieces between the twin field 
coils A  and B  were adjusted by trial, a few readings of the type given in table i 
sufficing until close approximation to the linear law was attained. Symmetry of 
setting was acquired by throwing A  and B  into opposition and moving them to
gether until the mutual inductance between them and the rotating coil was as closely 

* The recent control-less jewel-pivoted type is less satisfactory owing to solid friction.
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as possible zero in all positions. The angle coil likewise was set symmetrically by 
opposition tests, and its positions of zero, mutual inductance with the fixed coils in 
conjunction were made to agree very closely with the corresponding conjugate 
positions of the rotating coil. Readings of the mutual inductance M  between the 
rotating coil and the field coils, and the readings of the corresponding mutual in
ductance Mq between the angle coil and the field coils, were then taken over all four 
quadrants at closely corresponding positions. The maximum angle-coil inductance 
was observed also and the angle 9 in seconds of arc was then evaluated from the 
sine law for all positions. The corresponding values of M  and 9 in all four quadrants 
were added together and the ratio M j9 was obtained from EM /2 .̂ The values 
obtained for the final setting of the field coils for spins with a commutator of small 
angle are recorded in table i.

Table i. Values of M j9 for various angles 9. A:/a =  0*247, ^max. = 7085*17

S M  nom inal 
(^H .)

Tid (seconds 
of arc)

6, approximate 
(degrees)

M /d  nominal 
(/iH ./degree)

2560-6 74,726 123*359
3279*2 95,698 6*6 123*368
4033*9 117,726 8-2 123*355
4833*2 141,050 9*8 123*35?
5649*5 164,875 11*45 123*355
6448*8 188,209 13-1 123*351
7320-8 213,675 14-8 123 341
8148-6 237,844 16-5 123*33?
8947-9 261,176 . 18-1 123*336
9781-3 285,502 19-8 123*336

10659-4 311,146 21-6 123*331
12450-2 363,614 25*25 123-265
15043*9 439,795 30*5 123-144

A plot of M /9 against 9 reveals peculiarities due to imperfect symmetry, but the 
approach to linearity is remarkable and the value of K  for contacts of approximately 
known angle can be readily determined with precision.

With the coils in this position the semi-angle of the contacts used in the spin 
experiments was ii°*6, and accordingly the value of the constant K  was taken as 
123*355 nominal microhenries per degree. The correcting factor to convert to true 
microhenries was found with the aid of a standard inductance to be 1*00035, and 
hence for this arrangement of coils and contacts the experimental value of K  is 
123*398 /xH. per degree of arc.

Spin experiments with small angle of contact. The small commutator was readily 
adjusted systematically with the aid of the inductometer until the mutual inductance 
between the rotating coil and the fixed coils had approximately the same value, at 
the four boundaries of make and break between sectors and brushes, which are 
crossed during each revolution. The value in question was some 1425 /xH., corre
sponding to a semi-angle of ii°*6. The current in the earth coils was then adjusted, 
when the rotating coil was spinning with the main current broken, until no deflection 
was obtained on the galvanometer when closed through R  and the commutator of 
the revolving coil. The speed of revolution was then maintained at a constant value,
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determined by the tuning-fork and the stroboscopic disc in use, while R  was 
adjusted until accurate balance was obtained on the galvanometer or fluxmeter 
when a main current of the order of an ampere traversed the circuit in either direc
tion. The balancing value of R  was then immediately checked on the thermoelectric 
potentiometer by comparing it with one of the standard resistances—usually the 
0*50006-0. resistance. The value of R  in c.g.s. units is given by the expression

7̂  =  36 X 123*398 X 10  ̂X w,

where w, the number of revolutions per second, is obtained by dividing the frequency 
of the fork by the number of lines on the stroboscopic disc. Table 2 gives the results 
obtained.

Table 2. Absolute measurement of resistance. Æ = 123*398 /xH./degree

Frequency  
of fork 
(c./sec.)

Sectors 
on disc

n
(rev./sec.)

R  X 10-9 
(c.g.s. units)

Resistance by  
comparison 

(Ü.)

256 30 8*533 0-37908 0-37889
320 30 10-667 0*47385 0*47365
384 30 12-800 0-56862 0-56842
384 36 10-667 0*47385 0-47386
512 36 14-222 0631 8 0 0-63193
384 40 9-600 0-42646 0-42647
512 40 12-800 0-56862 0-56879

The use of the synchronized television motor was limited of necessity to the 
first three experiments. Fluxmeter balances were taken in the other tests.

Adjustment of twin coils for use with large contacts. The twin coils A  and B  were 
now brought closer together and set symmetrically with respect to both the rotating 
coil and the angle coil by opposition inductometer tests as previously described. The 
variation of M  and 9 was then explored over all four quadrants by taking readings 
of M  and M q  in closely corresponding positions.

On adding the corresponding values of M  and 9 in the four quadrants we obtain 
from 'ZM/'Z9 mean values of M /9 at various angles of displacement. These results 
are given in table 3 and are well represented by the relationship

M j9= 124*932 + 3*665 X —3*05 X 10-7 9^

as will be seen from the fifth column, which gives the values calculated from this 
expression. The differences between the observed and calculated values of M /9 are 
given in the last column.

This setting of the coils with a maximum value for M j9 of 125*042 nominal 
/xH. per degree at 24°*50 appears ideal for use with a commutator having sector 
contacts of semi-angle between 23° and 26°. Accordingly the commutator My 
figure 2, with smaller sector of angle tapering from 44° to 51° was adjusted on the 
shaft.

Determination of the constant K ' for large angle of contact. The larger commutator 
was adjusted systematically and firmly fixed in position. The constant K ' of equa-
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Table 3. Values of Mjd at various angles 6. =  0*212, Mmax. =  7249*37

M
(nominal

(/xH.)

(Û seconds 
of arc)

e
(degrees)

M /d
observed
(nominal

fxH./degree)

' M/ d
calculated
(nominal

jtxH./degree)

Difference

3261*2
4842*7
7247*3
9690*8

10957*8
12255*2
13625*1
14927*4
168349

93,961
139,511
208,722
279,048
315,489
352,824
392,298
429,860
485,007

6*53
9 69 

14*49
19*38
21*91
24*50
27*24
29*85
33 68

* 124*949 
124*963 
125*000 
125*021 
125*038 
125*045 
125*033 
125*014 

. 124*958

124*947
124-964
124-996 
125027
125-038 
125-042 
125-036 
125-016
124-955

+  0-002
— 0-001 
+  0-004
— 0-006 
Zero
+  0-003
— 0-003 
-0 * 0 0 2  
+  0-003

tion (5), equivalent to {M'/d' + M"l6")l2, was found for it directly in situ by taking 
readings of M  and 6 at the sector edges over all four quadrants with the brushes 
(a) just on and {b) just off. The data are recorded in table 4.

Table 4. Direct determination of K ' for contact of 47°

A?/a =  0*212, M m a x .  =  7249*37

Quadrant Contact M  (nominal 
/-H.)

M e  (nominal 
HÜ.)

d (seconds 
of arc)

I On 2945*7 2 8 9 0 - 0 8 4 ,5 7 9
I Off 2 9 6 8 - 1 2 9 1 0 - 7 8 5 ,2 2 2
2 On 2 9 2 4 - 6 2 8 8 5 - 9 8 4 ,4 5 1
2 Off 2 9 2 7 - 2 2 8 8 8 - 1 8 4 , 5 2 0

3 On 2 8 8 0 - 8 2 8 2 7 - 8 82,653
3 Off 2888*3 2 8 3 5 - 0 8 2 ,8 7 6

4 On 2 9 3 7 - 2 2 8 9 8 - 4 8 4 ,8 4 0

4 Off 2 9 5 3 - 0 2 9 1 2 - 5 85,278

The mean value of K ' for the on and off positions, which owing to the closeness of 
the ratios involved is equivalent to 'LM/'Ed for all readings, is 125*0405 nominal 
/xH. degree or, when corrected by the factor 1*00035 to convert to true micro
henries, 125*084 /xH. degree for a semi-angle of contact of 23“*4.

Spin experiments with an angle of contact of 47°. A series of spin experiments 
was performed in the manner already described, and the balancing value of R  in 
c.g.s. units was given by

i? =  3Ôx 125*084 X lO^X %.

Table 5 shows the values of R  so obtained and the corresponding potentiometer 
checks. The synchronized motor was used in the first three experiments.
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Table 5. Absolute measurement of resistance. i^ ' = 125-084 /xH./degree

Frequency  
of fork 
(c./sec.)

Sectors 
on disc

n
(rev./sec.)

R  X io~^ 
(c.g.s. units)

Resistance by  
comparison

,  (n o

256 30 8*533 0-38426 0-38398
320 30 10-667 0-48032 0-48018
384 ' 30 12-800 0-57639 0-57614
256 24 10667 0-48032 0-48008
320 24 13*333 0-60040 0-59982
256 36 7-111 0-32022 0-32047
256 36 14-222 0-64043 0-64036
512 36 14-222 0-64043 0-64026
320 36 8-889 0-40027 0-40002
384 36 10-667 0-48032 0-48033
512 40 12-800 0-57639 0-57627

§ 5. ^ C O N C L U D IN G  R E M A R K S

As this method of measuring resistance absolutely is based on the constancy of 
the ratio Mjd in the neighbourhood of an angle 6 which determines the approximate 
semi-angle of the contacts employed, the greater part of our time has been given 
to an investigation of the relationship between M  and 6 and to devising means of 
measuring the ratio accurately. Once the laws of inductance made use of have been 
established, a few readings suffice to determine the constant K  for any commutator 
in position and to set its value between close limits. We favour the use of contacts 
of some 50° of arc owing to the great accuracy with which K  can then be measured.

In view of the high sensitivity and the rapidity and ease with which balance can 
be obtained, we propose to undertake further work with coils of rather greater 
diameter (allowing more space between the fixed pair and the rotator) so wound that 
resistances of the order of an ohm may be conveniently measured. Further in
vestigation is also being undertaken of the limits of accuracy of the sine law for the 
angle solenoid. It is proposed for the purpose of measuring d to use two additional 
twin coils always in the Helmholtz position and possessing a maximum mutual 
inductance of some 10 mH. with the angle coil. The essential length and time 
measurements will then be dependent upon the value of a convenient standard 
inductance and upon a standard tuning-fork frequency.

§ 6 . A C K N O W L E D G M E N T S

We express our gratitude to Prof. P. M. S. Blackett, M.A., F.R.S. for providing 
us with facilities for carrying out this research and for the encouragement he has 
given us throughout the investigation. We are indebted to Mr S. Baker for the 
design and construction of the fork-controlled motor-synchronizing unit and to 
M r H. G. Bell for valuable help in the construction of the apparatus.
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D I S C U S S I O N

D r D. OwEN. The method described is not really related to that of the B.A. 
revolving coil, as appears to be implied in the introduction to the paper. Its affinity 
is rather with the Lorentz method, as is clearly indicated by the formula R = Mn 
which applies to both. The idea of using a momentary contact at the instant of 
maximum induced e.m.f. of the moving conductor was proposed by Lippmann, who 
used a coil rotating in the uniform field within a solenoid carrying the same current 
as that passing through the resistance to be measured. The advantage of the present 
method lies in the application of the investigation previously made by one of the 
authors of a type of variable mutual inductance in which, over a wide range of 
angular movement, the mutual inductance is very closely a linear function of the 
angle. This at once puts the determination of resistance on an altogether higher 
plane of accuracy. Compared with the Lorentz revolving-disc method, it is now 
possible to use a multilayered coil, and consequently the scale of size of the whole 
apparatus, or the speed of rotation of the coil, may be greatly reduced. These 
advantages may well engage the careful consideration of those concerned with 
future work on the determination of the ohm at the various national laboratories.

A u t h o r s ’ reply. The method here described resembles the B.A., the Carey 
Foster and the Lippmann methods in that an alternating e.m.f. is generated in the 
revolving coil. It differs from them in that the e.m.f. is not sinusoidal and is very 
uniform over the contacts particularly at the contact edges. In Lorentz’s method the 
magnetic lines of force are cut throughout a revolution at a constant rate and the 
e.m.f. is unvarying.

We thank Dr Owen for drawing our attention to Lippmann’s method, the formula 
for which may be written R  = Mn if the contact is momentary. Our remarks in the 
paper on the correction for arc of contact in the Carey Foster method are equally 
applicable to the Lippmann method.


