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PART I

tHE IHVESTIGATIOH OF 
A POSSIBLE GYRO-MA. GHETTO EFFECT



smmARy .

A G ray-R oss m agne tom ete r  was u s e d  t o  o b t a i n  I -H  c u rv e s  

f o r  a  s t e e l  ro d  u n d e r  n o rm al c o n d i t i o n s  a n d  u n d e r  th e  

i n f l u e n c e  o f  R o t a t i n g  m ag n e tic  f i e l d  to  f i n d  w h e th e r  th e  

e f f e c t  o f  th e  l a t t e r  w ould he t o  h e lp  i n  th e  p r o c e s s  o f  

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

o f  a  b a r-m a g n e t  i n  a  p la n e  a t  r i g h t  a n g le s  t o  t h e  a x i s  o f  th e  

sp ec im en , a n d  n e a r  to  th e  m a g n e t i s in g  s o le n o id ,  was u s e d  to  

s u p p ly  t h i s  f i e l d ,  w hich  was t h e r e f o r e  n o t  v e r y  s t r o n g  a n d  

d e c r e a s e d  to w a rd s  t h e  end o f  th e  spec im en  d i s t a n t  from  th e  

r o t a t i n g  m ag n e t.  When th e  I -H  c u rv e s  f o r  a  g iv e n  r a n g e ,  

an d  u n d e r  t h e  d i f f e r e n t  c o n d i t i o n s ,  were com pared , th e  

cu rv e  o b t a in e d  f o r  e i t h e r  d i r e c t i o n  o f  r o t a t i o n  o f  th e  

magnet d i f f e r e d  b u t  s l i g h t l y  from  t h e  c u rv e  f o r  no rm al 

c o n d i t i o n s .  Sometimes i t  seemed t h a t  th e  r o t a t i n g  f i e l d  

h e lp e d ,  b u t  i n  o t h e r  e x p e r im e n ts  t h e  o p p o s i t e  was i n d i c a t e d ,  

and  i n  o t h e r  s e t s  no d i f f e r e n c e  was d i s t i n g u i s h a b l e ,  so  i t  

was c o n c lu d e d  t h a t  a  r o t a t i n g  m a g n e tic  f i e l d  o f  th e  o r d e r  

u s e d  h a s  no d i s t i n c t  e f f e c t  on th e  l o n g i t u d i n a l  m a g n e t i s a t i o n  

o f  a  sp ec im en  l y i n g  i n  t h e  d i r e c t i o n  o f  th e  a x i s  o f  r o t a t i o n .
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INTRODUCTION.

m
I n  190 8 0 ,U .R ic h a rd s o n  p o i n t e d  o u t  t h a t  s i n c e ,  on

th e  e l e c t r o n  t h e o r y ,  a n  atom  o f  i r o n  i s  i t s e l f  a  l i t t l e

m agnet b e ca u se  o f  e l e c t r o n s  r e v o l v i n g  i n s i d e  i t ,  and  s i n c e

t h e s e  e l e c t r o n s  h a r e  m ass, th e  p r o c e s s  o f  m a g n e t i s a t i o n  i s

accom pan ied  by th e  c r e a t i o n  o f  a  p r o p o r t i o n a l  amount o f

a n g u la r  momentum a b o u t  th e  a x i s  o f  m a g n e t i s a t i o n .  Thus th e

te rm  1g y ro -m a g n e t ic  e f f e c t T came i n t o  u se  t o  d e n o te  th e  f a c t

t h a t  m a g n e t i s a t i o n  i s  accom pan ied  by r o t a t i o n ,  and  t h a t

r o t a t i o n  may be u s e d  to  p ro d u ce  m a g n e t i s a t i o n .  T h is  e f f e c t
(2)

h a s  b e en  i n v e s t i g a t e d  by v a r i o u s  w o rk e r s ,  and  S .  J . B a r n e t t  

su c c e e d e d  i n  m a g n e t i s in g  a  ro d  by  r o t a t i n g  i t ,  th e  r e s u l t i n g  

p o l a r i t y  b e in g  th e  same a s  w ould  have  b e en  p ro d u c e d  by a n  

e l e c t r i c  c u r r e n t  f lo w in g  ro u n d  t h e  ro d  i n  a  d i r e c t i o n  

o p p o s i t e  t o  t h a t  o f  th e  r o t a t i o n .

I t  was s u g g e s te d  t h a t  by  r o t a t i n g  a  m a g n e tic  f i e l d  

a b o u t  th e  c e n t r e - l i n e  o f  a r o d  a s  a x i s ,  l o n g i t u d i n a l  

m a g n e t i s a t i o n  m ig h t  be i n d u e id  i n  t h e  r o d .  T h is  seemed 

r e a s o n a b le  a c c o r d i n g  t o  th e  p r i n c i p l e  o f  p r e c e s s i o n  w hich  

h o ld s  f o r  g y r o s c o p ic  m o tio n .  The atom s o f  a  m ag n e tic

(1) O.W.Richardson: P h y s .  R e r . ,  26 , 1908 , P . 248 .

(2) S.J . Barnett: P h y s .  R e r . ,  6, 19^5» P . 2 J 9 .



m a t e r i a l ,  due to  t h e i r  s p i n n i n g  e l e c t r o n s ,  re se m b le  

g y r o s t a t s ,  and  i t  was th o u g h t  t h a t  a  r o t a t i n g  m a g n e tic  

f i e l d ,  r o t a t i n g  a b o u t  a n  a x i s  i n  l i n e  w i th  t h e  r o d ,  would 

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

g y r o s t a t ,  and  would  t e n d  to  t u r n  t h e  d i r e c t i o n s  o f  th e  

a x i s  o f  e l e c t r o n i c  s p i n  t o  be p a r a l l e l  t o  t h e  a x i s  o f  

r o t a t i o n  o f  th e  f i e l d ,  an d  so  in d u ce  l o n g i t u d i n a l  m a g n e t i s a t i o n  

i n  t h e  r o d .

To i n v e s t i g a t e  t h i s ,  t h e  e x p e r im e n ts  now d e s c r i b e d  were 

c a r r i e d  o u t  i n  th e  N a tu r a l  P h i lo s o p h y  I n s t i t u t e ,  Glasgow 

U n i v e r s i t y ,  u n d e r  th e  s u p e r v i s i o n  o f  P r o f e s s o r  J .  G. Gray, D .S c . 

and  a t  h i s  s u g g e s t i o n .  They c o n s i s t e d  i n  p u t t i n g  a  spec im en  

th r o u g h  a  h y s t e r e s i s  c y c l e ,  by th e  d e f l e c t i o n  m agne tom ete r  

m ethod , w i th  a n d  w i th o u t  a  r o t a t i n g  m a g n e tic  f i e l d ,  and  i n  

l o o k in g  f o r  d i f f e r e n c e s  i n  th e  I-H  c u rv e s  o b t a i n e d .
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APPARATUS.

The m agn e to m ete r  u se d  was o f  t h e  im proved form  d e v is e d
(3)

by P r o f e s s o r s  J .G .G ray  and A .D .R oss , t h e  g e n e r a l  a r r a n g e ­

m ent o f  w hich  i s  shown d ia g r a m m a t ic a l ly  i n  P i g . l .  The h a se  

i s  a beam o f  mahogany ab o u t 12 f e e t  lo n g  w i t h  a c ro s s -b e a m  

a b o u t  4-J f t .  l o n g ,  b o th  f i t t e d  w i th  c h a n n e ls  i n  w h ic h  t h e  

s t a n d s  f o r  t h e  v a r io u s  c o i l s ,  e t c . ,  cou ld  be  a d j u s t e d  and 

r e a d i l y  clam ped i n  any p o s i t i o n .  A i s  t h e  s o l e n o id  f o r  

m a g n e t i s i n g  t h e  specim en  S. B, C, and 1) a r e  th e  compen­

s a t i n g  c o i l s  w hich  form  a s p e c i a l  f e a t u r e  o f  th e  m a g n e to m e te r .  

B i s  t h e  p r i n c i p a l  o n e ,  and by i t  t h e  f i e l d  a t  t h e  magnetom­

e t e r  n e e d l e ,  E , due t o  c o i l  A i s  a p p ro x im a te ly  b a la n c e d .

C o i l  C h a s  o n ly  a few t u r n s  and i s  g e n e r a l l y  p la c e d  a t  a 

good d i s t a n c e  from  E , so t h a t  by i t s  means a s l i g h t  a d j u s t ­

ment o f  t h e  c o m p e n sa tio n  may e a s i l y  be e f f e c t e d ,  a s  may be 

n e c e s s a r y  i f  t h e  p o s i t i o n  o f  B i s  s l i g h t l y  a l t e r e d  i n  th e  

p r o c e s s  o f  c la m p in g .  A s i m i l a r  s h i f t  o f  C w ould  have  a 

n e g l i g i b l e  e f f e c t  b e c a u se  o f  i t s  few t u r n s  and l a r g e  d i s t a n c e .  

I n  t h i s  way b a la n c e  i s  made e x a c t  a s  f a r  a s  t h e  f i e l d  i n  t h e  

d i r e c t i o n  o f  t h e  lo n g  beam i s  c o n c e rn e d .  C o l l  D i s  to  

a l lo w  f o r  a l a c k  o f  t r u e  a l ig n m e n t  b e tw een  th e  c o i l s  A, B, and 

C w h ich  would r e s u l t  i n  a component o f  f i e l d  i n  th e  d i r e c t i o n

(3) Gray & R o ss :  P r o c .  Roy. Soc. E d i n . , V o l . 29 , 1909 , P . 182 .



Fig. I
Diagrammatic Sketch of Magnetometer Circuit
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o f  t h e  c ro s s -b e a m . A few t u r n s  o f  D may be u se d  to  coun­

t e r - b a l a n c e  su ch  a com ponent. F and G a r e  th e  lamp and 

s c a l e  f o r  the  m agne tom ete r  n e e d l e ,  E , w h ich  i s  o f  t h e  s u s ­

pended  m i r r o r  t y p e .  (The d i s t a n c e  b e tw een  E and G was 

r a t h e r  more th a n  a metre.') H i s  a s t a n d  f o r  a s m a l l  perm an­

e n t  m agnet u se d  i n  t e s t i n g  w h e th e r  c o i l  D n e e d s  t o  be 

b ro u g h t  i n t o  th e  c i r c u i t .  J  i s  a damping c o i l .  A p u l s e  

o f  c u r r e n t  s e n t  th ro u g h  i t  c r e a t e s  a te m p o ra ry  m a g n e t ic  f i e l d  

a t  E , and may be u se d  t o  b r i n g  t h e  n e e d le  to  r e s t  more q u i c k ­

l y .  A s m a l l  d ry  c e l l ,  a t a p p i n g  k e y ,  and a r e s i s t a n c e  i n

s e r i e s  w i th  J  (b u t  n o t  shown) a r e  u se d  to  p r o v id e  t h e  

p u l s e s  o f  c u r r e n t .

K i s  a m e rc u ry -c u p  r e v e r s i n g - k e y  t o  whose c e n t r e  

p a i r  o f  t e r m i n a l s  c o i l s  A, B, C, and D a r e  c o n n e c te d  i n  

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

w i t h  L , a  b a t t e r y  o f  s t o r a g e  c e l l s ,  M an  am m eter, and a s e t  

o f  t h r e e  r h e o s t a t s  R^, Rg, and Rg wound n o n - i n d u c t i v e l y  

and c a p a b le  o f  c a r r y i n g  c u r r e n t s  o f  0 .2 5  amps, 1 .5  amps, and 

10 amps, r e s p e c t i v e l y .  R i s  a s p e c i a l  f o u r - h o le  m e rc u ry -c u p  

key w i t h  t e r m i n a l s  1 and 2 c o n n e c te d  t o  t h e  t e r m i n a l s  o f  

M, t e r m i n a l  3 to  t h e  j o i n  o f  R^ and  Rg, and t e r m i n a l  4 

t o  t h e  j o i n  o f  Rg and  Rg. The f u n c t i o n  o f  R i s  a s  f o l l o w s :

B e fo re  ru n n in g  a c y c le  t h e  sp ec im en  i s  f i r s t  d e m a g n e t ise d  by

th e  method o f  r e v e r s a l s ,  and a  l i n k  o f  co p p er  i s  m eanw hile
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u sed  to  c o n n e c t  up cups  1 and 2 and so s h o r t - c i r c u i t  t h e  

ammeter U and p r o t e c t  i t  d u r in g  t h e  sudden  f l u c t u a t i o n s  o f  

t h e  g r a d u a l ly  re d u c e d  c u r r e n t .  Then, when ru n n in g  a c y c l e ,  

r e s i s t a n c e  Rj, i s  f i r s t  re d u c e d  by s t a g e s  t o  i n c r e a s e  t h e  

c u r r e n t  th ro u g h  t h e  m a g n e t i s in g  s o l e n o id  A, and when i t  i s  

c u t  o u t  c o m p le te ly  -  o r  supposed  t o  h e  -  t h e  c o p p e r  l i n k  i s  

i n s e r t e d  i n  N be tw een  cups  2 and 3 .  I n  t h i s  way t h e  

l a s t  t u r n  o r  so i n  th e  R h e o s ta t  R^ i s  p r o t e c t e d  when h e a v i e r  

c u r r e n t s  a r e  s e n t  th ro u g h  R^ and Rg . S i m i l a r l y  when t h e  

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

b e tw een  cups 3 and 4 .

I t  s h o u ld  be n o te d  t h a t  th e  e o n n e a t in g -w i r e s  w ere 

e v e ry w h e re  i n t e r t w i n e d  to  make them a s  n o n - i n d u c t i v e  a s  p o s ­

s i b l e .

The r o t a t i n g  f i e l d  was s u p p l i e d  by r o t a t i n g  a n  o r d i n ­

a ry  b a r  magnet a b o u t  an  a x i s  t h r o u g h  i t s  m id d le  p o i n t  and a t  

r i g h t  a n g le s  to  i t s  l e n g t h ,  t h i s  a x i s  b e in g  c o i n c i d e n t  w i t h  

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

m agnet was v e ry  s im p le ,  and i s  shown i n  F i g . 2. I t  c o n s i s t e d  

o f  a h o r i z o n t a l  s p i n d l e  t u r n i n g  i n  a wooden b a s e ,  w h ich  f i t ­

t e d  i n t o  th e  o h an n e l  i n  t h e  l o n g  l im b  o f  t h e  m a g n e to m e te r ,  

and was p r o v id e d  w i th  t h e  same k ind  o f  c la m p in g  a rra n g em e n t  

a s  th e  b a s e s  o f  t h e  c o i l s .  The s p in d le  was k e p t  i n  p o s i t i o n  

by  means o f  two s m a l l  b r a s s  c o l l a r s ,  and c a r r i e d  a t  one end a 

s m a l l  b r a s s  p u l l e y  f o r  a  c o rd  d r i v e .  The o t h e r  end o f  th e



Fifl. 2

D ia g r a  m  m a t i c  s k e t c h  sh o w in g  a r r a n g e m e n t  

fo r  im posing a  r o ta tin g  m a g n e tic  f ' e l d .

o
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s p i n d l e  was screw ed to  f i t  a  s p e c i a l  n u t .  T h is  n u t  i n  

a d d i t i o n  to  i t s  sc rew ed  h o le  had a t r a n s v e r s e  h o l e  h o re d  i n  

i t  t o  f i t  t h e  m agnet t h a t  was t o  he r o t a t e d .  By s l i d i n g  t h e  

n u t  a lo n g  t o  t h e  m id d le  o f  t h e  magnet and th e n  s c re w in g  t h e  

n u t  t i g h t l y  t o  th e  end  o f  t h e  s p i n d l e ,  i t  was easy  to  f i x  t h e  

m agnet s e c u r e l y .  T h is  p i e c e  o f  a p p a r a tu s  was d e s ig n e d  and 

made by  M r. W m .Johnstone , t h e  m ech an ic  a t  t h e  I n s t i t u t e .  I t  

was r o t a t e d  by means o f  a c o r d - d r i v e  from  a s m a l l  e l e c t r i c  

m o to r ,  w hich  worked o f f  t h e  e l e c t r i c  l i g h t i n g  m a in s ,  t h e  

sp e ed  b e in g  c o n t r o l l e d  by means o f  a v a r i a b l e  r e s i s t a n c e .
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PROCEDURE,

The s o l e  c o n t r o l  f i e l d  f o r  t h e  m ag n e to m e te r  n e e d le  

was t o  be t h e  h o r i z o n t a l  component o f  t h e  e a r t h ' s  f i e l d ,  EL, 

so t h e  f i r s t  s t e p  i n  s e t t i n g  up t h e  a p p a r a t u s  was to  l a y  o u t  

t h e  m ag ne tom ete r  on a h o r i z o n t a l  t a b l e  and a d j u s t  i t  so t h a t  

t h e  l o n g  beam was a c c u r a t e l y  a t  r i g h t  a n g le s  to  t h e  m a g n e tic  

m e r i d i a n .  T h is  a d ju s tm e n t  was made by th e  m ethod d e s c r i b e d  

i n  G r a y 's  'A b s o l u t e  M easu rem en ts  i n  E l e c t r i c i t y  and Magnetism* _ 

(2nd . E d . # P . 1 2 4 ) .  The m ag n itu d e  o f  He a t  th e  p o s i t i o n  

o c c u p ie d  by  t h e  n e e d le  was th e n  m easu red  by  t h e  u s u a l  method 

i n v o l v i n g  th e  u s e  o f  th e  e q u a t io n s

U _  ( a 2 -  l 2 ) 2 . t a n » .................................. (1)
2 e  2 .d

£
M. He ~  4 • TT . £  _____ ________________ (g)

To o b t a i n  a mean v a lu e  t h r e e  s m a l l  c y l i n d r i c a l  m ag n e ts  w ere

u s e d ,  each  i n  t u r n ,  a t  d i s t a n c e  d from  t h e  n e e d le  due E a s t

and due West and r e v e r s e d  i n  eac h  p o s i t i o n ,  and  t h e  d e f l e c t i o n

8 o f  t h e  m agne tom ete r  n o te d  i n  e a c h  c a s e .  Then t h e  n e e d le

was removed and r e p l a c e d  by a su sp en d e d  a lu m in ium  s t i r r u p  and

t h e  p e r i o d  o f  o s o i l l a t i o n ,  T , was a c c u r a t e l y  m easu red  f o r

e ac h  magnet when p l a c e d  i n  t h e  s t i r r u p .  The t im in g  was done

by means o f  a ' t i m e  s w i tc h '  g r a d u a te d  t o  o n e - t e n t h  o f  a 
was

se c o n d ,  a n d j l re p e a te d  c a r e f u l l y  t h r e e  t im e s .  The r e s u l t s  f o r  

th e  t h r e e  m a g n e ts ,  A, B, and C, a r e  sum m arised  i n  T ab le  I ,

and y i e l d  an a v e ra g e  v a lu e  o f  0 .1 4 8 5  gaus8  f o r  He .
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Table I.

Results of Experiments for finding HQ 

(Horizontal Component of Earth*s Field).

Magnet s . A B C

Mean Length =» L : cm. 1 0 .1 0 1 0 .1 4 1 0 .1 4

Mean Diameter =* 2r : cm. .2375 .2375 .2385

Mass =  m P : gm.
l i t  + n )

K = m. (12 4 ) : e . g . s . u .

3 .556  

30 .0 7

5 .5 4 8

5 0 .4 2

5 .5 6 4  

3 0 .5 5

P er iod  = T : s e c . 6 .8 9 1 6 .5 8 7 6 .7 7 9

D istan ce  from ne e d le  = d : cm. 3 0 .0 3 0 .0 3 0 .0

H alf  magnetic  l e n g t h  * -t * -—L 4 .2 1 4 .2 3 4 .2 3

Mean d e f l e c t i o n  » & : cm. 1 8 .7 4 2 0 .6 7 1 9 .7 5

D is ta n ce  from Meedle to s c a l e « D 1 0 6 .3 1 0 6 .3 1 0 6 .3
2 0  « T a n -1 9°591 1 1°2 1 10° 321

a 4 059i' h ^ l 1 5° 161
_ G l ' - J r tV T a n S -

a  o( 1134 1252 1195

M.He « 4  TTXXfj z. 2 5 .0 0 27 .6 8 2 6 .2 4

Hor.Comp.of e a r t h Ts f i e l d :  He .1485 .1487 .1482

Mean value of H »  .1 4 8 5  e.g. s.u.e
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The arrangement o f  apparatus was then completed as in  

F i g . l  and read in gs  f o r  a number o f  I -  H curves  f o r  a specimen  

o f  chromium s t e e l  (marked W.T.5, 4 .0 5  $ C r . ) were taken in  the  

ord in a ry  way, so as to determine i t s  magnetic  q u a l i t i e s  and to 

become f a m i l i a r  w i th  the method o f  working. In  each case  the 

m a g n e t i s in g  . s o l e n o id  was p la ced  a t  such a d i s t a n c e  from the  

magnetometer need le   ̂tha t ,  when the current  used was a t  the  

maximum va lue  fo r  the c y c l e ,  the d e f l e c t i o n  o f  the n e e d le ,d u e  to  

the magnetism induced in  the specimen^was almost the f u l l  

l e n g t h  o f  the s c a l e  (25 c m .) .  Thus f o r  maximum c u r r e n t s  

1 ,  2 ,  3 ,  4 ,  5 ,  6 and 7 amps, the s o l e n o i d  was p laced  a t  53,  60 ,  

80, 90, 100,  110 ,  120 cm. r e s p e c t i v e l y  from the n e e d le  and the  

p r o c e s s  o f  compensation rep eated  in  each c a s e .  I t  was never  

n e c e s s a r y  to br ing  compensating c o i l  D i n t o  the c i r c u i t  

which shows that  the magnetometer and i t s  f i t t i n g s  had been  

w e l l  made.

The e f f e c t  o f  the r o t a t i n g  magnetic  f i e l d  was then  

t e s t e d  as f o l l o w s .

The stand w ith  the r o t a t i n g  magnet was p la c e d  in  

p o s i t i o n  i n  the channel  i n  the l o n g  limb o f  the magnetometer  

base and clamped w ith  the magnet a t  a measured d i s t a n c e  from 

the specimen in  the m a g n e t is in g  s o l e n o i d .  Readings f o r  the  

m a g n e t i s a t io n  curve were taken f i r s t  w i th  the magnet r o t a t i n g  

in  one d i r e c t i o n ,  w ith  the cord from the motor arranged f o r  

open drive}, then s e c o n d ly ,  w i th  the cord d r iv e  c r o s s e d  and the
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magnet r o t a t i n g  w i th  the same speed in  the o p p o s i t e  d i r e c t i o n ;  

and t h i r d l y ,  w i th  the magnet removed hut the  motor s t i l l  

running,  so that  i f  any s t r a y  f i e l d  from the d r iv in g  motor had 

an e f f e c t  at  the magnetometer ne e d le  i t  would a f f e c t  a l l  three  

c y c l e s  e q u a l l y .

This  was done fo r  d i f f e r e n t  p o s i t i o n s  o f  the s o le n o id ,  

and d i f f e r e n t  d i s t a n c e s  o f  the r o t a t i n g  magnet, and d i f f e r e n t  

maximum c u r re n ts  through the s o l e n o i d .

Before  the I -  H curves  could he drawn f o r  the ahove 

experiment c o n s id e r a b le  amount o f  c a l c u l a t i o n  was r eq u ir e d .  

The e v a lu a t io n  o f  I -  the magnetic  moment per  u n i t  volume -  

was q u i t e  s t r a ig h t fo r w a r d  and dependent on the e q u a t io n  ( l )

g iv en  ahove. Thus:

T -  tan 0  ^ I
2d 'TT.r* L

i.e .  I *  . tan & .

k, h e in g  a co n s ta n t  f o r  a g iv e n  p o s i t i o n  o f  the s o l e n o id  and

0  he ing  obta ined  from the equat ion
8

Tan 26 * 15 where 8 and X) denote r e s p e c t i v e l y  the

d e f l e c t i o n  o f  the magnetometer ’ s p o t 1, and the d i s ta n c e  between  

the s c a l e  and the magnetometer n e e d l e .

The e v a l u a t i o n  o f  H*** the a p p l ie d  f i e l d  was a l s o  

s im p le ,  depending on the s o l e n o i d a l  formula

IO

where n̂ * i s  the number o f  turns per  u n i t  l e n g t h  o f  the s o l e n o i d ,
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and C i s  the current  in  amperes. This  gave 2 3 .5  C for  

the a p p l ie d  f i e l d ,  but the e f f e c t i v e  f i e l d  was sm a l ler  s i n c e  

the l i n e s  o f  fo rc e  due to the induced magnetism run the. 

o p p o s i te  way to those o f  the a p p l ie d  f i e l d .

I f ,  in  the case  o f  a c y l i n d r i c a l  rod,  the f r e e  p o l e s  were con­

c e n tr a t e d  o n ly  at  the end f a c e s ,  the dem a g n et is in g  f i e l d  at the  

c en tr e  o f  the rod would o b v i o u s l y  be g iv e n  by

2.(tt. r ‘i.1 2 .^  1

(4L)
xje.* tin •2.

where m i s  1d i m e n s i o n - r a t i o 1 o f  l e n g t h  to d iam eter .

But the d i s t r i b u t i o n  o f  the f r e e  p o l e s  in  a c y l i n d r i c a l  s p e c i ­

men i s  never  so simple as  t h a t .  Indeed ,  i t  i s  not p o s s i b l e  

to p r e d ic t  i t ,  and the s e l f  d em agnet is ing  e f f e c t  o f  the induced  

magnetism has to be found e m p i r i c a l l y .  I t  i s  g e n e r a l l y  

assumed to be p r o p o r t io n a l  to I and to  depend a l s o  on the  

value  o f  m , the d im e n s io n - r a t io ,  and so the dem agnet is ing  

f i e l d  i s  g e n e r a l l y  expressed  as H. I .  In f a c t ,  H the  

d e m a g n e t i s i n g  f a c t o r f i s  g e n e r a l l y  s t a t e d  in  t e x t - b o o k s  to

depend o n ly  on the dimension r a t i o  and i s  t a b u la te d  a lo n g s id e
(4)

the correspond ing  v a lu e  o f  m. Shuddemagen , however,  

g i v i n g  the r e s u l t s  o f  h i s  experim ents  on s e v e r a l  s e r i e s  o f  

rods, i n  which he kept to  one diam eter  i n  one s e r i e s  and a 

d i f f e r e n t  d iam eter  i n  another  s e r i e s ,  shows that  the a c t u a l  

diameter  o f  a rod, as  w e l l  as  the r a t i o  o f  the l e n g t h  to the

(4) C.L.B. Shuddemagen: P roc .  Amer. Acad. 43 ,  1907 ,  P . 185 .



- 11 -

diameter, a l s o  i n f l u e n c e s  the dem agnet is ing  f a c t o r .  In h i s

paper Shuddemagen g i v e s  a v e r y  thorough summary o f  the work

which had p r e v i o u s l y  been done i n  c o n n e c t io n  w i th  dem agnet is ing
(5)

f a c t o r s .  He confirms the f i n d i n g  o f  Mann that  i t  i s  o n ly

f o r  v a lu e s  o f  I l e s s  than about 800 e . g .  s .  u n i t s  th a t  the

dem agnet is ing  f a c t o r  may be c o n s id ered  c o n s t a n t .  He emphas-
( 6 )

i s e d ,  a l s o ,  the f i n d in g s  o f  Benedicks  that  fo r  a b a l l i s t i c  

experiment the va lue  o f  the f a c t o r  N f o r  the range in  which  

i t  i s  c o n s ta n t  i s  sm a l ler  than f o r  the same rod in  a magneto-  

m etr ic  experim ent ,  becoming s t i l l  sm a l le r  a f t e r  the c o n s ta n t  

s ta ge  i s  p a s t ,  whereas the f a c t o r  fo r  a magnetometric  d e t e r ­

m inat ion  i n c r e a s e s  a f t e r  I =» 800.

The reason  f o r  t h i s  d i f f e r e n c e  i n  the dem agnet is ing

f a c t o r  l i e s  i n  the f a c t  tha t  i n  the b a l l i s t i c  type o f  e x p e r i ­

ment, w i th  a s e a r c h - c o i l  round the middle part  o f  the rod,  i t  

i s  the marirmim va lu e  o f  I which i s  measured, whereas in  a 

magnetometric  experiment i t  i s  the mean v a lu e  o f  I f o r  the

whole rod,  and due to the d i s t r i b u t i o n  o f  the f r e e  p o l e s  a l l

over  the curved su rfa c e  the mean i s  c o n s i d e r a b l y  l e s s  than the  

maximum. I t  i s  g e n e r a l l y  the b a l l i s t i c  method o f  measurement  

that  has been used by the d i f f e r e n t  workers in  t h i s  f i e l d  o f

(5) R. Mann: Phys.  R ev . ,  3 ,  1896,  P . 359.

(6) B ened icks:  Wiedemann Ann., 6 ,  1901 ,  P . 726
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r e s e a r c h ,  and to  o b ta in  the  c o r r e c t i o n  f a c t o r  f o r  the

p r e se n t  magnetometric ex p er im en ts ,  the  w r i t e r  had to  go

hack to  the  r e s u l t s  o f  Mann i n  the paper j u s t  r e f e r r e d  t o .  
2

As m N v a r i e s  l e s s  r a p id ly  than N, a graph was drawn o f
p

m N a g a i n s t  m, and from t h i s  the v a lu e  o f  Q.08J2 was 

o b ta in ed  f o r  N. Thus f o r  each v a lu e  o f  the a p p l i e d  

f i e l d ,  g iv e n  by HT * 2 3 . 3C, the  v a lu e  o f  the e f f e c t i v e  

f i e l d  wjls ob ta in ed  from H = H! -  0 . 0 8 3 2 . 1 .  For the  

few v a l u e s  o f  I g r e a t e r  than 800 the f a c t o r  should  

be s l i g h t l y  h ig h e r  than t h i s ,  but the  same s l i g h t  e r r o r  

would e q u a l ly  a f f e c t  the  I-H curves  w i th  or w itho u t  

the r o t a t i o n  o f  the magnet, and i t  i s  t h e r e f o r e  

un im portan t .



RESULTS.

The t a b l e s  o f  r e s u l t s  and  th e  c o r r e s p o n d in g  g ra p h s

a r e  now g iv e n .  I n  T ab le  I I  th e  v a r i o u s  s t e p s  i n  th e

c a l c u l a t i o n  o f  I  and  H a r e  shown f o r  a n  o r d i n a r y

h y s t e r e s i s  c y c le  w i th  a  maximum m a g n e t i s in g  c u r r e n t  o f

se v e n  a m p e res ,  and  i n  F i g . J  th e  i n t e n s i t y  o f  t h e  in d u c e d

m agnetism  i s  p l o t t e d  a g a i n s t  th e  a p p a r e n t  m a g n e t i s in g  
a g a i n s t

f i e l d  a s  w e l l  a s * th e  c o r r e c t e d  f i e l d .  T a b le s  I I I  t o  VI 

g iv e  th e  v a lu e s  o b t a in e d  f o r  I  and  H i n  th e  e x p e r im e n ts  

w i th  th e  r o t a t i n g  m agnet, a n d  F ig s*  4 to  7 g iv e  t h e  

c o r r e s p o n d in g  g r a p h s .

F i g .  8 i s  ad ded  to  show the c u rv e s  o r i g i n a l l y  o b t a i n e d  

f o r  t h e  sp ec im en  u n d e r  n o rm al  c o n d i t i o n s  and  w i th  maximum 

m a g n e t i s in g  c u r r e n t s  r a n g in g  from  one to  se v e n  a m p e re s .
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TABLE I I

F u l l  Table  o f  R e s u l t s  f o r  O rd in a ry  H y s t e r e s i s  C ycle  
w i th  7 am peres maximum c u r r e n t .

L eng th  o f  sp ec im en  * 2 0 .4  cm.
D ia m e te r  . . . .  * 0 .9 7  cm.
D is ta n c e  from n e e d le  to  spec im en  * 120 cm.

. .  . .  . .  . .  s c a l e  * 106.7  cm.
H a l f  m a g n e tic  l e n g t h  o f  spec im en  * 2 0 .4  . (3 /1 2 )  =* 8 .3  cm.

I  =* (1 202 -  8 .S 2) 2 . 0 .1 4 8 5  . t a n  »  = 8420 . t a n  -&
2 . 1 20 .1T . (0 .465) 2 . 2 0 .4

c a 2© s tan© I Hf N .I H
am ps. CO. K ’. o ^ $420 tan 9 (23°$ c) (<W?2 I) fin'- N l)

+ 1 .36 + 2 .33 1 ° 2 2 ' .0119 100 32 .0 8 .3 23 .7+ 2 .1 4 +4.96 2° 4 0 ' .0233 196 3 0 .3 16 .3 3 4 .0
+ 2 .90 +0 . 06 4° 2 0 ' .0379 517 6 8 .2 26 .4 4 1 .6
+ 3 .4 4 +1042 5 ° 3 4 ' .0487 409 8 0 .8 3 4 .0 4C.8+ 4 .0 6 +1 2 .9 0 6 5 4 * .0603 308 93 .3 4 2 .3 3 3 .2+4.76 + 15 .5 6 e°i 2* .0717 604 111.9 30 #3 6 1 .6
+5 .98 + 18 .78 r y e ' .0872 734 140 .6 61.1 7 9 .3+7.17 ♦ 21 .15 1 1 °1 2 ' .0981 826 168 .3 6 8 .8

9 /
99 .7+3.06 +16.1 6 8, 3 6 ’ .0752 633 72 . 0 3 2 . 6
/ / • » 
1 9 .4

+ 0 .70 + 1 0 .7 2 3 ° 4 4 ' .0501 423 1 6 .3 3 3 .2 - 1 8 .7* 0 ♦ 8 .3 0 4°2 : ' .0389 327 0 27 .2 - 27.2
- 0 .9 7 ♦ 5 . ;  7 2° ; • .0187 137 - 2 2 .8 13.1 - 3 3 .9- 1.69 - 0 .03 - 0 *  2 ' - . 0 0 0 3 -3 - 3 9 .7 - . 2 - 3 9 .3•2  .36 - 5 . 0c -2 * 4 0 ' - ;0 2 3 3 •1 96 - 6 0 .2 -1 6 .3 -4 3 .9
• 5 .4 5 • 9 .9 0 -5° 1 8 ' - .0 4 6 3 -390 -8 1 .2 - 3 2 .4 -48  .8* 4 .5 8 - 1 4 . so -7 * 5 6 ' - . 0 6 9 4 -384 - 1 0 7 .6 -4 8 .6 *39 .0+6 .06 • 1 8 .9 8 •1 0 °  6* - .0 8 8 4 -744 -1 4 2 .3 —61 *9 —80.6• 7 .0 8 • 20.96 • i r  6 ' -*0972 •816 - 16 6 .3 -6 8 .1 —9 8 .4
-7 .1 5 •21 .13 - i r i 2 * - .0981 •826 -16 c - 6 8 .8 •9 9 .2
• 3 .6 9 - 1 7 .3 5 •9 °  14 ' - .0 8 0 8 -680 -8 6 .8 -3 6 .6

/ / • * 
- 3 0 . 2

- 1.31 - 1 2 .7 5 -6° 4 9 ' - .0 3 9 6 -302 - 3 0 . 8 - 4 1 .8 1 1 .00 - 6 .65 •4° 3 8 ' - .0 4 0 3 -341 0 —2 8 .4 2 8 .4+ 0 .9 0 - 4 .5 2 *2°26» - .0 2 1 2 •178 21 .2 - 1 4 .8 3 6 .0+ 1 .72 + 0 .1 5 ♦ 0° 3 ' .0007 ♦ 6 40 .4 .3 3 9 .9+ 2 .75 + 6 .00 3° 13 ' • v_. 2 61 237 64 .2 1 9 .7
 ̂s * f

44 .3
+5. 5 1 + 1 0 .2 0 5*28* .0476 402 82 .3 3 3 .4 49.1+4*64✓ a a +15.1 £ 8* 6* .0708 396 109 4 9 .6 3 9 .44- 6 .0 0  
4+7.22

+1c .92  
+21 .25

10* 4 '  
11°. 16'

.0681

.0987
742
831

141
169.7

6 1 .7  
6 9 .2

79 .3
too .3
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I - H  urres for  A ^ox/m u/n  C ~J

W i t h  a n d  wi thou t  s e J f - d e m a g n e t i s a t t o n  c o r r e c t / on .
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TABLE I I I

R e s u l t s  o f  E x p e r im e n ts  w i th  R o t a t i n g  M agnet. F i r s t  S e t .

Maximum m a g n e t i s in g  c u r r e n t  ............  9 a m p e re s .
D is ta n c e  o f  magnet from  c e n t r e  o f  s p e c i m e n   25*2 cm.
D is ta n c e  o f  n e e d le  « n n w  120 cm.

( g iv in g  I  ■ 8420 . t a n  6 )
Speed o f  r o t a t i o n  o f  magnet a b o u t  150 r e v s ,  p e r  m in u te .

Condensed T ab le  o f  R e s u l t s

Magnet R o ta t in g  
w i th  

Cpen D rive
—

Magnet R o ta t in g  
w i th  

C ro ssed  D rive

Normal C o n d i t io n s

I H I H I H

55 9 .8 54 9 .4 52 9 .5

72 1 8 .7 72 1 8 .9 67 1 8 .3

175 3 2 .4 181 3 2 .8 178 3 2 .7

336 45 *5 556 4 3 .2 348 44*0

496 52 .6 517 5 4 .3 498 5 2 . 6

63 6 65 .0 642 64 .5 633 66.0

755 83 .2 744 81 .0 737 81 .4

£23 99 .0 825 100.1 I 82 £ 101.7

£78 1 1 6 .8 695 12 2 .2 924 135.5

924 13 4 .4 930 13 6 .7 j  #  . •  •  •

I n  t h i s  S e t  th e  p o i n t s  f o r  th e  magnet r o t a t i n g  i n  e i t h e r  

d i r e c t i o n  l i e  p a r t l y  above th<“ c u rv e  f o r  Normal C o n d i t io n s .
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TABLE IV

R e s u l t s  o f  E x p e r im e n ts  w i th R o ta t in g  M agnet, Second S e t ,

S o le n o id  moved much n e a r e r  t o  n e e d l e , to  s u i t  
Maximum m a g n e t i s in g  c u r r e n t  o f  1*4 a m p e re s .
D is ta n c e  o f  magnet from  c e n t r e  o f  s p e c i m e n  2,5.2 cm.
D is ta n c e  o f  n e e d le  ’’ ’’ " 1  6 0 .0  cm.

( g iv in g  I  3 1021 ta n $ )
Speed o f  r o t a t i o n  o f  m a g n e t  130 to  180 r . p . m .

Condensed T ab le  o f  R e s u l t s

Magnet R o t a t i n g  ; 
w i th  

Open D riv e

U agnet R o t a t i n g  
w i th  

C r o a s .d  DrlTe

: | Normal

is
I !

C o n d i t io n s

I H I ] H h  _ 1 Hii ......_
12*2 3 .9 3 1 2 .5 3 .9 0 [l 1 1 .5 i  3 . 8 6i
2 4 .8 7 .3 7 2 4 .9 7 .8 3 | ; 2 4 .9 | 7 . 6 t

• • # • • • • • • « • • 2 5 .5 7 -75

3 9 .7 11 .62 3 8 .9 11.56 3 9 .5 1 1 .6 4

55.1 15 .27 5 4 .8 15.41 5 5 .0 I 15 .35

6 9 .8 1 8 .4 6 6 8 .4 18 .17 68*4 | 18 .17

8 5 .4 21 .09 8 5 .8 21 .66 86.1 ; 2 1 .70

104 .2 2 4 .8 0  ! 102 .9 2 4 .7 0 10 4 .9 ! 24 .8 8

I n  t h i s  S e t ,  sa v e  f o r  o c c a s i o n a l  e x c e p t i o n s ,  t h e  p o i n t s  

f o r  a l l t h r e e  c o n d i t i o n s  l i e  on th e  same curve*



a

a
6 10 12 Ik Ho 18 20 22 2 k  2k

H  in c*9*s * units

F iQ. 5.



TABLE V

R e s u l t s  o f  E x p er im en ts  w i th  R o ta t in g  M agnet• [Third S e t ,

S o le n o id  moved away from n e e d le ,  t o  s u i t  
Maximum m a g n e t i s in g  c u r r e n t  o f  8*6 a m p e res .
D ist& nee o f  magnet from c e n t r e  o f  specim en ..........  16 .3  cm.

(To a t t a i n  t h i s  s h o r t e r  d i s t a n c e ,  th e sp e c im e n  was 
pushed  a lo n g  n e a r  to  th e  end o f  th e  s o l e n o id  
d i s t a n t  from th e  n e e d l e .  Near th e  end o f  a s o l e n o id  
th e  m a g n e t i s in g  f i e l d  i s  n o t  q u i t e  u n i fo rm ,  h u t  
t h i s  c o n d i t i o n  i s  th e  same f o r  each  r u n . )

D is ta n c e  o f  n e e d le  from c e n t r e  o f  specim en   129.0 cm.
( g iv in g  I  3 10470 . t a n 6 v .

Speed o f  r o t a t i o n  o f  magnet a h o u t  130 r . p .m .

Condensed T able  o f  R e s u l t s

Magnet R o ta t in g  
w i th  

Open D rive

! ‘ "....... ....................... "It
Magnet R o ta t i n g

w i th
C ro ssed  D rive

Normal C o n d i t io n s

I H * ! H *r
X 1  H ....-

30 10 .4 31 10 .3 37 1 0 .4

66 18 .2 107 23.6 71 18 .3

176 3 3 .6 170 , 3 2 .9 184 3 3 .6

320 4 4 .4 323 4 4 . 1 334 ♦ ♦ .3

♦85 5 4 .9 487 3 4 .7 493 5 4 .6

622 6 7 .4 637 68 .7 636 6 7 .4

726 83 .2 V9 81 .9 732 82.5

802 100.3 807 101 .4 807 ' 100.7

861 116 .8 *67 119.9 871 ; 120.3

901 1 3 2 .3 900 131 .4 904 132.5

I n  t h i s  S e t  some o f  th e  p o i n t s  f o r  th e  magnet r o t a t i n g  

l i e  s l ig h t ly  below th e  norm al curve*



1I

■ ;H
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TABLE VI

(31

R e s u l t s  o f  E x p e r im e n ts  w i th  R o ta t in g  M agnet. F o u r th  S e t ,

S o le n o id  a g a in  mored c l o s e r  to  th e  n e e d l e ,  t o  s u i t  
Maximum c u r r e n t  o f  1 .4  a m p e re s .
D is ta n c e  o f  n e e d le  from c e n t r e  o f  specim en  .......... 12 .6  cm.

(The magnet was "brought s t i l l  n e a r e r t o  th e  specim en  
by r e v e r s i n g  th e  s o l e n o id  so t h a t  th e  end w i th  th e  
p r o j e c t i n g  tu b e  f o r  th e  c o o l in g  a rra n g e m e n t  now 
f a c e d  to w ard s  th e  n e e d le  i n s t e a d  o f  to w a rd s  th e  
m ag n e t .)

D is ta n c e  o f  n e e d le  from c e n t r e  o f  specim en  ..........  72*0 cm.
g iv in g  I  * 1787 . t a n  0 •

Speed o f  r o t a t i o n  o f  magnet now a b o u t  300 r e v s ,  p e r  m inute*

Condensed T able  o f  R e s u l t s

Magnet R o ta t in g Magnet R o ta t in g ;  Normal C o n d i t io n s
w ith w i th I

Open D rive C ro ssed  D rive

I H I H
i  i
I I  I  H
i i

5 .7 2 .03 63 1 .93
! i

6.1  | 1.96
i i

11 .2 5 .8 3 1 0 .? 3 .9 8 1 2 .5  i 3 .9 4

17.5 3 .6 8 17.2 5 . 6  2 1 9 .3  i 6J9]

2 4 .3 7 .6 4 24 .3 7 . 6 8 24.1  ; 7 .5 6

5 5 .3 11.68 5 9 .3 11 .63 3 9 . 0  ; 11 .66
I

5 2 .2 14.96 3 1 .8 14 .87 1 52 .6  I 15.00
j  j

66 .8 18.17 67 .2 18 .26 ! 68 . 5  18 .43t t
8 3 .3 21.31 83 .2 21.91 ; 85 . 8  | 22.10

j  I

102.0 2 4 .6 4 101.3 24 .63 101 .3  | 25.17

I n  t h i s  S e t  a g a i n  a l l  th e  p o i n t s  l i e  on one curve*



I - H  Curves [Sei 
with rotating field

0  open drive «• 
- |-  crossed drive
* no rotating field.

20 22 24  21



20 40  40 SO 100 I2C

. . j] 1 m c .f l .  s . u n i t s  . r C w " 'H i
(**•*$ S.f? Thompson's Cornett tori* F a c to r)



-  14 -

Comment on the R e s u l t s .

When the graphs f o r  the experiments w i th  the r o t a t i n g  

f i e l d  are examined i t  i s  seen  that  t h e i r  ev idence  i s  con­

f l i c t i n g .  In s e t  (1) the I -  H curve obta ined  when the  

magnet was r o t a t i n g  c lockw ise  seemed to c o in c id e  w ith  the  

curve fo r  counter  c lockw ise  r o t a t i o n  hut to  l i e ,  in  p a r t ,  

s l i g h t l y  above the normal curve .  But i n  s e t  (3) the o p p o s i te  

e f f e c t  seemed to be shown, as the I -  H curves  fo r  both  

d i r e c t i o n s  o f  r o t a t i o n  again  c o in c id e  but l i e ,  in  p a r t ,  

s l i g h t l y  below the normal curve.  On the o ther  hand, in  s e t s  

(2) and (4) one curve seems to s u i t  a l l  the three  s e t s  o f  

p o i n t s ,  thus i n d i c a t i n g  that  the r o t a t i n g  magnet makes no 

ap p rec ia b le  d i f f e r e n c e .

To i n v e s t i g a t e  fu r t h e r ,  s i n g l e  spot read in gs  were taken  

by b r in g in g  the specimen to a c e r t a i n  s tag e  in  the c y c l e  o f  

m a g n e t i sa t io n  and read ing  the d e f l e c t i o n  fo r  (a) normal con­

d i t i o n s ,  (b) magnet r o t a t i n g  c lo c k w is e ,  and (c)  magnet 

r o t a t i n g  c o u n t e r - c lo c k w is e ,  but the read in gs  were not c o n s i s t ­

ent on r e p e t i t i o n .  Readings (b) and (c) were sometimes a 

l i t t l e  g r e a t e r  than ( a ) , and sometimes l e s s .

The e f f e c t  o f  the r o t a t i n g  magnet on the c o n t r o l  f i e l d  

was t e s t e d  by t im ing  the swing o f  the n eed le  f o r  (a) normal 

c o n d i t i o n s ,  (b) motor running w ithout  the magnet, and 

(c)  motor running and magnet r o t a t i n g .  In  a l l  three  c a s e s  the
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per iod  o f  o s c i l l a t i o n  was found to be e x a c t l y  the same -*

3 .0 0  seconds -  so that i t  was assumed that  the r o t a t i o n  o f  

the magnet did not a f f e c t  the c o n tr o l  f i e l d  at the n e e d le .

C o n c lu s io n .

The r e s u l t s  o f  th ese  experiments may t h e r e f o r e  b’e 

summed up as f o l lo w s :  The in f lu e n c e  o f  the r o t a t i n g  magnet

did not seem to be very  a p p r e c ia b le .  When an e f f e c t  appeared 

to be d e te c te d  i t  was not c o n s i s t e n t .  For one s e t  o f  e x p e r i ­

ments, r o t a t i o n  in  e i t h e r  d i r e c t i o n  seemed to help the magnet­

i s a t i o n ;  f o r  another  to  h inder  i t ;  and i n  o ther  experiments  

i t  seemed to make no d i f f e r e n c e .  Thus i t  i s  concluded that  a 

r o t a t i n g  f i e l d  o f  the order used produces no d i s t i n c t  e f f e c t  

on a specimen l y i n g  in  the d i r e c t i o n  o f  the a x i s  o f  r o t a t i o n .  

I t  i s  to be noted that  the f i e l d  due to the magnet was not  

very  g r ea t  -  a few gauss a t  most -  nor was i t  uniform, be ing  

g r e a t e s t  at  the end o f  the specimen n e a r e s t  to the magnet, and 

d e c r e a s in g  towards the f a r t h e r  end. Also  i t  should be noted

t h a t  i n  a paper which was pu b l ish ed  a year a f t e r  these  e x p e r i -
(7)

ments were c a r r ie d  out ,  J .W .Fisher  descr ib ed  experiments

w ith  more e la b o r a te  apparatus and a much s tr o n g e r  f i e l d ,  in  

which he a l s o  f a i l e d  to o b ta in  the lo o k e d - f o r  e f f e c t .

(7) Proc .  Roy. S o c . , Ser .A, V o l . 109,  1925,  P . 7.
(The f o l l o w in g  i s  h i s  summary o f  the i n v e s t i g a t i o n :  

E x p er im e n ts  are d escr ib ed  in  which i t  i s  sought to  
’ d e t e c t  /
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’d e t e c t  a gyro-magnetic  e f f e c t  by m agnet i s ing  a substance  
’ ( i n  most c a se s  m agnet ite )  by a r o t a t i n g  magnetic f i e l d ,  

’and lo o k in g  f o r  a component o f  m a g n e t i sa t io n  in  a 
’ d i r e c t i o n  perpendicu lar  to the plane o f  r o t a t i o n  o f  the 
’ f i e l d ;  such a component would be ex pected  to a r i s e  i f  a 
’r o t a t i o n  o f  the magnetic axes o f  the m o lec u le s  i s  s e t  up 
’by a r o t a t i n g  f i e l d .  F i e l d s  r o t a t i n g  at  f r e q u e n c ie s  o f  
’2 -  5 .10^ c y c l e s  per second were produced by v a lve  
’ g e n e r a to r s ,  but no ev idence  o f  an e f f e c t  o f  t h i s  kind was 
’ found, even fo r  r o t a t i n g  f i e l d s  o f  over  100 gau ss .  The 
’magnitude o f  the e f f e c t  has been c a l c u l a t e d  and the  
’ s e n s i t i v i t y  o f  the apparatus was such that  i t  should have 
’been e a s i l y  capable o f  d e t e c t i o n  i f  p r e s e n t . ’
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PART I I

THE COEFFICIENTS OF DIFFUSION OF 

ALKALI VAPOURS IN FLAlfES



SUMMARY.

E x p er im e n ts  a r e  d e s c r ib e d  i n  which t h e  c o e f f i c i e n t s  

o f  d i f f u s i o n  o f  sodium gnd p o ta s s iu m  v a p o u rs  i n  a  bunsen  

flam e were m easured  by means o f  an  e l e c t r i c a l  m ethod.

E le c t r o d e s  o f  p la t in u m  w i r e ,  i n s u l a t e d  by q u a r t z  tu b e s  were 

c o n n e c te d  to  a b a t t e r y  and  g a lv a n o m e te r  and  h e l d  i n  a  f lam e  

i n  w hich  a  bead  o f  s a l t  was b e in g  v a p o r i z e d .  The c a th o d e  

was moved a b o u t  i n  th e  f la m e ,  and  when th e  c u r r e n t  i n  th e  

g a lv a n o m e te r  was th e  same f o r  s u c c e s s iv e  p o s i t i o n s  o f  th e  

ca tho de  i t  was assum ed t h a t  th e  c o n c e n t r a t i o n  o f  m e t a l l i c  

v ap o u r  was th e  same a t  th e s e  p o i n t s .  By n o t i n g  th e  p o s i t i o n s  

o f  p a i r s  o f  such  p o i n t s ,  a n d  by m ea su r in g  th e  v e l o c i t y  o f  

th e  f lam e g a s e s ,  th e  c o e f f i c i e n t s  o f  d i f f u s i o n  were c a l c u l a t e d .  

The v a lu e s  o b ta in e d  a r e  r a t h e r  h i g h e r  th a n  th o s e  g o t  p r e v i o u s l y  

by P r o f e s s o r  H. A. W ilson  from m easurem ents o f  the maximum 

diameter o f  the co loured  r e g io n  i n  the  f lam e.
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INTRODUCTION.

When a n  a l k a l i  s a l t  i s  v a p o r i s e d  i n  a  b u n sen  f lam e  th e  

d i s t i n c t i v e  c o lo u r  o b ta in e d  seems to  o r i g i n a t e  i n  a tom s o f
(1)

th e  m e ta l  which a r e  s e t  f r e e  by th e  d i s s o c i a t i o n  o f  th e  s a l t .  

T h is  would e x p la in  th e  f a m i l i a r  f a c t  t h a t  th e  same c o l o r a t i o n  

i s  p ro d u ced  by d i f f e r e n t  s a l t s  o f  th e  same m e ta l ,  and  th e  

l e s s  known o b se rv a t io n ^ th a t  t h e  same m o le c u la r  c o n c e n t r a t i o n  

o f  d i f f e r e n t  s a l t s  o f  th e  same m e ta l  im p a r ts  th e  same e l e c t r i c a l  

c o n d u c t iv i t y  to  th e  f lam e ( l f ) . On t h i s  a s s u m p t io n ,  t h a t  

th e  s p r e a d  o f  c o lo u r  th ro u g h  th e  flam e i s  due to  th e  d i f f u s i o n  

o f  th e  m e ta l  a to m s, and  on th e  f u r t h e r  a s s u m p t io n  t h a t  th e  

boundary  o f  th e  c o lo u r e d  r e g i o n  m arks a  s u r f a c e  o v e r  w hich  

th e  c o n c e n t r a t i o n  o f  th e  m e t a l l i c  v a p o u r  i s  u n i fo rm ,  P r o f e s s o r  

ft. A. W ilson  c a l c u l a t e d  th e  c o e f f i c i e n t s  o f  d i f f u s i o n  th ro u g h  

a  f lam e  o f  a  number o f  m e t a l l i c  v a p o u rs  u s i n g  m easurem ents  o f  

th e  maximum d ia m e te r  o f  th e  c o lo u re d  r e g io n  ( 2 ) .  The

e x p e r im e n ts  h e re  d e s c r ib e d  were c a r r i e d  o u t  a t  h i s  s u g g e s t i o n  

i n  th e  hope t h a t  more a c c u r a t e  v a lu e s  o f  th e  c o e f f i c i e n t s  

m ight be o b ta in e d  by  a n  e l e c t r i c a l  m ethod.

(1) Thomson : ’ C ondu c tion  o f  e l e c t r i c i t y  th ro u g h  g a s e s ’ , J r d  E d . ,
P .  402.

(1») Ib id .,  P . 413.

(2) H. A. W ilson : P h i l .M a g . ,  J u l y  1912, P .  118 .



THEORY.

The term ' C o e f f i c i e n t  o f  D i f f u s i o n s  o f  a Substance'  

i s  b e s t  exp la in ed  by r e fe r e n c e  to F i c k s  law o f  d i f f u s i o n ,  

which may be s ta te d  as f o l l o w s : -  'Cons ider  the substance  to 

be d i s t r i b u t e d  through a g iv e n  medium so t h a t  l a y e r s  o f  equal  

c o n c e n tr a t io n  are h o r i z o n t a l ,  l e s s  dense l a y e r s  being upper­

most; and l e t  th e  c o n c e n tr a t io n  i n  the  l a y e r  at  a he ig h t  x

above a f ix e d  plane be  c gm. per c . c . ;  then through u n i t
d c

area o f  t h i s  l a y e r ^ K .  <Ix grams o f  t h e  substance w i l l  pass

in  u n i t  t ime from the  s i d e  on which th e  su bstance  i s  more

concen tra ted  to  t h a t  on which i t  i s  l e s s . '  The constant

f a c t o r ,  K, in  t h i s  e x p r e s s io n  i s  termed th e  c o e f f i c i e n t  o f

d i f f u s i o n  o f  th e  substance through t h e  g iv en  medium and under

t h e  g iv e n  c o n d i t i o n s .  In such an arrangement, which i s

i l l u s t r a t e d  i n  F i g . l ,  s in c e  the  c o n c e n tr a t io n  d e c r e a se s  as x
d c

i n c r e a s e s ,  the  c o n c e n t r a t i o n - g r a d i e n t , dx, i s  n e g a t i v e ,  and

the  mass o f  the su b s ta n ce ,  Q grams, d i f f u s i n g  upwards in

t ime t  seconds ,  through an area A sq .  cm., a t  r ig h t

a n g le s  t o  x ,  i s  g iv en  by the  equat ion
do

Q =  -  K. A. t .  dx - - - - - - - - ( l )

This  equat ion  f i t s  th e  r e l a t i v e l y  simple case  o f  the d i f f u s i o n  

o f  a su bs tance  in  s o l u t i o n  from a co ncen tra ted  l a y e r  a t  the  

f o o t  o f  a v e s s e l  i n t o  t h e  l a y e r s  o f  weaker s o l u t i o n  above,
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but the c o n d i t io n s  o f  th e  presen t  problem are more compli­

c a te d .  A bead o f  s a l t  i n  a flame may be regarded as a 

source from which m e t a l l i c  vapour i s s u e s  at  an almost  s teady  

r a t e  and d i f f u s e s  in  a l l  d i r e c t i o n s ,  even downwards ag a in s t  

t h e  upward current  o f  the  f lam e,  as the c o lo u r a t io n  o f  the  

f lame shows. The above equat ion  must t h e r e f o r e  be extended  

to  th ree  d im ensions ,  and al lowance must be made for the 

v e l o c i t y  o f  the f lame. I t  w i l l  be observed that  th e  equat ion  

i s  c l o s e l y  analogous t o  the s im ple  equation  r e l a t i n g  to thermal  

conduct ion  (sometimes c a l l e d  1 d i f f u s i o n  o f  heat* ) and the 

f o l l o w in g  treatm ent  i s  s i m i l a r  to  t h e  standard method o f  deafc 

in g  w ith  t h e  problem o f  thermal conduct ion .

Let the  o r i g i n  o f  c o o r d in a te s  be taken at  the  cen tre

o f  the bead o f  s a l t ,  w i th  the  a x i s  0 X v e r t i c a l l y  upwards,

i . e .  i n  the d i r e c t i o n  o f  motion o f  the  f lam e.  The axes 0 Y

and 0 Z are  thus i n  a h o r i z o n t a l  p la n e ,  as shown i n  F i g . 2.

Consider the  p o in t  P (x ,  y ,  z) at t h e  c en tr e  o f  a very small

p a r a l l e l o p i p e d  ABCLEFGrH w h o s e  s i d e s  AE, AD, AB a r e  S x ,
S y ,  S z  r e s p e c t i v e l y .  I f  c  i s  t h e  c o n c e n t r a t i o n  o f

J . J & l
m e t a l l i c  vapour at P, to - 3x 2.1 may be taken  as the  

average  c o n c e n tr a t io n  over th e  f a c e  ABCL, and ^■̂ x' 

th e  average c o n c e n tr a t io n - g r a d ie n t  i n  t h e  x - d i r e c t i o n  for  the  

same fa c e .

Thus, n e g l e c t i n g  in  t h e  meantime, the  upward v e l o c i t y
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o f  th e  f lame,  th e  amount of  m eta l  e n t e r i n g  the fa ce  ABCD per 

second would be -  K } Sy. 5 z ,  and the amount

p a s s i n g  out through t h e  o p p o s i t e  fa c e  per second would be

Hence the i n c r e a s e  per second i n  the amount o f  m e t a l l i c  

vapour i n s id e  the  p a r a l l e l o p i p e d  due t o  the component o f  the

d i f f u s i o n  i h  th e  d i r e c t i o n  p a r a l l e l  to 0 X would be

4.  K . • Sx .  ^  •
T 'bxx

The components o f  the  d i f f u s i o n  p a r a l l e l  to OY and 

OZ would c o n tr ib u te  s i m i l a r  increm ents ,  

g i v i n g  a t o t a l  increment per second o f

*  { y k -  + $ h " - Sx S z -

But the  v e l o c i t y  o f  t h e  flame g a se s  has s t i l l  to  be 

c o n s id er ed .  This i s  found t o  be s e n s i b l y  constan t  and may 

be denoted by V cm. per second p a r a l l e l  to  0 X. Due to  

t h i s  v e l o c i t y  a lo n e ,  the  amount o f  m e t a l l i c  vapour e n t e r in g  

f a c e  ABCD per second would be V. {  c   ̂ • Sy .&  }

and the  amount l e a v i n g  through fa c e  EFCH would be 

y £ c + ^  *^z- • This would r e s u l t  in  an

in c r e a s e  in  the  amount o f  m eta l  i n  the p a r a l l e l o p i p e d  at the  

r a te  o f
"ha

-  V .  5 x  . S x .  5 y .  S z .  gm. per second,  and s i n c e ,  

when s te a d y  c o n d i t io n s  are reached, the ne t  in c r e a se  per  

second i n  amount o f  vapour in  the e lementary p a r a l l e l o p i p e d
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will be zero, we have for steady conditions,
K  -f )  — V ^ .  =  O  , , ( 2 . )^  I -&X*- Vy* >ZaJ ** -  -  K  J

Professor Wilson has shown that s solution for this equation
A dL (x - r )

takes the form c »  r . e , where A and at are

constants, and r is the polar coordinate of the point
,_________ =__  (3)

(x, y, z), i.e. r « y1 4  *•**

By differentiating ana substituting in equation (2),v_
the value of oC may be shown to be 2 K  

(Thus:
br _  J 2* _______ _  jc
** X z l  r

. . r *. _  <*« _ )
A£c ss A • €1 1 r* r*- T* J ,
*x J

. V
. .  a ^  ~ T* /  ^  _  Ot _  2«(*X L I, •fx.*' , 3**v 3ac»-
 ̂C se. +  A • e  1 -f- f *  <f* t»A T» ^

=  -  A . e ^ { ^  - & }  ,
Tsy

±£ _  -f A . e  |  r»- nr* wpFj «Ab
V

a ***-♦> i  - S i  — k  +  4- 3-ii2-x h- 2 _ * ! l
.Vgs. «= +  A  . f i  i  t *  -r3 -r* - r r  j  .

*yx ***

(3) Proc.  Camb. Boc. Vol .  XII ,  p t . 5 (1904)
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and since -+ y x z x ~
+  2!s_  - * . * £ -  — A • t C x - t ) / 2 J L *  2 * vx _  * * * )  _  -o . be>** + >r  + -5S-. -  A.e ( V  r 'j 2 * '£  ■

T h u s ,  f r o m  e q u a t i o n  ( 2 ) ,  <x .  —  ^
2K ' /

To evaluate A, consider the special case when V s  o.

For such a condition, the quantity of metallic vapour diffusing

through a spherical surface of radius r and centre at the 
beadcentre of thej^will be q the total amount issuing per second 

from the bead. Hence

q =  - K  • £  ‘

a n d  f o r  t h i s  c a s e  C =  A  , e  a t P * -  =  4  s i n c e  V 4 o  ,T T )
and 2^.  — — A  da- r:

i . e .  q as — K . ( “A )  . 4 . 'TT-T1*
a,

A =  “7 i 7  » an<i s o l u t i o n  o f  equat ion/flTK
( 2 ) becomes

C =  T^TT- • S' 2J<

4 TTKV ‘

This equation  g i v e s  the  d i s t r i b u t i o n  o f  m e t a l l i c  

vapour in  t h e  flame and from i t ,  u s in g  the  c o o rd in a te s  

(xp # *p) ,  (x 2 , Tg) o f  two p o in t s  at which th e  c o n c e n tr a t io n

i s  the  same, a simple equat ion  for  K may be d er iv e d .

T hus:-

u r l K t ,  ‘n f K - r ,  '

•n &g iv in g  —% = e .

or K =  ------—;--------------
<fe

That an e l e c t r i c a l  method might be used for  l o c a t i n g
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p o in t s  where the  c o n c e n tr a t io n  i s  the same was su gges ted  by

t h e  r e s u l t s  o f  an i n v e s t i g a t i o n  o f  t h e  e l e c t r i c a l  p r o p e r t i e s
(4)

o f  f lames by P ro f .  H.A.Wilson * He found t h a t  when two 

e l e c t r o d e s  o f  platinum were' h e ld  in  a f lam e,  and a current  o f  

e l e c t r i c i t y  passed between them, p r a c t i c a l l y  a l l  the r e s i s t ­

ance t o  th e  current  was i n  th e  p a r t  o f  the flame c l o s e  to the  

n e g a t i v e  e l e c t r o d e .  Further ,  when s a l t  vapour was i n t r o ­

duced in to  th e  f lam e,  provided the vapour came i n t o  contact  

w ith  the cathode ,  a l a r g e  in c r e a s e  i n  th e  current  was o b s e r v ­

ed,  t h i s  be ing  g rea ter  the  nearer  the cathode was moved to 

the  source  o f  s a l t  vapour. The p o s i t i o n  o f  th e  anode seemed 

t o  be unimportant,  provided i t  was kept r e d -h o t ,  whereas a 

s l i g h t  change i n  the  p o s i t i o n  o f  th e  cathode made a l l  the  

d i f f e r e n c e  i n  the  current  o b ta in e d ,  and i t  was concluded th a t  

t h e  magnitude fcJ* the  current  was due t o  the number o f  m e t a l l i c  

io n s  presen t  i n  t h e  r e g io n  o f  the ca th ode .

In such an arrangement,  t h e r e f o r e ,  when th e  same 

current  i s  obta ined  fo r  two d i f f e r e n t  p o s i t i o n s  o f  the  

cathode ,  i t  seems r ea so n a b le  to  assume th a t  th e  c o n c e n tr a t io n  

o f  m e t a l l i c  vapour at t h e s e  p o i n t s  i s  t h e  same. This  

assumption was th e  b a s i s  o f  t h e  experiments now d e s c r ib e d .

(4) H.A.Wilson: ’ E l e c t r i c a l  P r o p e r t i e s  o f  Flames’ .

or : ’Modern P h y s i c s ’ , 1 s t . Ed., Pp. 250 -  267.
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APPARATUS.

The apparatus used i s  shown d iagram m atica l ly  in  

P i g . 3 .  An ordinary bunsen with  wire gauze top had i t s  

chimney extended by the a d d i t io n  o f  two l e n g t h s  o f  brass  

tub ing .  The purpose o f  t h i s  was to a l lo w  the gas  and a i r  

to be w e l l  mixed and so produce a s t e a d i e r  f l a m e . . A loop  

o f  platinum wire fo r  the s a l t - b e a d ,  B, was supported on an 

i ro n  s tand.  The current  was taken from a 6 - v o l t  s torage  

b a t t e r y ,  S, and measured by Gr, a microammeter in  some ex ­

per im ents ,  and a more s e n s i t i v e  r e f l e c t i n g  galvanometer in  

o t h e r s .  The l e a d  from the p o s i t i v e  term ina l  o f  the b a t t e r y  

was fused  to one end o f  a platinum wire which was in s u l a t e d  

by b e in g  sheathed in  a drawn-out tube o f  quartz ,  the o th er  • 

end- o f  the platinum w ir e ,  A, be ing  t w i s t e d  in to  a l i t t l e  

s p i r a l  to  form the anode. The n e g a t iv e  e l e c t r o d e ,  C, was 

s i m i l a r l y  formed but the platinum wire used was th in n er  and 

p r o j e c t e d  from the quartz tube o n ly  about two m i l l i m e t r e s .

A v e r n ie r  m icroscope ,  equipped w i th  three  rack ing  movements,  

proved to be a very  s u i t a b l e  support fo r  the cathode once the  

o p t i c a l  p a r t s  were removed. This i s  seen  in  P i g . 4.

The apparatus f o r  measuring the v e l o c i t y  o f  the flame  

i s  d e sc r ib ed  l a t e r .



0 logrammatic Sketch at Apparatus  ,

F i g .  3 .
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PROCEDURE.

To keep c o n d i t io n s  as  f a r  as  p o s s i b l e  the same 

throughout the experim ents ,  the gas supply was always r e g u l ­

a ted  so that  the t i p  o f  the blue inner  cone was the same 

h e ig h t  (1 cm.) above the top o f  the burner,  and bead o f  s a l t  

was a d ju sted  so as to be on the a x i s  o f  the flame a t  the  

r e g u la r  d i s ta n c e  2 cm. above the top o f  the burner.  The 

anode, a l s o ,  was kept in  the one p o s i t i o n  f a i r l y  h igh  in  the  

f lame. With the three d i f f e r e n t  movements o f  the microscope  

i t  was e a sy ,  f i r s t  o f  a l l ,  to a d ju s t  the cathode to  be d i r ­

e c t l y  above the s a l t  bead, and t h e r e a f t e r ,  to  move i t  about  

in  a v e r t i c a l  plane ( z * o  ) and read o f f  i t s  v e r t i c a l  and 

h o r iz o n t a l  d i s t a n c e s  from the bead ( i . e .  i t s  x and y co ­

o r d in a te s )  f o r  any p a r t i c u l a r  p o s i t i o n .

Various potassium s a l t s  were t r i e d ,  and potassium  

phosphate was found to be most s u i t a b l e ,  as i t  burned o f f  

most s lo w ly .  I t  was found, to o ,  that  when the cathode was 

kept f i x e d  in  one p o s i t i o n ,  the current  s lo w ly  in c r e a se d  as  

the bead o f  s a l t  evaporated ,  b e in g  g r e a t e s t  Just b e fo r e  the  

c o lo u r a t i o n  o f  the flame d isappeared .  To a l lo w  f o r  t h i s ,  in  

l o c a t i n g  d i f f e r e n t  p o s i t i o n s  o f  the cathode which gave the  

same c u r re n t ,  the cathode was f i r s t  r a i s e d  to  be one c e n t i ­

metre above the bead, then moved a c r o s s  the f lame,  and read­

ings  o f  the h o r i z o n t a l  v e r n ie r  were taken f o r  the p o s i t i o n s
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A and B ( F i g , 5) which corresponded to a c e r t a i n  c u r r e n t .  

Then, the cathode was r a i s e d  to be three  c e n t im e tr e s  above 

the bead, and the read ings  taken f o r  C and D, which gave 

the same cu rrent .  F i n a l l y ,  the cathode was again  lowered  

to the former l e v e l  and the read ings  repeated  fo r  A and B. 

The mean o f  the two v a lu e s  f o r  the d i s ta n c e  AB was taken as  

corresponding  to the s t a t e  o f  the bead when the o b s e r v a t io n s  

were made fo r  the d i s ta n ce  CD. These read in gs  a l lowed the 

c o o r d in a te s  o f  A and I) to  be determined as f o l l o w s : -

The rea d in g s  were repeated  fo r  s e v e r a l  beads ,  and d i f f e r e n t  

v a lu e s  were used f o r  the constan t  c u rren t .

Before  K cou ld  be e v a lu a te d ,  however, from

V,  the v e l o c i t y  o f  the flame g a s e s ,  had to  be determined.

For A , x # =  OE = 1  ,

yj =  EA =  i  . (BA) 

z ; =  0 ,
1x

r ,  =  OA, »  (*.*■+ V,1)

For D, x2 =  OF =s 3

K « Vf*x - *x -++i)



F u l l  S c a l e  D i a g r a m  of F lam e  
showing

S u r f a c e  of Uniform Concentration
an el

Met hoc! of M e a s u r e m e n t .

r i g .  5 .
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Measurement o f  the F la m e - v e l o c i t y .

A photograph o f  the apparatus used in  measuring the  

v e l o c i t y  o f  the flame i s  shown in  F i g . 6 . A small  e l e c t r i c  

motor was f i t t e d  at  one end o f  i t s  sh a f t  w i th  a d i s c  having  

four e q u a l ly  spaced r a d ia l  s l o t s  through which the flame could  

he observed ,  and a t  the o ther  end w ith  a s p e c i a l  s to p -co c k  

which opened and c lo s e d  four  t imes during one r e v o l u t i o n  o f  

the motor. A foot-pump was connected through the s top cock  to 

a small  quartz tube held in  the f lame.  Into t h i s  tube was 

introduced a l i t t l e  sodium c h lo r id e  in  the form o f  a powder,  

and when the motor was running l i t t l e  p u f f s  o f  s a l t  were blown 

in to  the flame at  the ra te  o f  four  per r e v o l u t i o n  by app ly ing  

p ressu re  to the foot-pump. When the flame was then viewed  

through the r o t a t i n g  d i s c  the p u f f s  i n  the flame appeared to  

be stationary^Like the t e e t h  o f  a saw)as the time i n t e r v a l  

between two p u f f s  was j u s t  the same as  the time between two 

s u c c e s s i v e  g l im p ses  o f  the flame through a s l i t .  The appar­

ent v e r t i c a l  d i s ta n c e  between two p u f f s  was observed by means 

o f  a oathetometer, and t h i s  gave the d i s ta n c e  the flame t r a v e l l e d  

upwards in  the time o f  one quarter  o f  a r e v o l u t i o n  o f  the  

motor. The speed o f  the motor was measured w i th  the he lp  o f  

a r e v o l u t i o n - c o u n t e r ,  and by running the motor at  d i f f e r e n t  

speeds s e v e r a l  e s t i m a t e s  o f  the v e l o c i t y  o f  the flame were 

made.
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f <3- 6 .

P h o t o g r a p h  o f  A p p a r a t u s  f o r  m e a s u r i n g  

V e l o c i t y  o f  F l a m e . .
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RESULTS.

The f o l lo w in g  data were obta ined  in  the f i r s t  e x p e r i ­

ment to measure the v e l o c i t y  o f  the flame

Voltage a p p l ied  to motor = 42-J- v o l t s .

Average speed o f  motor ** 1450 r e v s ,  per min.
(mean o f  3 r e a d in g s ) .

Average v e r t i c a l  d i s ta n c e
between p u f f s  a  2 .6 9  cm. (mean o f  5 read ings)

. • Average v e l o c i t y  o f  flame =  2 ,6 9  x 4 x 1450 cm. per s e c .
60

«  260 cm. per s e c .

By app ly ing  d i f f e r e n t  v o l t a g e s  in  turn the motor was run a t  

d i f f e r e n t  speeds and s i m i l a r  rea d in gs  taken,  so th a t  the  

f o l lo w in g  a d d i t io n a l  r e s u l t s  were obta ined  f o r  the f lam e-  

v e l o c i t y : -

310, 210,  300,  310,  260,  280,  310 cm. per  s e c . ,

g i v in g  an average value  f o r  f l a m e - v e l o c i t y  o f  280 cm. per s e c .

The curve DABC in  F i g . 4 ,  g i v i n g  the shape o f  a 

r e g io n  o f  uniform c o n c e n tr a t io n  was p l o t t e d  from the f o l l o w in g  

t a b le  o f  r e s u l t s  obta ined  from a s e r i e s  o f  beads o f  potassium  

s u lp h a te ,  each value  o f  y be in g  the mean fo r  s e v e r a l  beads .

Common current  5 microamps. (Potassium Sulphate)

X ; 0
--------------r

1 2
------------

3 4 5 6

y .35 .635 .75 • 00 .92 1 . 0 0  ; 1 . 1 0

Due to the rapid eva p o ra t io n  o f  potassium su lphate  these  
v a lu e s  are o n ly  approximate.
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R e s u l t s  f o r  Potassium P hosp hate .

With beads o f  Potassium Phosphate the f o l l o w i n g  t a b le

o f  r e s u l t s  was o b ta in ed ,  the v a lu e s  o f  K b e in g  d er iv e d  from

the e x p r e s s io n

K ^  V ( x 2 -  x  -  r 2 +  r ^
2 x 2 .3 0 3  x l o g l 0 (^|

u s in g  the average value  o f  280 cm. per s e c .  f o r  V.

Current in X y
r ■1 ---------

r K
Micro - a m p s c m . c m . c m . cm y / s e c  .

1 0 .2 9 5 1 • 04
5 3 0 . 0 2

3 .0 0 5 .4

10 1 0 .3 2 5 1 .0 5 .
3 ! 0 .1 4 3 - 00E 6 . 4

10 1 0 .3 3 1 . 0 5 ,
3 ; 0 . 1 4 5 3 .00^ 6 .7

5 1 0 .3 1 1 . 0 4 -
'

3 3 .OO5 5 .6

5 ; 1 0 .3 8 1.07-,

i
3 0 .4 4 3.03^ 5 .2

2This  g i v e s  an average va lue  o f  K f o r  potassium o f  5 .8  cm 

per s e c .
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R e s u l t s  fo r  Sodium P hosphate .

As the c o n d u c t iv i t y  o f  the flame f o r  sodium s a l t s  i s  

much l e s s  than f o r  the corresponding potass ium s a l t s  a 

s e n s i t i v e  mirror galvanometer was s u b s t i t u t e d  f o r  the m icro ­

ammeter. Again the phosphate proved to be the most s u i t a b l e  

s a l t ,  and the r e s u l t s  obta ined  are g iv en  below.

cm ? /s e c .cm. cm. cm.

0 .85 1 5 .61 .3 1

1 .15 3 .2 1

0 .7 5 1 .2 5
1 4 .4

0 .97 3 .15

0 .78 1 .2 7
1 5 .4

1 .0 2 3 .16

0 .705 1 .22
1 0 .8

3 .1 5

1 .2 4
1 1 .3

1 .0 3 3 .1 7

0 .7 4 1 .2 4
1 1 .3

3 .161 .0 2

0 .7 3 1 .2 3
1 3 .5

0 .9 5 3 .1 4

This  g i v e s  1 3 .2  as  the average value  o f  K f o r  sodium.
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Comment on the R e s u l t s .

The f i n a l  v a lu e s  o f  5 .8  fo r  Potass ium , and 1 3 .2  fo r

Sodium are r a th er  h igher  than the corresponding  r e s u l t s ,  4 . 7

and 1 1 . 5 ,  p r e v io u s ly  obta ined  by P r o f e s s o r  Wilson. The

l a t t e r  v a lu e s  were based on the assumption th a t  the boundary

o f  the coloured reg io n  o f  the flame was a su r fa c e  over  which

the c o n c e n tr a t io n  o f  m e t a l l i c  vapour had a small  c o n stan t

v a l u e , and that  the shape o f  t h i s  r e g io n  was approxim ate ly  an

e l l i p s o i d  o f  r e v o l u t i o n .  The v a lu e s  were worked out from

measurements o f  i t s  g r e a t e s t  h o r i z o n t a l  diam eter  and the c o r -
(5)

responding v a lu e  o f  r .  Bateman , on the  o th e r  hand, i n  

d i s c u s s i n g  the s o l u t i o n

c .  _ t _  .UTTKt-
f o r  the d i f f e r e n t i a l  e q u at io n  o f  the p resen t  problem, s u g g e s t s  

that  when K i s  small  and V l a r g e  the  shape o f  the co lou red  

r e g io n  approximates to  the form o f  a parabolo id  o f  r e v o l u t i o n .

(5) D i f f e r e n t i a l  Equations  o f  Mathematical  P h y s ic s :  Bateman,
P. 343.
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Agfagwlff dggmgiLts.t

The e x p e r im e n ts  ^ u s t  d e s c r ib e d  w ere c a r r i e d  o u t i n  

th e  H a tu ra l  P h ilo so p h y  I n s t i t u t e  o f  Glasgow U n i v e r s i t y , u n d e r  

th e  s u p e r v is io n  o f  P r o f e s s o r  H .A #W ilson, F#R #S., an d  th e  

w r i t e r  d e s i r e s  to  e x p re s s  h i s  th a n k s  f o r  a l l  th e  g u id an ce#  

and  h e lp  w hich he r e c e iv e d  d u r in g  th e  c o u rse  o f  th e  w ork, 

and  f o r  th e  u se  o f  th e  a p p a r a tu s  so f r e e l y  p u t  a t  h i s  d i s p o s a l ;  

a l s o  f o r  th e  f a c t  t h a t  on h i s  s u p e r v i s o r ^  recom m endation  a  

s h o r t  a c c o u n t o f  th e  e x p e rim e n ts  was com m unicated to  th e  

R o y a lS o e ie ty  o f  E d in b u rg h , an d  was p u b l is h e d  i n  t h e i r  

P ro c e e d in g s  ( V o l .46 , 1 925 -26 , P . 15 ) .



PART I I I

THE MERCURY DIPPER INTERRUPTER OF 
______ AH IKDUCTIOH COIL_______



SUMMARY.

In v a r io u s  ways an i n v e s t i g a t i o n  was made o f  the  

r e l a t i v e  m er i t s  o f  d i f f e r e n t  shapes o f  d ipper  f o r  the  

in t e r r u p t e r  o f  an in d u c t io n  c o i l ,  and o f  d i f f e r e n t  speeds  

o f  withdrawal o f  the dipper from the mercury. This was 

f i r s t  done by photographing d i f f e r e n t  forms o f  dipper i n  

a c t i o n ,  and i t  was d i s co v e re d  t h a t  when a d ipper  i s  

jerked out o f  the  mercury a column o f  mercury i s  drawn 

up w ith  i t ,  and th a t  i n t e r r u p t io n  i s  caused by the  p a r t in g  

asunder o f  t h i s  column i n  m id - a i r .  The e f f i c i e n c y  o f  the  

break, i t  i s  argued, depends upon the r a p i d i t y  o f  the  

c o l l a p s e  o f  the column, and the photographs seem to  show 

th a t  a more e f f i c i e n t  break i s  produced when the dipper i s  

jerked out than when i t  i s  p u l l e d  out g e n t l y ;  th a t  a p o in te d  

t i p  g i v e s  a b e t t e r  break than a b lu n t  one; and th a t  probably  

a dipper w ith  s e v e r a l  po in ted  t i p s  i s  more e f f i c i e n t  than a 

simple p o in t e d  rod .  These c o n c lu s io n s  were supported by 

the r e s u l t s  ob ta in ed  i n  the o ther  methods o f  comparison.
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INTRODUCTION.

The Foucault  I n t e r r u p t e r ,  or  Mercury Dipper Break,  

though one o f  the  e a r l i e s t  ty p e s  o f  i n t e r r u p t e r  to  he used 

in  the Ruhmkorff In du ct ion  C o i l ,  i s  s t i l l  used today i n  some 

ty p es  o f  modern in d u c t io n  c o i l s .  I t  c o n s i s t s  e s s e n t i a l l y  o f  

a m eta l  rod which i s  passed in  and o u t  o f  a d ish  c o n ta in in g  

mercury, so  th a t  th e  primary c i r c u i t  o f  the c o i l  i s  complete  

when the rod i s  immersed i n  the mercury, and in te r r u p te d  when 

th e  rod breaks contact  w i th  the mercury.

I t  was thought that  the  e f f i c i e n c y  o f  t h i s  form o f  

i n t e r r u p t e r  might depend on the  shape o f  th e  d ip p e r ,  and the  

experiments about t o  be d escr ib ed  were c a r r ie d  out t o  see  i f  

one p a r t i c u l a r  shape o f  dipper i s  b e t t e r  than another .
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APPARATUS.

The experim ents  were performed in  the  Natural P h i l ­

osophy I n s t i t u t e  at  Glasgow U n iv e r s i t y  u s i n g  a f a i r l y  la r g e  

Apps c o i l  made by Newton & Co. The exper im en ta l  i n t e r r u p t e r  

was made from a p i e c e  o f  copper rod about in c h e s  lo n g  and 

i  inch  i n  d iam eter .  This  was a t ta ch ed  to  a sm all  b r a ss  

weight by a cord p ass ing  over  a p u l l e y .  In stead  o f  the  

usual  m eta l  d i s h  or  a d i s h  w ith  m eta l  bottom, a g l a s s  d i s h  

was used t o  hold the  mercury, and c o n n e c t io n  was made to  the  

mercury by means oifa t h i c k  copper wire  r ea ch in g  down to  the 

bottom o f  the d i s h .  Connection was made to  th e  dipper by a 

p ie c e  o f  f l e x i b l e  copper wire so ld er ed  to  the  rod.

On the  base  of th e  in d u c t io n  c o i l  th e re  were tw e lve  

t er m in a ls  l e t t e r e d  as shown in  F ig .  ( 1 ) .  The c o n n e c t io n s  

between t h e s e  t e r m in a l s  by w ir e s  i n s i d e  the base  were found 

to be as  shown by th e  dot ted  l i n e s .  (These c o n n e c t io n s  had 

to  be  tr a c e d  by measuring the r e s i s t a n c e  and c a p a c i ty  between  

each te r m in a l  and a l l  t h e  o t h e r s  i n  t u r n . )  I t  was judged 

t h a t  the  proper p la c e  to  put the in t e r r u p t e r  was between the 

r ig h t  hand term ina l  * COIL* and te r m in a l  f 2 1 t and a condenser  

between r i g h t  hand t e r m in a l s  1 C£* and 1 Cg1 to  be i n  p a r a l l e l  

with  t h i s .  A b a t t e r y  o f  c e l l s  was connected t o  t e r m in a l s  

fNf and *Pf , and an ammeter and r h e o s t a t  were connected i n  

s e r i e s  /
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in  which he g i v e s  photographs o f  s p la s h e s  at  d i f f e r e n t  s t a g e s  

in  t h e i r  r i s e  and f a l l .  His photographs were o bta in ed  by 

means o f  s u i t a b l y  timed e l e c t r i c  sparks produced a t  a spark  

gap connected to Leyden jars  which were charged by means o f  

an e l e c t r i c a l  machine. In the p r e se n t  i n s t a n c e ,  however,  

th ere  seemed t o  be no need for  the  e la b o r a t e  arrangement 

p r e v io u s ly  used fo r  t im ing  t h e  spark as i t  was in tended  to 

use the l i g h t  o f  the secondary spark o f  th e  in d u c t io n  c o i l  to 

i l lu m in a t e  the  dipper i n  a c t i o n ,  as t h i s  occurs  almost  immed­

i a t e l y  a f t e r  the i n t e r r u p t io n  o f  th e  primary c u r r e n t .  Thus 

th e  arrangement for  photographing th e  break was qu i te  s im ple ,it

as shown in  F ig .  ( 3 ) .  The experim enta l  i n t e r r u p t e r  was 

placed  near to  th e  secondary spark gap so t h a t  th e  l i g h t  o f  

the spark could i l l u m i n a t e  i t ,  and th e  camera was p laced  so  

th a t  no d i r e c t  l i g h t  from the spark could en ter  the  l e n s .

The diagram shows th e  arrangement f i n a l l y  adopted w ith  t i p s  

o f  magnesium wire fo r  the  spark gap, a concave mirror sup­

ported behind i t  so as  t o  co n c en tr a te  the l i g h t  on the  

dip p er ,  and a background o f  w h i t e  paper p la c ed  behind the  

dipper .  The camera was a h a l f - p l a t e  one ,  but cardboard  

adapters  were made so th a t  sm al l  p l a t e s  (3-J-” x 2-g-” ) might be 

used .
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PRO CEDUEE.

Before  any photographs were taken ,  experim ents  were
(3)

made to  determine th e  1 optimum* v a lu e  fo r  the c a p a c i t y  o f

the  condenser connected in  p a r a l l e l  w i th  the  i n t e r r u p t e r .

By u s in g  a 1 subdivided microfarad* d i f f e r e n t  c a p a c i t i e s  from 

0 .0 5  t o  1 m icrofarad were t r i e d  in  tu rn ,  and the l e a s t  

primary current  required at break to  produce a secondary  

spark 1 cm. long  was found for  each.  The graph o f  the  r e ­

s u l t s  obta ined  i s  g iv e n  in  P ig .  ( 4 ) ,  and shows t h a t  the

optimum c a p a c i t y  la y  between 0 .2  and 0 .3  m icro fa ra d .  The 

condenser ,  *E 43*,  su pp l ied  w ith  the  c o i l  was t e s t e d  and 

found t o  have a c a p a c i t y  about 2 .1  m icr o fa ra d s ,  and t h e r e f o r e  

not l i k e l y  to be most s u i t a b l e .  Two new condensers  were 

th e r e f o r e  obta ined  o f  marked c a p a c i t y ,  0 . 2  and 0 . 1  m icro­

fa ra d ,  and t h e s e  were t r i e d  s i n g l y  and i n  p a r a l l e l  fo r  

secondary spark gaps ranging from 1 to 10 cm. and in  each 

c a se  t h e  sm a l l e s t  primary current  was required  by the  con­

denser o f  marked c a p a c i t y  0 . 2  m icro farad .
(4)

Since  there  may be more than one optimum primary

c a p a c i t y ,  th e  behaviour of  the  l a t t e r  condenser was compared

w ith  th a t  o f  condenser *E 43* by o b t a i n in g

(3) Induct ion  C o i l s :  E .T .J o n e s ,  1932.  P . 26.

(4) rbid. P . 40.  

th e  /
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the  minimum primary current  corresponding  to v ar iou s  second­

ary spark gaps when each in  turn  was put in  p a r a l l e l  w ith  the  

break. The graphs obta in ed  are g iv e n  in  P ig .  ( 5 ) .  They 

show how important i t  i s  that  the primary condenser should  

have the  proper c a p a c i t y ,  for  throughout the- range th e  l e a s t  

primary current  required  was much g r e a t e r  w i th  condenser  

f E 43* than w i th  the  0 . 2  microfarad condenser .  The l a t t e r  

condenser was t h e r e f o r e  s u b s t i t u t e d  fo r  condenser  ’ S 43' and 

used w i th  the  c o i l  throughout the  experim ents  i n  which the  

photographs were taken .

The manner o f  t a k in g  a photograph was as f o l l o w s :

The windows o f  the  room were darkened, and t h e  camera was s e t  

up and fo c u ss e d  by means of  e l e c t r i c  l i g h t .  The e l e c t r i c  

l i g h t  was then sw itched  o f f ,  the  cover  removed from the  dark 

s l i d e  i n  the  camera, and the  dipper p u l l e d  out  so t h a t  the  

exposure was made p a r t l y  by the l i g h t  o f  th e  spark at  th e  

d ip p e r ,  but c h i e f l y  by th e  l i g h t  o f  th e  secondary spark i f  

there  was one .  The cover was then r ep la ced  on the dark 

s l i d e  and th e  p l a t e  taken to t h e  dark room, where the  develop  

ment was c a r r ie d  out  under cover because  o f  the  h ig h  speed  

o f  the  p l a t e s ,  the time b e in g  observed o c c a s i o n a l l y  by means

o f  a f a i n t  green l i g h t .

The exposure was so b r i e f  th a t  even f a s t  p l a t e s  

y ie ld e d  but t h i n  n e g a t i v e s .  A f ter  a few t r i a l s ,  however,  

and by making c e r t a i n  improvements i n  th e  arrangement, f a i r l y
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s a t i s f a c t o r y  n e g a t i v e s  were obta ined  on Imperial  E c l i p s e  

P l a t e s  o f  speed 650 H. and D. These were developed in  

Standard Pyro-Soda D eve lop er ,  g e n e r a l ly  for  seven m in u tes ,  

but i n  some c a ses  fo r  a longer  t im e .

The secondary spark: was the  c h i e f  source o f  l i g h t  and 

i t s  e f f e c t  was improved by making i t  take p i e c e  between p o i n t s  

o f  magresium w i r e ,  by support ing  a concave mirror  behind i t  

to con c en tr a te  i t s  l i g h t  on the d ip per ,  by p u t t i n g  a Leyden 

Jar in  p a r a l l e l  w i th  i t  to  ’ f a t t e n 1 the  spark ,  by u s in g  a 

b ig g e r  primary current  than th e  minimum, and by f i x i n g  a 

sheet  o f  w h ite  psper behind the  in t e r r u p t e r  to act as a 

background.

The sh ee t  o f  w h ite  paper was perhaps the b e s t  im­

provement,  as i t  helped t o  show up the o u t l i n e  o f  th e  dipper  

even when t h e r e  was no secondary spark,  and the on ly  i l l u m ­

i n a t i o n  was the l i g h t  o f  th e  spark a t  th e  d ipper .

In g e n e r a l ,  for  each form o f  t i p  used ,  a photograph  

was taken  when the dipper was p u l le d  out s l o w l y ,  and when i t  

was jerked o u t ,  and in  order  to i d e n t i f y  them, a l e t t e r  o f  

t h e  a lphabet was sc ra tc h e d  on each n e g a t i v e  i n  the  order in  

which th e y  were taken .  A s e l e c t i o n  o f  the  photographs  

f o l l o w s .
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COMMENTS ON THE PHOTOGRAPHS.

The photographs which are now given are r e fe r r e d  to  

hy th e  l e t t e r s  o r i g i n a l l y  scra tched  on them, and t h e i r  seem­

i n g l y  haphazard arrangement i s  due to  t h e i r  be ing  p laced  here  

in  the order i n  which the comments are made, and not in  the 

order i n  which th e y  were taken.

Photographs 1 and 2 are from the f i r s t  n e g a t i v e s  

which showed any image at a l l .  They were taken b e fore  the  

in t r o d u c t io n  o f  any o f  the  improvements mentioned o v e r l e a f .

For N o . l ,  the dipper was p u l le d  out  g e n t l y ,  and no secondary  

spark occurred .  For N o .2, the dipper was jerked o u t ,  and 

t h i s  time there  was a secondary spark. In both  e a s e s ,  the  

n e g a t i v e  was developed f o r  h a l f  an hour. A f te r  t h i s ,  most 

o f  the  improvements, ex cep t  the  a d d i t io n  o f  the background 

o f  w h i t e  paper ,  were made and Photograph A. was taken .

Then the w h ite  background was added, and, from th e  photographs  

which f o l l o w ,  i t  i s  s e en  t o  be a v e ry  important a d d i t io n .

Thus, when Photograph C. i s  compared w i th  A, th e  dipper i n  C. 

can be made o u t  as a b la c k  shape a g a in s t  th e  background,  

whereas i n  A. i t  cannot be d i s t i n g u i s h e d  at  a l l .  In n e i t h e r  

o f  t h e s e  c a s e s  was th e r e  a secondary spark,  but in  most of  

th e  photographs which f o l l o w ,  w i t n e s s  Photographs F. and H, 

the f a c t  o f  t h e  secondary spark i s  e s t a b l i s h e d  by the  shadow
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i t  c a s t s  o f  the clipper on the w h ite  "background, and "by the  

l i n e s  o f  r e f l e c t e d  l i g h t  seen  on th e  d ipper.

Photographs B. and D. show what g e n e r a l ly  happened 

when t h e  dipper was p u l l e d  out  g e n t l y .  The i n t e r r u p t io n  o f  

the  primary current  produced a sm all  spark which i s  .just 

v i s i b l e  between the t i p  o f  th e  dipper and i t s  image in  the  

f l a t  su r face  o f  the  mercury below, and a break o f  t h i s  nature  

i s  what one might have expected  would occur even when the  

dipper was jerked o u t .  The Photographs 2, A, C, F, H, e t c . ,  

however, demonstrate the  i n t e r e s t i n g  f a c t  th a t  when the  dipper  

i s  r a i s e d  q u ic k ly  out  o f  the  mercury i n  t h e  d i s h ,  a column o f  

mercury i s  p u l le d  up by i t ,  and the  i n t e r r u p t i o n  of  th e  

primary current  t a k e s  p la c e  when t h i s  column breaks away from 

t h e  d ip p e r ,  or p a r t s  asunder i n  m i d - a i r .

I t  has  been p o in ted  o u t  by P la t e a u  th a t  i f  a c y l in d e r  

o f  l i q u i d  i s  suddenly formed and l e f t  to i t s e l f ,  i t  cannot 

r e t a i n  t h a t  form when i t s  l e n g t h  i s  g r e a t e r  than i t s  circum­

f e r e n c e .  I t  i s  then u n s t a b le ,  and when a tremor o f  any kind 

c a u se s  the s l i g h t e s t  d e p r e s s io n  at some p o in t  a 1 w a i s t ’ 

s t a r t s  t h e r e ,  which r a p id ly  d ev e lo p s  so as t o  cause a complete  

break in  the column. I f  th e  column i s  very  lo n g  s e v e r a l  

w a i s t s  d e v e lo p ,  and the  column breaks i n t o  a number o f  drops .

A t h e o r e t i c a l  proof  o f  P l a t e a u ’ s p r o p o s i t i o n ,  based on the  

d i f f e r e n t  methods o f  treatm ent  g iven  i n  two standard t e x t ­

books /
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(5 )
t e x t -b o o k s  , i s  reserved  fo r  an appendix (Page 43 ) ,  but 

se v er a l  o f  th e  photographs f u r n i s h  a s t r i k i n g  co n f irm a t ion  o f  

i t .  In Photograph Y, for  example, or  any photograph o f  the  

se v e n -p o in te d  d ip per ,  such as AE or AF, th e  columns which  

were approx im ate ly  c y l i n d r i c a l  when unbroken are seen  to have 

parted in  se v e r a l  p l a c e s ,  and t h e  small  p o r t i o n s  r e s u l t i n g  

have been caught by the  camera in  the  act o f  forming i n t o  the  

f a m i l i a r  s p h e r i c a l  g lo b u le s  which one a s s o c i a t e s  w i th  mercury 

in  f i n e  s u b d i v i s i o n .

The c o l l a p s e  o f  a column i s  due to  su r fa c e  t e n s i o n ,  

a ided ,  probably ,  by t h e  upward motion of  t h e  d ip p e r ,  but 

hindered by v i s c o s i t y ,  and one would ex p e c t  t h a t ,  once a 

w a i s t  had s t a r t e d ,  the time o f  c o l l a p s e  would depend a l s o  on 

th e  diameter o f  t h e  column, being probably  g r e a te r  for  a 

t h i c k e r  column. The method o f  dimensions may be used to  

g a in  some in form ation  on t h i s  p o i n t .  Thus, l e t  t  denote

th e  time taken  for  c o l l a p s e  once a w a i s t  s t a r t s ,  D the

diameter o f  t h e  column, S i t s  s u r f a c e  t e n s i o n ,  E i t s

v i s c o s i t y  c o e f f i c i e n t  and V th e  v e l o c i t y  o f  th e  d ipper .

Then, i f  t h e s e  are a l l  the c o n t r o l l i n g  f a c t o r s ,  

t  v a r i e s  as DW SX Ez

l... I1 V i. i*. 8*1 *. 8  1 t & l  * .
where K i s  a c o n s t a n t .

Poynting & Thomson: P r o p e r t i e s  o f  M atter1 , P . 147.

Newman & S e a r l e : ’ The General P r o p e r t i e s  o f  M atter ,  P . 150.
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Hence 1 - -  2x - y -  z

0 - w -f y z

0 - X + z >

g iv in g z - •X ,

y - -  1 -  X »

w m 1

Hence t Z K. D1 .
X ~ 1

S . V

i . e . t K. D ( / . S ' )  x
V . (W 7E71

The v a lu e  o f  x  i n  t h i s  e x p r e s s io n  i s  in d e term in ate  w ithout  

fu r th er  d a ta ,  hut i t  i s  p r e t t y  c e r t a i n  t o  he n e g a t iv e  and 

nu m er ica l ly  l e s s  than u n i t y .  T h is  may he demonstrated hy 

means o f  experiments w ith  a v i s c o u s  l i q u i d  l i k e  t r e a c l e .

One f ind s  th a t  on d ip p ing  a spoon in t o  a jar o f  t r e a c l e  and 

withdrawing i t  a c o n s id e r a b le  t ime e l a p s e s  be fo re  th e  column 

o f  t r e a c l e ,  d r ip p in g  from t h e  spoon, i s  severed  -  much longer  

than in  t h e  c ase  o f  a l e s s  v i s c o u s  l i q u i d  such as w ater .

The breaking o f  t h e  column may he he lped  e i t h e r  hy t w i s t i n g  

the spoon, which s e r v e s  t o  wind th e  column round i t  and i n  so 

doing  reduce i t s  d iam eter ,  or hy jerk in g  t h e  spoon upwards. 

From t h i s  i t  i s  s e en  th a t  a g r e a t e r  value o f  V means a 

sm al ler  v a lu e  o f  t  , so th a t  the  in d ex  o f  V , - 1 - x ,  i n  the  

equat ion  f o r  t  must he n e g a t i v e ,  and s i n c e  a g r e a te r  value  

o f  v i s c o s i t y  e v i d e n t l y  i n c r e a s e s  the  value o f  t  the index  

for  E must o b v io u s ly  he p o s i t i v e ,  so th a t  x  i s  n e g a t i v e .
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For ( -  1 -  x ) t o  "be n e g a t iv e  when x  i s  n e g a t i v e ,  x must

be sm a l ler  n u m er ica l ly  than 1 . The s im p le s t  form o f  the

e x p r e s s io n  for  t  would correspond to x -  -  i  , and would
I E

then be t  -  £ . D . -4 TTs. , but fu r th e r  ev id en ce  would need

to  be forthcoming be fore  t h i s  could be e s t a b l i s h e d .  Inde­

pendent o f  the va lue  o f  x , however, th e  r e s u l t  obta ined  i s  

that  t  v a r i e s  as D, so t h a t  i f  a rapid  c o l l a p s e  o f  the  

column i s  d e s i r e d ,  the  th in n e r  the column i s  made b e fo re  a 

w a is t  s t a r t s  th e  b e t t e r  th e  break: w i l l  be.

That a more rapid c o l l a p s e  o f  the column i s  d e s i r a b l e  

seems f a i r l y  o b v io u s .  I t  i s  now r e c o g n ise d  that  due to  the  

s e l f - i n d u c t a n c e s  and t h e  mutual inductance  o f  the coupled

c i r c u i t s  there  i s  a combination o f  two o s c i l l a t i o n s  i n  both
( 6 )

primary and secondary c i r c u i t s  . Yet th e r e  i s  so much 

damping due to  v a r io u s  f a c t o r s ,  th a t  a f t e r  th e  f i r s t  maximum 

i s  p a s t  th e  o s c i l l a t i o n s  have much sm al ler  a m p l i tu d es ,  so  

th a t  the  o ld e r  form o f  the  t h e o r y  g i v e s  a f a i r l y  adequate  

e x p la n a t io n .  According to i t ,  th e  magnitude o f  the second­

ary p o t e n t i a l  determined by th e  rate  at which t h e  l i n e s  o f  

magnetic  f o r c e  cease  to  be l in k e d  w i th  the tu r n s  o f  the  

secondary  c o i l ,  and i f  the f l u x  can be made t o  d isappear  more 

quick ly  the secondary p o t e n t i a l  w i l l  be g r e a t e r .  The decay  

o f  the m agnet ic  f l u x  i s  caused by the  breaking  o f  the primary

(6) E .T .J o n es :  In du ct ion  C o i l s .  P . 26 e t  pass im .
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c i r c u i t ,  i . e .  by the  sudden i n t r o d u c t i o n  o f  an i n f i n i t e  r e ­

s i s t a n c e ,  a f t e r  which inductance e f f e c t s  i n  the  c i r c u i t  

oarry t h e  current  on fo r  a f r a c t i o n  o f  a second lo n g e r ,  i n t o  

t h e  condenser connected a c r o s s  the  in t e r r u p t e r  and out ag a in .  

Once th e  r e s i s t a n c e  has become i n f i n i t e ,  however, the  time 

i n t e r v a l  i s  v e ry  sh ort  b e fo r e  the current  becomes zero .  I t  

i s  t h e  i n t r o d u c t i o n  o f  the r e s i s t a n c e  th a t  has to be r a p id ,  

and, as the  photographs show, t h i s  i s  brought about by the  

form ation o f  w a i s t s  in  the  columns o f  mercury drawn up by the  

dipper .  In t h e  c o i l  used th e  primary winding has a r e s i s t ­

ance o f  o n ly  0 .2 8  ohm, and a column o f  mercury \  cm. long  

and -J- mm. i n  diameter adds more than s i x  per cent  to  t h i s ,  

and w a i s t s  d e v e lo p in g  cause- a rapid  in c r e a s e  up to  p r a c t i ­

c a l l y  i n f i n i t y  a t  se v e r a n c e .  As the  time o f  c o l l a p s e  i s  

sh o r te r  f o r  a column o f  sm a l ler  diameter the ra te  at which  

th e  r e s i s t a n c e  i s  in c r e a s e d  to  i n f i n i t y  i s  g r e a t e r ,  w i t h  the  

r e s u l t  th a t  a g r e a te r  secondary  p o t e n t i a l  i s  produced.

The t h i c k n e s s  o f  the  column at the  s t a r t  o f  c o l l a p s e  

i s  probably  determined by s e v e r a l  f a c t o r s  -  th e  diameter o f  

th e  dipper i t s e l f ,  the speed w i t h  which i t  i s  jerked o u t ,  and 

th e  i n s t a n t  a t  which a tremor i s  imparted to  i t .  The column 

drawn up s t a r t s  as an enve lope  t o  th e  d ip p er ,  and i s  t h e r e ­

fore  t h i c k e r  for  a t i p  o f  w ider  d iam eter ,  such as the b lu n t  

form shown i n  Photographs V and W , or th e  r in g -sh a p ed  one
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seen i n  Photograph AC. The columns o f  mercury r a i s e d  up "by 

t h e s e  d ippers  were much t h i c k e r  than fo r  the po in ted  ’d ip p e r , 

and in  consequence they were much t a l l e r  be fore  i n t e r r u p t i o n  

than i n  the  case  o f  a p o in ted  d ipper.  (Even when g e n t ly  

r a ised  out  o f  th e  mercury, the  b lunt  form o f  dipper had to be 

ra ised  higher  above th e  d ish  b e fo r e  breaking  c o n t a c t .  This  

i s  c l e a r l y  seen  when photographs V and G are examined.

The d i s t a n c e  between the  d ipper and i t s  image i n  th e  mercury  

s u r f a c e  i s  g r e a te r  for  Y than fo r  G, and h a l f  o f  t h i s  

d i s t a n c e  may be taken  as a measure o f  th e  h e ig h t  the  dipper  

has been r a i s e d  above t h e  l e v e l  o f  th e  m ercury .)  But not  

o n ly  has the  l e n g t h  o f  the column to be g r e a te r  than  i t s  

c ircu m fer en ce ,  a s l i g h t  tremor o f  some kind has to  be imparted 

to  i t *  and one would expect  t h a t  when a dipper i s  jerked up 

more sm art ly  the column may be th inned down f u r th e r  be fore  

th e  n e c e s s a r y  tremor i s  r e c e i v e d .  Confirmation o f  t h i s  

seems to  be g iven  by Photographs M, P, and S which were  

tak e n  o f  t h e  p o in ted  dipper when t h e  mercury was covered by 

a l a y e r  o f  l i q u i d  p a r a f f i n .  In t h e s e  c a s e s  th e  column o f  

mercury drawn up i s  surrounded by a sh e a th  o f  th e  l i q u i d  

p a r a f f i n  and th e  spark a t  1 break1 i s  ’ quenched* by the  

p a r a f f i n  and l e s s  contam inat ion  o f  t h e  dipper and the mercury 

t a k e s  p l a c e .  For U the  dipper was p u l l e d  out  s lo w ly ;  fo r  

P i t  was jerked o u t ,  and for  S i t  was jerked out  more
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v i o l e n t l y .  The power o f  t h e  p a r a f f i n  to quench th e  spark  

i s  shown in  P .  The mercury column i s  seen  to  he broken up 

in t o  a number o f  g lo b u le s  i n s i d e  th e  sh ea th  o f  p a r a f f i n ,  but  

the  primary spark was too  f a i n t  f o r  one t o  say  at  which part  

o f  th e  column i t  o ccu rred .  ( I t  should be mentioned th a t  in  

t h i s  p a r t i c u l a r  case  t h e  primary current in te r r u p te d  was 4 

amperes in s t e a d  o f  t h e  usua l  5 amperes. The r e s u l t  was th a t  

the  secondary spark was not  so b r ig h t  as u su a l  and th e  photo­

graph ob ta in ed  was poorer than u s u a l ) .  In S t h e  jerk  was 

so v igorous  th a t  the  column o f  mercury and i t s  surrounding  

sh ea th  o f  p a r a f f i n  were both th inned  down so much b e fo r e  

i n t e r r u p t io n  th a t  th e  l a y e r  o f  p a r a f f i n  was so t h i n  as to  be 

hardly  e f f e c t i v e  i n  quenching the  spark.

Even w i t h  a p o in ted  d ip per ,  due to i t s  t a p e r ,  deeper  

immersion i n  t h e  mercury would mean th a t  the  i n i t i a l  diameter  

o f  t h e  mercury column drawn up would be g r e a t e r  than fo r  l e s s  

deep immersion, and con se q u en t ly  t h e  column would be lo n g er  

b e fo re  c o l l a p s e .  Photographs AJ and AK are i n t e r e s t i n g  

in  t h i s  c o n n e c t io n ,  fo r  t h e  t i p s  were immersed t o  a depth o f  

4 mm. i n  AJ and 7 mm. i n  AK, and i n  the  l a t t e r  case  the  

dipper i s  seen to  have been r a i s e d  h ig h e r .  Photograph AJ 

i s  a l s o  i n t e r e s t i n g  as showing, rather  c l e a r l y ,  d i f f e r e n t  

columns i n  d i f f e r e n t  s t a g e s  o f  c o l l a p s e .

One th in g  which t h e  photographs show up very  c l e a r l y

i s  /
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i s  the  t i m e - l a g  between t h e  in t e r r u p t io n  o f  the primary  

current and occurrence  o f  the secondary spark -  a time 

i n t e r v a l  which i s  l a r g e  compared w ith  th e  du ra t io n  o f  the 

secondary spark. In Photographs I and X, for  example,  

th e  spark a t  t h e  dipper was b r ig h t  enough to i l l u m i n a t e  the  

dipper so  that  i t s  p o s i t i o n  at break i s  r e g i s t e r e d  on the  

photograph by a p a le r  image border ing  on th e  patch  o f  l i g h t  

which marks th e  spark.  Then, by the  time th e  secondary  

spark occu rred ,  the  dipper had been r a i s e d  a f r a c t i o n  o f  an 

inch  (say  3/ l 6 !t) and the l i g h t  o f  the secondary spark pro­

duced a f a i n t e r  image on the  n e g a t i v e  g i v i n g  the  darker and 

higher  image o f  the  dipper i n  th e  p r i n t .  The sharpness  o f  

t h e  upper image and th e  c l e a r n e s s  o f  th e  r e f l e c t i o n s  on i t  

show th a t  th e  i l l u m i n a t i o n  produced by th e  secondary spark i s  

for  p r a c t i c a l  purposes i n s t a n t a n e o u s , whereas i f  th e  speed o f  

upward j e r k  o f  the dipper had been measured -  as could be 

done by some m echanica l  cam arrangement -  the  t i m e - l a g  

between th e  primary and secondary sparks could have been  

measured.  That t h e  double image i s  not due to  two secondary  

sparks may be e s t a b l i s h e d  by an examination o f  a photograph  

o f  a m u l t ip o in te d  d ip per .  In photograph AA, fo r  example,  

th e  primary spark t a k in g  p l a c e  at the  r ig h t  hand t i p  i s  seen  

to  have caused p a tc h e s  o f  r e f l e c t i o n  on th e  r ight-hand  s i d e  

o f  t h e  o th er  two t i p s  i n  the lower images o f  t h e s e  t i p s ,  

whereas th e  p a tc h e s  o f  r e f l e c t i o n  i n  th e  upper images o f  the  

t i p s  /
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t i p s  are a l l  p laced  c e n t r a l l y  due. to  the i l l u m i n a t i o n  by 

the  secondary spark when i t  occurred l a t e r .

Due t o  th e  s e l f - i n d u c t a n c e  o f  the primary and 

secondary c o i l s ,  and t h e i r  mutual in d u c ta n c e ,  the i n t e r r u p t ­

i o n  o f  th e  primary current i s  fo l lo w ed  by o s c i l l a t i o n s  in  

both c i r c u i t s .  The i n v e s t i g a t i o n  o f  t h i s  both  mathemati­

c a l l y  and e x p e r im en ta l ly  i s  gone i n t o  very  f u l l y  by Pro-
(7)

f e s s o r  E. Taylor Jones in  h i s  books on the in d u c t io n  c o i l  , 

and the  reason  fo r  the t i m e - l a g  between the primary and 

secondary sparks i s  th a t  th e  o s c i l l a t o r y  p o t e n t i a l  produced 

a t  the  te r m in a l s  o f  th e  secondary c o i l  ta k e s  some time -

o f  the  order  o f  one thousandth  o f  a second ,  s a y , -  to  reach

i t s  f i r s t  maximum, a f t e r  which l a t e r  maxima are g e n e r a l ly  

much reduced by damping so  th a t  i f  a second spark i s  pro­

duced i t  i s  much l e s s  b r i g h t .  O c c a s io n a l ly  a double  

secondary spark was heard and i t s  occurrence  may be d i s ­

t i n g u i s h e d  i n  c e r t a i n  photographs,  such as M and AD, in  

which the  l i n e s  o f  r e f l e c t i o n  on th e  d ipper due t o  t h e  spark  

at  th e  secondary t e r m in a l s  are seen  t o  be r e p e a te d .

Another t h i n g  t h a t  the  photographs r e v e a l  i s  t h a t  a

b e t t e r  break i s  produced when the  dipper i s  jerked out than  

when i t  i s  p u l l e d  out s lo w ly .  T h is  i s  shown by the  fu r th e r

(7) 1 In d u ct io n  C o i l  Theory and A p p l i c a t i o n s 1 : Pitman 1932 ,
and p r e v io u s l y  ’Theory o f  In d u ct io n  Coil* : Pitman 1921.





X -  Quick E x i t

A A ~  Quiofc E x i t

A C  — Q u i c k  E x i t
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p r i n t s  g iv e n  o p p o s i t e  o f  th e  n e g a t i v e s  V, X, Z, AA, AB# 

and AG. The e f f i c i e n c y  o f  th e  behaviour o f  an in d u c t io n  

c o i l  i s  determined by th e  energy d i s s i p a t e d  i n  the  secondary  

spark. The more energy i n  the spark t h e  b r ig h t e r  i s  i t s  

l i g h t ,  and, i n  th e  p r e se n t  arrangement, the b e t t e r  i s  the  

photograph o b ta in ed  o f  the  d ipper .  Because o f  the very 

b r i e f  d u ra t io n  o f  the secondary spark the n e g a t i v e s  were 

always under-exposed .  Except for  t h e  p a r t s  o f  the n e g a t iv e  

c o rresp ond ing  to  th^ spark at  the i n t e r r u p t e r ,  and the l i n e s  

o f  r e f l e c t i o n  on t h e  mercury and on the  d ipper ,  th e  n e g a t i v e s  

were a l l  very  t h i n ,  y i e l d i n g  dark p r i n t s .  The b e t t e r  the  

i l l u m i n a t i o n  o f  th e  d ipper ,  the  b e t t e r  were the  p r i n t s .  In 

order to compare the behaviour o f  the  d i f f e r e n t  d ip p e r s ,  the  

c o n d i t i o n s  were made as fa r  as p o s s i b l e  the same in  each  

c a s e .  The primary current  r e g u la r ly  used was f i v e  amperes,  

and the standard time o f  development o f  the n e g a t i v e s  was 

sev en  m inutes  i n  the same s t r e n g t h  o f  d e v e lo p er .  G enera l ly  

i n  making p r i n t s ,  however,  the w r i t e r  a d ju sted  time o f  

exposure  and development e t c . , to produce as c l e a r  a p r in t  as  

p o s s i b l e ,  but i n  order t o  o b t a in  some s o r t  o f  comparison  

between d i f f e r e n t  d ippers  and between s l o w - e x i t  and qu ick -  

e x i t  breaks t h e  p r i n t s  shown o p p o s i t e  were made under s ta n d ­

ard c o n d i t i o n s .  Care was taken  to  g iv e  each p r in t  the same 

exposure (30 seconds a t  2 f e e t  from a 25-Watt lamp) and the  

same /
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same development (45 seconds in  normal R yto l  d e v e lo p er )  so 

that  th e y  might g iv e  a f a i r  comparison. When the  p r i n t s  V 

and X, e t  c e t e r a ,  are examined, lo o k in g  c h i e f l y  at the  

w h it e n e s s  o f  t h e  background ana a t  the  d e t a i l  in  th e  dipper  

and i t s  rod, i t  i s  at once apparent th a t  i n  each pa ir  the  

b e t t e r  p r i n t  i s  fo r  th e  q u i c k - e x i t  break.  I t  may be p o in ted  

out . that  i t  i s  n o t  r e a l l y  o b v io u s  t h a t  when the dipper i s  

jerked out  o f  the  mercury i t  w i l l  produce a b e t t e r  break than  

when i t  i s  g e n t ly  removed. The rate  o f  c u t t i n g  l i n e s  o f  

in d u c t io n  for  the  secondary c o i l  i s  not  r e l a t e d  d i r e c t l y  to 

the  upward speed o f  the dipper but to  t h e  r a t e  o f  c o l l a p s e  o f  

the  primary c u r r e n t ,  and s in c e  an e l e c t r i c  spark ta k e s  p la c e  

at  e i t h e r  type o f  break one might w e l l  expect  the  o p e r a t io n  

t o  be as in s ta n ta n e o u s  and e f f e c t i v e  i n  the  one case  as i n  

th e  o t h e r .  The ev idence  o f  the  photographs ,  however,  cannol 

be d i s a l l o w e d ,  and the reason  fo r  the g r e a te r  e f f i c i e n c y  o f  

the  ’ q u i c k - e x i t 1 break may be connected w i t h  the form ation  

and c o l l a p s e  o f  the  mercury columns as a lre a d y  c o n s id er ed .

F urther ,  i f  the  p r i n t s  X, AA, and AG o f  the  

q u i c k - e x i t  breaks  o f  the th r e e  d i f f e r e n t  d ippers  are com­

pared,  t h a t  o f  th e  th r e e  p o in ted  dipper seems to  g ive  c l e a r ­

e s t  d e t a i l  o f  the  rod and dipper (part  o f  the w h i t e n e s s  o f  

the  background o f  X i s  e v i d e n t l y  due to  the primary spark 

as t h i s  has o b l i t e r a t e d  the  bottom o f  the shadow o f  the  

dipper.) /
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That th e  h e s t  photograph i s  th a t  o f  the dipper w i t h  po in ted  

t i p s  supports  the argument g iven above th a t  the  dipper p u l l ­

i n g  up a th in n e r  column i s  l i k e l y  to  g iv e  a more e f f i c i e n t  

break than one which p u l l s  up a t h i c k e r  o n e ,  because  i n  the  

l a t t e r  case  th e  time o f  c o l l a p s e  o f  th e  column, once a 

tremor s t a r t s  a w a i s t ,  i s  lo n ge r  than in  the f o m e r  c a s e ,  and 

the  r e s u l t i n g  secondary E.M.F. i s  no t  so higfr.

Another important f a c t  th a t  the  photographs r e v e a l  i s  

i n  c o n n e c t io n  w i th  the dippers  having s e v e r a l  p o in ted  t i p s .

I t  had been  thought th a t  t h i s  form o f  dipper w i t h  two or more 

columns b r eak in g  s im u l ta n e o u s ly  would a l low  a g r e a te r  current  

to  be in te r r u p te d  than i n  the  case  o f  a s i n g l e  t i p .  But the  

photographs of  t h e  m u l t ip o in te d  d ip p e r s ,  e . g .  AF, AG, AH,

AJ, seem t o  show t h a t  the  primary spark always t a k e s  p la c e  

at one t i p  o n l y ,  though not always the same t i p .  Sparks may 

seem to  occu r  at s e v e r a l  t i p s  as they e n ter  th e  mercury t o ­

g e t h e r ,  ye t  when t h e  dipper i s  jerked out th ere  i s  g e n e r a l l y  

one t i p  which breaks i t s  c o n n e c t io n  w i t h  th e  mercury s l i g h t l y  

l a t e r  than a l l  the o t h e r s ,  and the  r e a l  i n t e r r u p t i o n  o f  the  

primary curren t  ta k e s  p la c e  o n ly  at  i t .  Thus as regards the  

magnitude o f  t h e  c u rren t  th a t  can be i n t e r r u p t e d ,  the m u l t i -  

poin ted  form does not seem t o  be any b e t t e r  than a s i n g l e  

poin ted  d ip per .  Yet th e  photographs show th a t  i t  may be 

worth w h i l e  to employ s e v e r a l  t i p s .  For, s in c e  on ly  one 

spark /
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spark i s  produced for  each i n t e r r u p t i o n ,  a m u l t ip o in t e d  

dipper  may not produce any more p o l l u t i o n  of th e  mercury than  

a s i n g l e  t i p ,  and s in c e  th e  spark i s  seen  to  take  p l a c e  a t  

d i f f e r e n t  t i p s  i n  t u r n , a m u l t ip o in te d  dipper may he expected  

to  keep i n  good working c o n d i t io n  lo n g e r  than a s i n g l e ­

p o in ted  .

Some num erica l  o b s e r v a t io n s  were next  t r i e d  to  

fu r th e r  compare th e  d i f f e r e n t  forms o f  d ip p er ,  and the r e ­

s u l t s  ob ta in ed  support t h e  c o n c lu s io n s  reached from a study  

o f  th e  photographs .  These experiments are now d e sc r ib e d .



-  55 -

FURTHER METHODS OF COMPARISON.

Comparison by l e a s t  primary c u r r e n t s  for  d i f f e r e n t  

spark g a p s .

Experiments were c a r r ie d  out* w i th  d i f f e r e n t  t i p s  in  

tu r n ,  to determine t h e  l e a s t  primary current  to  produce d i f ­

f e r e n t  l e n g t h s  o f  secondary spark. The t a b l e s  o f  r e s u l t s  

o b t a in e d ,  and th e  corresponding  graphs are g iv en  in  F i g . 6.  

These seem to show th a t  the  s e v e n -p o in te d  dipper i s  b e s t*  as  

a c c o r d in g  t o  the graphs a sm al ler  primary current  i s  n e c ­

e s s a r y  fo r  any p a r t i c u l a r  l e n g t h  o f  secondary spark w i th  the  

s e v e n -p o in te d  dipper o f  copper than w i t h  the  s i n g l e  b r a ss  t i p  

or t h e  t w e n t y - f i v e - p o i n t e d . I t  should be noted that  the

graph f o r  the  s i n g l e  b r a ss  t i p  agrees  very w e l l  w i th  the  

graph f o r  th e  o r i g i n a l  p o in ted  copper rod, the p o i n t s  fo r  the  

l a t t e r  b e in g  p l o t t e d  as prominent d o t s  i n  F i g . 6.

But the rea d in g s  were taken on d i f f e r e n t  days ,  and the  

c o n d i t i o n  o f  t h e  mercury a l t e r s  w i th  u s e ,  and i t  was thought  

th a t  t h e s e  graphs might not g ive  a f a i r  comparison between  

th e  t i p s .

F ig u re  o f  M erit  E xper im ents .

Another method t r i e d  f o r  comparing the  t i p s  was th a t

o f  /
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o f  f i n d i n g  a ’ f i g u r e  o f  m e r i t ’ f o r  each. When a b ig  enough 

current  i s  in te r r u p te d  in  the primary c i r c u i t ,  a secondary  

spark o f  g iv e n  l e n g t h  can he obta in ed  r e g u l a r l y ,  but when a 

sm a l ler  current  i s  used the  spark may o n l y  take  p l a c e  o c c a s ­

i o n a l l y .  The term * FIGURE OP MERIT* i s  here  used to  s i g n i f y  

t h e  number o f  t im es  a secondary spark o f  c e r t a i n  l e n g t h  was 

o bta in ed  when a g iven  primary current  was in terru p ted  a 

hundred t i m e s ,  i . e .  t h e  f ig u r e  o f  m er i t  means th e  p ercentage  

o f  primary breaks which produced a secondary spark. Pour 

forms o f  t i p  were compared in t h i s  way -  the s e v e n - p o in t e d ,  

th e  t w e n t y - f i v e - p o i n t e d ,  the s i n g l e - p o i n t e d  and s i n g l e - b l u n t  

t i p s ,  a l l  amalgamated w i t h  mercury. Of t h e s e  th e  former 

p a i r ,  th e  se v e n -p o in te d  and the t w e n t y - f i v e - p o i n t e d ,  were the  

o r i g i n a l  ones  which were photographed, th e  s i n g l e  b lu n t  and 

poin ted  t i p s  were made a f r e s h .  The i n v e s t i g a t i o n  was con­

t inu ed  a t  a l a t e r  d a t e ,  and w i th  a d i f f e r e n t  in d u c t io n  c o i l ,  

s in c e  th e  f i r s t  one was n o t  a v a i l a b l e .

The r e s u l t s  o b ta in ed  from th e  f i g u r e - o f - m e r i t  e x p e r i ­

ments were v e ry  e r r a t i c .  In a s e t  o f  exper im ents  the  

secondary spark gap and the  primary current  were kept the 

same for  each t i p .  In a l l ,  sev en  s e t s  were t r i e d  w i t h  

var ious  l e n g t h s  o f  spark gap and w i t h  d i f f e r e n t  c o v er in g  

l i q u i d s  above the  mercury. In th e  f i r s t ,  s i x t h  and se v en th  

s e t s  where t h e  se v e n -p o in te d  t i p  was used b e fo re  the  tw en ty -  

f i v e  p o i n t e d ,  the  former had a b ig g e r  f i g u r e  o f  m er i t  than  

the /
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thw l a t t e r .  I n  th e  se co n d , t h i r d ,  and  f o u r t h  s e t s ,  where 

th e  t w e n t y - f i r e - p o i n t e d  t i p  was u s e d  b e fo re  th e  s e r e n - p o i n t e d ,  

th e  o r d e r  o f  m e r i t  was r e v e r s e d .

A g a in ,  when th e  s e v e n - p o in t e d  t i p  was u s e d  b e fo r e  and  

a f t e r  t h e  t w e n t y - f i v e - p o i n t e d  i n  th e  same s e t ,  t h e  f i r s t  

f i g u r e  o f  m e r i t  o b t a in e d  f o r  th e  s e v e n - p o in t e d  d ip p e r  was 

g r e a t e r  t h a n  t h a t  o b t a in e d  f o r  th e  t w e n t y - f i v e - p o i n t e d ,  b u t  

th e  one o b t a i n e d  a f t e r w a r d s  was n o t .  I t | i s  o b v io u s  to  th e  eye 

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

becomes p o l l u t e d  w i th  th e  s p a r k in g  -  and  t h i s  may be w hat 

g iv e s  r i s e  to  th e  phenomenon o b s e rv e d  ab ove , v i z * ,  t h a t  i t  i s  

th e  t i p  u s e d  f i r s t  t h a t  shows up b e s t .  The o r d e r  i n  w hich  the^tipE 

were u s e d  seemed to  make a l l  t h e  d i f f e r e n c e .  I n  th e  t h i r d  

s e t .  f o r  exam ple , t h r e e  t i p s  were u s e d  i n  th e  o r d e r  2j>-, 7 - ,  

and 1 - p o i n t e d ,  an d  t h e i r  f i g u r e s  o f  m e r i t  came o u t  i n  t h a t  

o r d e r ;  a n d  i n  th e  s i x t h  s e t  th e y  were u s e d  i n  th e  r e v e r s e  

o rd e r  , and  th e  o r d e r  o f  m e r i t  was r e v e r s e d .

I n  a l l  t h e s e  f i g u r e - o f - m e r i t  e x p e r im e n ts ,  th e  d i p p e r  

was J e r k e d  o u t  o f  t h e  m erc u ry ,  b e c a u se  a n  i n i t i a l  t e s t  seemed 

tojshow t h a t  *q u i c k - e x i t 1 b r e a k s  were b e t te r^ th a n  ’ s l o w - e x i t 1 

b r e a k s .  I n  t h i s  t e s t  o n ly  t h e  s e v e n - p o in t e d  d i p p e r  was u s e d  

f o r  two d i f f e r e n t  l e n g t h s  o f  s e c o n d a ry  s p a r k  i n  t u r n .
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In  each  s e t  i t  was j e r k e d  o u t  f o r  a hundred  t im e s  ( 'q u i c k  

e x i t 1 b r e a k )  and th e n  p u l l e d  o u t  g e n t ly  f o r  a hundred  

t im e s  ( ' s l o w  e x i t  b r e a k ' )  and i n  th e  f i r s t  s e t  t h e  f i g u r e s  

o f  m e r i t  w ere  17 f o r  q u ic k  e x i t  b r e a k s ,  and 11 f o r  th e  

s l o w - e x i t  b r e a k s ,  and in  t h e  seoond s e t  15 and 1 r e s ­

p e c t i v e l y .  T hese  f i g u r e s  seem to  i n d i c a t e  t h a t  a b e t t e r  

b re a k  i s  p rodu ced  when th e  d ip p e r  i s  Je rk ed  o u t  th a n  when 

i t  i s  p u l l e d  o u t  g e n t l y ,  b u t  th e y  a re  o pen  to  th e  same 

o b j e c t i o n  a s  t h e  o t h e r  f i g u r e  o f m e r i t  r e s u l t s :  t h e  Je rk ed

b re a k s  i n  e ac h  s e t  were done b e fo r e  t h e  s l o w - e x i t  b r e a k s ,  

and may t h e r e f o r e  c o r re sp o n d  t o  a b e t t e r  c o n d i t i o n  o f  th e  

m e rc u ry .

Elplaas. primary current for d ifferent tip s  and same gap.

I t  was th o u g h t  t h a t  a b e t t e r  co m p ar iso n  would be 

o b t a i n e d  by f i n d i n g  t h e  minimum p r im a ry  c u r r e n t  n e c e s s a r y  to  

g iv e  o c c a s i o n a l  s e c o n d a ry  s p a r k s  o f  some d e f i n i t e  l e n g t h ,  

u s i n g  eac h  t i p  i n  t u r n  when t h e  m ercu ry  was i n  t h e  same 

c o n d i t i o n .  A low v a lu e  o f  p r im a ry  c u r r e n t  was t r i e d  and 

when more t h a n  s i x  b r e a k s  i n  s u c c e s s io n  f a i l e d  t o  c s u s e  a 

s e c o n d a ry  s p a r k  i t  was c o u n ted  to o  low , and a s l i g h t l y  

h ig h e r  c u r r e n t  was t r i e d ,  and so on , t i l l  a v a lu e  o f  

c u r r e n t  was re a c h e d  t h a t  gave a s e c o n d a ry  s p a r k  f o r  one  o r  

more o f  t h e  f i r s t  sev en  b r e a k s .  T h is  was done f o r  b o th  

' slow e x i t '  and ' q u i c k  e x i t*  b r e a k s .  Then th e  t i p  was
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unscrewed and rep la ced  "by another o n e ,  and the p r o c e s s  r e ­

peated immediate ly  for  the  same spark gap w ith  the new t i p .  

In t h i s  way the c o n d i t io n  of  the  mercury was p r a c t i c a l l y  

the  same fo r  a l l  the  t i p s  fo r  the same spark gap. E spec­

i a l l y  was t h i s  tru e  s in c e  very  l i t t l e  adjustment o f  the  

current  was required  for  su cc ee d in g  t i p s ,  once the  minimum

current had been found fo r  one t i p .  The f o l l o w i n g  t a b l e

g i v e s  the r e s u l t s  obta ined  for  spark gaps ranging from one

to  f i v e  c e n t i m e t r e s ,  the  l e t t e r s  Q and S denot in g

q u i c k - e x i t ,  and s l o w - e x i t  breaks  r e s p e c t i v e l y .

Length
of

Least  Primary Current: amperes.

Secondary
Spark Blunt Tip 1 - p o in te d 7 -p o in te d 25-po in ted

: cm. Q. S. Q. S. Q. S.
\

<4* S.

( 1 s t . ) (2nd.) ( 3 r d . ) ( 4 t h . )

1 1 .5 3  1 .53 1 .48  1 .5 0 1 .48  1 .5 0 1 .4 8  1 .5 0

( 4 t h . ) (3rd. ) (2nd .) ( 1 s t . )

2 2 .2 2  2 .23 2 .2 2  2 .23 2 .2 2  2 .2 2 2 .2 2  2 .2 5

( 1 s t . )  (2nd .) (3rd.  ) ( 4 t h . )

3 2 .63  2.66 2.67  2.68 2 .6 5  2 .6 5 2 .6 5  2 .67

( 4 t h . ) (3rd. ) (2nd .) ( 1 s t . )

4 2 .88  2 .9 0 2 .87  2 .8 7 2 .87  2 .87 2 .87  2 .9 0
i

( 4 t h . )
•

( 3 r d . ) (2nd .) ( 1 s t .  )

5 3 .0 8  3 . 1 0 3 .0 7  3 .0 7 3 .0 5  3 .0 5 3 .0 7  3 .1 0
i
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The c o v e r in g  l i q u i d  above th e  mercury was a b s o lu te  

a l c o h o l ,  and the numbers g iv en  in  b r a c k e ts  g iv e  the order  

i n  which the  d i f f e r e n t  t i p s  were used i n  any s e t .

This  t a b l e  o f  r e s u l t s  confirms the c o n c lu s io n  a l ­

ready reached in  d i f f e r e n t  ways, v i z : -  th a t  a q u i c k - e x i t  

break i s  b e t t e r  than a s l o w - e x i t  break.  In a few c a se s  

t h e  primary current  in te r r u p te d  to  produce a c e r t a i n  l e n g t h  

o f  secondary spark was the  same when th e  dipper was jerked  

out as when i t  was p u l l e d  out g e n t l y ,  but i n  most c a s e s  i t  

was found t h a t  a q u i c k - e x i t  break required  a sm a l ler  primary 

c u rren t  than a s l o w - e x i t  break which produced th e  same 

l e n g t h  o f  secondary spark.

F urther ,  when the q u i c k - e x i t  breaks f o r  th e  d i f f e r ­

ent t i p s  8re compared, i t  i s  seen  th a t  th e  b lu nt  t i p  r e ­

quired a ra th er  g r e a te r  current  than the  o t h e r s  i n  th r e e  

c a s e s  out o f  f i v e ,  though i n  one case  i t  required  l e s s  than  

the  o t h e r s .  This  l a t t e r  c a s e ,  however, was the  very  f i r s t  

break i n  a s e r i e s  o f  t r i a l s ,  and f r e q u e n t l y ,  a f t e r  the  c o i l  

and i n t e r r u p t e r  had had a r e s t ,  the f i r s t  break was found to  

g iv e  b e t t e r  r e s u l t s  than  su c c e e d in g  breaks .  This  would 

e x p l a in  the  e x c e p t i o n ,  and a l lo w  the c o n c lu s io n  to  be drawn 

t h a t  a b lu n t  t i p  i s  l e s s  e f f i c i e n t  than a p o in te d  one.

F i n a l l y ,  when th e  behaviour o f  the  s e v e n -p o in te d  

dipper i s  compared w i th  th e  o t h e r s ,  i t  i s  seen  t h a t  whereas  

i t  required  the  same primary current  as th e  s i n g l e - p o i n t e d
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in  th r e e  c a s e s  o u t o f  f i v e ,  ‘but- i n  th e  o th e r  two c a s e s  i t  

r e q u i r e d  l e s s .  T h is  i s  a n o th e r  i n d i c a t i o n  t h a t  a  d ip p e r  

w ith  s e v e r a l  t i p s  may be more e f f i c i e n t  th a n  a s in g l e - p o in t e d  

one .
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COBCLUSIOI.

The o u ts ta n d in g  f a c t  b ro u g h t to  l i g h t  by th e  above 

r e s e a r c h  seem s to  be t h a t  when th e  d ip p e r  i s  j e r k e d  o u t ,  

th e  b re a k  o f  c o n ta c t  a t  th e  I n t e r r u p t e r  i s  n o t  due s im p ly  

to  th e  d ip p e r  l e a v in g  th e  m ercu ry  s u r f a c e ,  b u t  due to  a 

column o f  m ercu ry  draw n up by th e  d ip p e r  p a r t i n g  a s u n d e r  

in  m id - a i r ;  and  bound up w ith  t h i s  f a c t  a r e  p ro b a b ly  to  

be fo u n d  th e  r e a s o n s  f o r  th e  fo l lo w in g  c o n c lu s io n s  w hich  

seem to  be f a i r l y  w e l l  e s t a b l i s h e d :

(a) T hat th e  i n t e r r u p t i o n  o f  th e  p r im a ry  c u r r e n t  

i s  mofe e f f i c i e n t  when th e  d ip p e r  i s  J e rk e d  o u t q u ic k ly  

th a n  when i t  i s  p u l le d  o u t s lo w ly ,

(b) T hat th e  p o in te d  form  g iv e s  a  b e t t e r  b re a k  

th a n  one w ith  a  b lu n t  en d , and

(c) T hat p ro b a b ly  a  d ip p e r  w ith  s e v e r a l  p o in te d  

t i p s  i s  b e t t e r  th a n  a  s i n g l e - p o i n t e d  r o d .
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APPEMDIX.

A P roof  th a t  a long  c y l i n d r i c a l  l i q u i d  column 

i s  u n s t a b l e .

The g e n e r a l  behaviour o f  l iq u ids ' 'u nd er  su r face  

t e n s i o n  i s  e a s i l y  i n v e s t i g a t e d  e x p e r im e n ta l ly  by the use o f  

f i l m s  o f  s o a p - s o l u t i o n ,  in  which, o f  c o u r se ,  th e re  are two 

l i q u i d - a i r  s u r f a c e s ,  so t h a t  the formula ob ta in ed  fo r  them 

d i f f e r  from th o s e  f o r  a s i n g l e  l i q u i d - a i r  su r fa ce  s imply  by 

th e  f a c t o r  two. I t  i s  found e x p e r im e n ta l ly  t h a t  a n e a r ly  

c y l i n d r i c a l  soap f i l m ,  formed between two equal  c i r c u l a r  

e n d - p i e c e s ,  corresponds t o  t h e  r e v o l u t i o n  about the  a x i s  o f  

symmetry o f  par t  o f  a curve o f  th e  form A B O D E  ( F i g . 7 . )

I f  t h e  l e n g t h  o f  th e  soap f i l m  exceeds  th e  s e m i -c ir c u m fe r ­

ence o f  the  e n d - p i e c e s ,  th e re  are two p o i n t s  o f  i n f l e x i o n  i n  

the  t r a c i n g  curve corresponding  to  B and C i n  A B C D 

(F ig .  7 . a . )  when the diameter o f  th e  soap-bubble  i s  g r e a t ­

e s t  i n  t h e  middle ,  or to C and E i n  L C E M ( F i g . 7 . c . )  

when the diameter  o f  t h e  bubble  i s  l e a s t  i n  t h e  m iddle .

The curvature  o f  a n e a r ly  c y l i n d r i c a l  soap f i lm  i s  g iv e n  by 

the u s u a l  equat ion :
 £   =  _L +  _L
2  S

where p i s  the e x c e s s  o f  p re ssu re  i n s i d e  the  bubble ,  $  i s  

the  su r fa c e  t e n s i o n ,  and r" and r* are r e s p e c t i v e l y  the
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th e  curve A P 0 i s  p r o p o r t io n a l  to i t s  d i s ta n c e  from a 

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

poin t  i s  never  very far from the  s t r a i g h t  l i n e  are f u l f i l l e d  

by one p a r t i c u l a r  member o f  the  f a m i ly  o f  ’ e l a s t i c  c u r v e s ’ . 

I t  i s  the curve t r a c e d  out  by a p o in t  near t o  the  c en tr e  o f  

a c i r c l e ,  when t h e  c i r c l e  r o l l s ,  w ithout  s l i p p i n g ,  a lon g  a 

s t r a i g h t  l i n e ,  the f i x e d  s t r a i g h t  l i n e  i n  the  above s t a t e ­

ment b e in g  th e  path tra ced  out the  c e n tr e  o f  the  c i r c l e .

In th e  p r e s e n t  case  the r o l l i n g  c i r c l e  (shown in  P i g . 7 . a . )  

has rad ius  a equal to  B’ B, and th e  d i s ta n c e  o f  th e  t r a c ­

ing  p o i n t ,  Z, from th e  c en tr e  o f  th e  c i r c l e ,  0 ,  i s  equal  

t o  t h e  maximum h e i g h t  o f  t h e  curve above B C. The c en tr e  

o f  t h e  r o l l i n g  c i r c l e  t r a c e s  o u t  th e  s t r a i g h t  l i n e  0 E, and

t h e  curve t r a c ed  out  by Z c u t s  t h i s  l i n e  in  B, C, E f

such t h a t  B G -  C E J TT.A, t h e  h a l f - c i r c u m f e r e n c e  o fr  T~
th e  r o l l i n g  c i r c l e .

I t  i s  the  r o t a t i o n  o f  t h i s  curve ,  t h e r e f o r e ,  about

th e  a x i s  X’ X which g i v e s  t h e  shape o f  t h e  su r f a c e  o f  a soap

f i lm  which i s  very  n e a r ly  c y l i n d r i c a l ,  th e  e x c e s s  p ressu re

i n s i d e  th e  soap f i l m  b e in g  g iven  by p ^  2 . 3  where a
a

i s  t h e  d i s t a n c e  from the a x i s  to  a p o in t  o f  i n f l e x i o n .

How, f o r  an almost  c y l i n d r i c a l  bubble whose l e n g t h  P G- 

( P ig .  7 . b . )  i s  l e s s  than B G ( the  d i s ta n c e  between two 

adjacen t  p o i n t s  o f  i n f l e x i o n  i n  the  curve under c o n s i d e r ­

a t io n )  i f  the  su r fa c e  b u lg e s  out  s l i g h t l y ,  th e  e x c e s s  o f
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p r e s su r e  i n s i d e  the  bubble i s  g iv en  by

2 . 5  2 .S
p -  a ^  B*B

2 .S
This i s  g r e a te r  than t h e  p r e s s u r e - e x c e s s  i*1 F which would 

o b t a in  i f  the  su r fa c e  were t r u l y  c y l i n d r i c a l  between the  

ends F"F and G”G.

Again,  fo r  an almost c y l i n d r i c a l  bubble whose l e n g t h  

H K (F ig .  7 . b . )  i s  l e s s  than B C, i f  the  su r fa c e  b u lg e s  

i n  s l i g h t l y ,  the e x c e s s  o f  p r e ssu re  i n s i d e  th e  bubble i s  

g i v e n  by

2 . 5  2 .S
P z. a — c ! c

and t h i s  i s  l e s s  than  the  p r e s s u r e - e x c e s s  would be i f  the

su rface  were e x a c t l y  c y l i n d r i c a l  between H and K i . e .

2 . S  
WR .

The r e s u l t ,  thu s  e s t a b l i s h e d ,  i s  t h a t  an almost  

c y l i n d r i c a l  bubble whose l e n g t h  i s  l e s s  than h a l f  i t s  c i r ­

cumference has a pressure  g r e a t e r  or  l e s s  than a t r u l y  

c y l i n d r i c a l  bubble o f  the same e n d - f a c e s  a c co rd in g  as i t  

b u lg e s  out  or i n .

On the  o ther  hand, a bubble almost  c y l i n d r i c a l  and 

o f  l e n g t h  g r e a t e r  than B G, i f  b u lg in g  out  i n  the middle

would resemble A D ( F i g . 7 . a . )  and the e x c e s s  o f  p re ssu re  
2 . 3  2 . 3

i n s i d e ,  i . e .  bTb , would be l e s s  than A1 A which i t  would

have i f  i t  were t r u l y  c y l i n d r i c a l  between i t s  ends ArfA and
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DMI>, and s i m i l a r l y  i f  i t  bulged i n  (See L.M. F i g . 7 . c . )  the  

p r e s su r e  e x c e s s  i n s i d e  would be g r e a te r  than for  a t r u l y  

c y l i n d r i c a l  bubble w ith  t h e  same e n d - f a c e s .

As a r e s u l t ,  a soap f i l m  which i s  c y l i n d r i c a l  i s  

s t a b l e  when i t s  l e n g t h  i s  l e s s  than  th e  c ircum ference  o f  i t s  

ends .  For,  i f  a d is tu rb ance  causes  one h a l f  to  bu lge  out  

at the  expense o f  a s l i g h t  w a i s t  i n  th e  o ther  h a l f  the  

p r e s s u r e  i n c r e a s e  in  t h e  b u lg in g  h a l f  over t h e  p r essu re  in  

th e  o ther  h a l f  would a u t o m a t i c a l ly  remedy m a tters  by c a u s in g  

a f lo w  o f  a i r  from the b u lg in g  h a l f  to the  o th e r  u n t i l  the  

p r e s s u r e s  were th e  same and th e  c y l i n d r i c a l  form was r e ­

s to r ed  .

On the  c o n tra r y ,  i f  a bubble i s  i n i t i a l l y  c y l i n d r i ­

c a l  and has a l e n g t h  g r e a t e r  than i t s  c ircu m fer en ce ,  and a 

tremor o f  some kind ca uses  a d e p r e s s io n  i n  one h a l f ,  th e  

change i n  shape w i l l  be accompanied by an i n c r e a s e  i n  the  

p r e s su r e  i n  t h a t  r e g io n  c a u s in g  a f low  o f  a i r  to  th e  o th e r  

end so t h a t  a bu lge  i s  produced t h e r e ,  and a lo w er in g  o f  

p r e s s u r e  which ag gravates  the  c o n d i t i o n ,  w i t h  th e  r e s u l t  

th a t  t h e  ’ w a i s t 1 and t h e  bu lge  both  deve lop  u n t i l  even­

t u a l l y  complete  severance  o c c u r s .  Thus a c y l i n d r i c a l  

bubble i s  u n s t a b le  when i t s  l e n g th  i s  g r e a t e r  than i t s  c i r ­

cumference.

A s i m i la r  l i n e  o f  rea so n in g  could be used for  l i q u i d  

columns i n s t e a d  o f  soap f i l m s ,  but i t  i g n o r e s  th e  e f f e c t  o f
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g r a v i t y ,  and t h i s  i s  o n ly  j u s t i f i e d  when the e f f e c t  o f  

g r a v i t y  i s  so sm all  as to he n e g l i g i b l e .  Thus P la t e a u  

c a r r ie d  out  experiments on th e  su r fa c e  t e n s i o n  o f  o l i v e  o i l  

by working w i th  i t  i n  an ’ atmosphere1 c o n s i s t i n g  o f  a mix­

ture  o f  a l c o h o l  and water  which had been ad ju sted  to  have 

th e  same s p e c i f i c  g r a v i t y  as the o i l .  Again i t  i s  w e l l  

known t h a t  when the volume o f  mercury i n  a drop i s  reduced  

the  shape o f  the  drop becomes more and more t r u l y  s p h e r i c a l  

showing th a t  i n  s p i t e  o f  the  grea t  d e n s i t y  o f  mercury th e  

e f f e c t  o f  su r fa c e  t e n s i o n  predominates making the e f f e c t  o f  

g r a v i t y  almost  n e g l i g i b l e  when t h e  d imensions o f  the  drop o f  

mercury are made sm a l l .  In a s i m i l a r  way when one i s  

d e a l i n g  w i th  t h i n  columns o f  mercury drawn up by a dipper  

t h e  su r fa c e  t e n s i o n  e f f e c t  aga in  predominates  and o f  them 

i t  may be s a i d  t h a t  th ey  become u n s ta b le  when th e  l e n g t h  

exceeds  t h e  c ircu m feren ce .
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PART IV

THE ELECTRICAL CbBOTCilVITT OF 
CERTAIN SOLUTIONS 

AT DIFFERENT TEMPERATURES



SUMMARY.

In t h i s  paper an account i s  g iven  o f  two s e t s  o f  

experiments  i n  which the e l e c t r i c \ ^ a l  c o n d u c t i v i t y  at d i f ­

f e r e n t  tem peratures  was measured for  -

(a)  A number o f  f a i r l y  weak aqueous s o l u t i o n s  o f  sodium 

c h l o r i d e  up to ahout one per cent s t r e n g t h ,  and 

(h) S e v e r a l  c oncen tra ted  s o l u t i o n s  o f  su lp h u r ic  ac id  

ranging  from 94 to  99 per c e n t .
o

In t h e  l a t t e r  case  the range i n  temperature was from 15 C 

to  50°Ct and no great  d i f f i c u l t y  was i n v o lv e d ,  hut i n  the  

former s e t  the  temperature had to  he c a r r ie d  up t o  230°C, a t  

which th e  p r e ssu re  developed i n s i d e  the c o n d u c t i v i t y - c e l l  

was n e a r ly  400 l h .  per s a . i n . ,  and a s p e c i a l  c e l l  had to he 

d ev ise d  to  s u i t  th e  abnormal c o n d i t i o n s .

In  b o th  cases th e  work was u n d e rta k e n  a t  th e  re q u e s t  

o f  a com m ercia l f i r m  in  need o f  in fo rm a t io n  in  c o n n e c tio n  

w ith  th e  d e s ig n  o f  in s tru m e n ts .
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SECTION ( a ) .  SODIUM CHLORIDE.

INTRODUCTION.

The r e se a r c h  work descr ib ed  i n  t h i s  s e c t i o n  was 

c a r r ie d  out  in  order to o b t a in  in fo rm atio n  for  th e  d e s ig n  

o f  an Te l e c t r i c a l  sa l inometer* t o  i n d i c a t e  the  amount o f  

d i s s o l v e d  im p u r i ty  in  the  water i n  a b o i l e r  working at  

p r e s s u r e s  up to 375 l b .  per sq .  inch .

In the p a s t ,  th e  method o f  c o n t r o l l i n g  th e  accumu­

l a t i o n  o f  s a l t  i n  a b o i l e r ,  when there  was a t r a c e  of  i t  in

t h e  f e e d - w a t e r ,  has been to  draw o f f  frequ en t  samples o f

t h e  b o i l e r - w a t e r  or  o f  the f e e d - w a t e r ,  and determine th e

amount o f  s a l t  p r e se n t  by t i t r a t i o n  or by u s i n g  a hydro-
( 1 )

m ete r .  With a modern e l e c t r i c a l  ga l inom eter  , however,  

t h e  d r a w in g -o f f  o f  samples i s  done away w i t h ,  and the con­

d i t i o n  o f  t h e  water  i n  b o i l e r ,  or  i n  f e e d - p i p e ,  may be read  

d i r e c t l y  on a d i a l  at  any t im e.

The v i s i b l e  part  o f  such an instrument i s  r e a l l y  a

m il l iam meter  which g i v e s  the  current  p a s s in g  between two

plat inum  e l e c t r o d e s  he ld  i n  t h e  water  when a d e f i n i t e  

p o t e n t i a l  d i f f e r e n c e  i s  a p p l ie d  t o  the  c i r c u i t ,  but i n s t e a d  

o f  the  d i a l  r e g i s t e r i n g  t h e  current  i t  i s  c a l i b r a t e d  so as

(1) Kempe*s E n g in ee r 1s Year Book, 1930,  P . 1624.



-  7 /  -

to  g iv e  the  c o n c e n tr a t io n  o f  s a l t  d i r e c t l y .  Any v a r i a t i o n  

i n  tem perature ,  however, i s  accompanied by a change in  the  

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

an instrument of t h i s  kind must be f i t t e d  w i th  a proper  

*tem perature-eom pensat ionf , and in  order to prov ide  t h i s  i t  

i s  n e c e s s a r y  t o  know th e  e l e c t r i c a l  c o n d u c t i v i t y ,  over  a 

c o n s id e r a b le  range o f  tem perature ,  o f  a number o f  s a l t  

s o l u t i o n s  w i t h i n  the range o f  c o n c e n tr a t io n  to be d e a l t  

w i t h .

The p a r t i c u l a r  instrument in  q u e s t io n  was required  

to  d e a l  w i th  s o l u t i o n s  s tro n g e r  than u s u a l  -  up to about 

800 g r a in s  o f  common s a l t  per g a l lo n  o f  water in  th e  b o i l e r ,  

i . e .  a 1 .1 3  per cen t  s o l u t i o n ,  as a g a in s t  t h e  maximum o f

0 .0 0 1  per cen t  for  an instrument des igned  t o  be used in  t h e . 

f e e d - l i n e  o f  an Admiralty b o i l e r .  F u rther ,  i t  had to  deal

w i t h  u n u su a l ly  h ig h  tem p eratures ,  as  the  temperature o f  

sa tu r a te d  steam at 375 l b .  per sq .  inch  p r e s s u r e  i s  about 

230°C.
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Search o f  P ub lish ed  Tables  for  data req u ired .

When pu b l ish ed  t a b l e s  were co n su l te d  for  the n e c ­

e s s a r y  d a ta ,  i t  was found th a t  th e  r e s u l t s  a v a i l a b l e  were

i n s u f f i c i e n t  and not i n  a form d i r e c t l y  s u i t a b l e  for  prac-
( 2 )

t i c a l  pu rp oses .  The most r e c e n t  a u t h o r i t a t i v e  t a b l e  , 

from which t h e  f i r s t  two columns o f  Table  I fo . l  were o b t a i n ­

ed,  gave the  e q u iv a le n t  c o n d u c t iv i t y  at d i f f e r e n t  temper­

a tu r e s  fo r  v ar iou s  c o n c e n tr a t io n s  expressed  i n  m i l l i f o r m u l a -  

w e ig h ts  per l i t r e  o f  s o l u t i o n  a t  the  temperature concerned , 

both  o f  which q u a n t i t i e s  required  a d a p ta t io n .  In the  

f i r s t  p l a c e ,  the  s p e c i f i c  c o n d u c t i v i t y  ( k ) ,  i . e .  the  r e ­

c i p r o c a l  o f  the  r e s i s t a n c e  between o p p o s i t e  f a c e s  o f  a 

c en t im e tr e  cube, i s  more d i r e c t l y  u s e f u l  than the e q u iv ­

a l e n t  c o n d u c t i v i t y  ( A  ) ,  which i s  the  s p e c i f i c  conduct­

i v i t y  per gram -equ iva lent  per cubic  c e n t im e tr e .  For an

x-Normal so lu t io n , however, k i s  obtained at once from A
\   ̂ *

u s in g  the  s im ple  formula k ~  A • l0 0 6  . In the  second

p l a c e ,  the  above method o f  s p e c i f y i n g  the  c o n c e n tr a t io n  i s

both m is l e a d in g  and in c o n v e n ien t  for  temperatures h igh er

than t h e  standard.  A s o l u t i o n  which i s  decinormal a t  a
o

tem perature  above 18 C i s  r e a l l y  more con cen tra ted  than one 

which i s  decinormal a t  th a t  tem perature ,  f o r  i f  i t  were  

c o o le d  to  18°G i t  would c o n t r a c t  t o  a sm a l ler  volume, and

(2) I n t .  C r i t .  T a b le s ,  V o l .V I ,  1929,  P . 230.
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would c o n t a in  more than a t e n t h  o f  a gram -equiva lent  per
o

l i t r e .  Thus a s o l u t i o n  which i s  decinormal at 218 C, i f  
o

c o o le d  to 18 C would he found to he 1 8 .4 5  per cent s t r o n g e r
othan a s o l u t i o n  decinormal at 18 . T h is  means th a t  each

( 2 )
entry  i n  the  o r i g i n a l  t a h l e  g i v i n g  the  e q u iv a le n t  

c o n d u c t i v i t y  o f  a *dec i-norm al s o l u t i o n ’ r e a l l y  r e f e r s  to  

a d i f f e r e n t  s o l u t i o n .  On th e  other  hand, a s o l u t i o n  con­

t a i n i n g  one gram o f  s a l t  per hundred grams o f  s o l u t i o n  

would he a ’ one per c e n t 1 s o l u t i o n  a t  any tem perature ,  pro­

vided always th e r e  was no ev ap o r a t io n .  This  l a t t e r  method 

o f  s p e c i f y i n g  c o n c e n tr a t io n  i s  t h e r e f o r e  much more d e s i r ­

a b le  when changes o f  temperature are in v o l v e d ,  as  in  th e

c a se  o f  th e  p resen t  problem, and th e  v a lu e s  o f  concen­

t r a t i o n  in  the  g iv en  t a h l e  were converted from *x-Normal* 

t o  t h e  form ’ W per cent* hy b r in g in g  in  the d e n s i t y  o f  the  

s o l u t i o n  -  d grams per C.C. Thus; f x  g r a m -e q u iv a le n ts  per  

l i t r e ’

^ 5 8 . 4 6  x  gm. o f  sodium c h lo r id e  i n  1000 c . c .  o f  s o l u t i o n ,

-*- 5 8 .4 6  x  gm. i n  1000 d gm. o f  s o l u t i o n ,

and i f  t h i s  s t r e n g t h  i s  t h e  same as ’ W per cent* , i . e .  as

W, 10 d gm. i n  1000 d gm. o f  s o l u t i o n ,  then

W. 10 d -  58 .46  x  ,

i . e .  W -  5 .846  x  .__________ ________ ( | )
d

As no t a h l e  could  he found g iv in g  th e  v a lu e s  o f  d
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co rresp ond ing  to t h e  v a r io u s  v a lu e s  o f  x ,  they  had to  he

o b ta in ed  i n d i r e c t l y  from a t a b l e  o f  d e n s i t i e s  o f  s o l u t i o n s
(3)

o f  sodium c h lo r id e  one per cent and upwards . Each 

v a lu e  o f  *Wf i n  the l a t t e r  t a b l e  was converted in to  the  

corresp ond ing  va lue  o f  f x T by means o f  equat ion  ( l ) ,  and a 

graph was p l o t t e d  o f  * d' a g a in s t  ’ x ' . Then from t h i s  

graph, shown reduced i n  F i g . l ,  the  required  v a lu e s  o f  1 d1 

were read o f f  and equat ion  (1) was again  used to  o b ta in  

t h e  v a lu e  o f  *W' correspond ing  to  each value o f  'x '  in  

Table  N o . l .

The v a lu e s  o f  c o n c e n tr a t io n  i n  g r a in s  per g a l l o n

g i v e n  in  t h e  l a s t  column o f  Table  H o . l  were o b ta in ed  from

t h e  s t r a ig h t f o r w a r d  r e l a t i o n  between th e  B r i t i s h  and m etr ic

u n i t s ,  and were i n s e r t e d  in  t h e  t a b l e  i n  order t o  a b s tr a c t
o

v a lu e s  o f  s p e c i f i c  c o n d u c t i v i t y  at  18 G f o r  a s e t  o f  s o l ­

u t i o n s  worked w i th .

Large s c a l e  graphs were then  drawn fo r  ' p e r c e n t a g e 1 

s o l u t i o n s  (and for  ' g r a i n s  per g a l lo n '  s o l u t i o n s )  and from 

t h e s e  the  s p e c i f i c  c o n d u c t i v i t y  at  18°C was read o f f  fo r  a

s e r i e s  o f  * round-number' c o n c e n t r a t io n s  and s e t  down in
o

Table  U o .2 .  In t h i s  way t h e  required  data at  18 G were  

d e r iv e d  fo r  s o l u t i o n s  weaker than f i v e  per c e n t .  For

(3) B o u s f i e l d  & B o u s f i e l d : Proc.  Roy. Soc. 103 (A),  1923,
P . 429.

(4) L a n d o l t -B o r n s te in  T a b e l le n ,  3 r d . E d . ,  1905,  P . 735.
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Density of Nad Solutions agt. Strength as Z .N  at ISV. 

Strength as %age agt Strength as x.N

'■025 **

Strength as x. N/■OOO

0 tl/t0/ V 0-2 N OSNOiN 0-7 NO-SN

F i g .  /.

(  Qroph (ii) was u sed  m e r e l y  us a c h e c k  on th e .  

C alculations , a s the values o f x  obtained by 

the use o f graph 01 *Y e r e  more a c c u r a te  due

to the la rg e  scale p e r  m issab le  for d e n s i t y . )



-74 B-

Tahle l to .2 .

o , x
Derived Values o f  S p e c i f i c  C on du ct iv i ty  at 18

of

Sodium Chloride  S o l u t i o n s ,  W gm per 100 gm. o f  s o l u t i o n .

Concentrat ion 
*.V per c e n t .

k 18 
ohm-1, cm 1

.001 .0000183

.002 .000036 5

.005 .0000908

.010 .000181

.02 .000356

• o CJ1 .000872

e . i .00171

0 . 2 .00333

0 . 5 .00794

1 . 0 .0153

2 .0 .0291

3 . 0 .0423

4 . 0 .0550
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s o l u t i o n s  f i v e  per oent and upwards a s u i t a b l e  t a b l e  had
(4)

been prepared by Kohlrausch and G ro tr isn .

For tem peratures  o th er  than 18°C, but not  fa r

removed from i t , a temperature c o e f f i c i e n t  o f  i n c r e a s e  i n

c o n d u c t i v i t y ,  (d k /d t )  / k  , may be used to  d e r iv e  thelo
s p e c i f i c  c o n d u c t i v i t y  from the known va lue  at 18° .  The

mean temperature  c o e f f i c i e n t  f o r  a small  s p e c i f i e d  range,
1 (k26 -  k 18 )

e . g .  kl8 ( 26-18 ) ,  i s  sometimes g iv e n  i n  t a b l e s  and

as t h i s  v a r i e s  a p p re c ia b ly  -  from about 0 .0 2 1  to  more than

0 .0 23  -  f o r  d i f f e r e n t  s t r e n g t h s  o f  common s a l t  s o l u t i o n s ,
(4) (5)

v a lu e s  were c o l l e c t e d  from d i f f e r e n t  sou rces  , and

graphed as shown i n  F i g . 2. From t h i s  graph the  temper-
o

a t u r e - c o e f f i c i e n t  near 18 can be read o f f  f o r  any s o l u t i o n
o

up to  sa tu r a te d  ( 2 6 .4  per cen t  at 18 ) ,  and by i t s  use  i n

exper im en ta l  work the tedium o f  a d j u s t i n g  the  temperature  
o

to  e x a c t l y  18 may be avoided .

(4) L a n d o l t -B o r n s te in  T a b e l le n ,  3 r d .B d . ,  1905 ,  P . 735, gave
1 ( k26 -  k ! 8 )

kl8  ( 2 6 - 1 8  J d i r e c t l y  o f  s o l u t i o n s  5 per cen t  and
upwards.

(5) Bray and Hunt i n  Jour. imer.  Chem. Soc. 33 ,  1911,  P . 781
k 25

gave k 18 fo r  s o l u t i o n s  0 .0 0 1  Formal to  0 . 1  Formal srt 
25 C. The c o n c e n tr a t io n s  had to  be transformed t o  1 p e r ­
centages*  , and th e  mean temp, c o e f f t s .  bet. 18 C and 25 C 
were o b ta in ed  from the  formula

i . ± . (*E£5 -  | I 
EIS 1  tiae  1 )



wmjph C o e ff ic ie n t o f Increase of Conductivity
between t% *C and 2 (o °C (or 2 5 % ) fo r  Sodium  C hloride Solution*

--------  --------------.......................
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For temperatures f a r  removed from 18°C the o n ly  

r e s u l t s  a v a i l a b l e  seemed to he those  o f  Uoyes and Cool idge  (6) 

who found the c o n d u c t i v i t y  o f  four common s a l t  s o l u t i o n s  a t  

s t e a d y  vapour-bath  temperatures o f  14 0 ° ,  2 1 8 ° ,  281° and 306°C 

u s i n g  a c o n d u c t i v i t y - c e l l  o f  unusual  and c o s t l y  d e s ig n .  Of 

th e se  four  s o l u t i o n s ,  the two s t r o n g e s t  are o f  most use  fo r  

the p r e sen t  purpose ,  as  they  were approxim ate ly  cen t i -n o rm a l  

and dec i-norm al  at  4°C. In  a d d i t io n  to  the r e s i s t a n c e ,  the  

s p e c i f i c  volume had been measured fo r  each s o l u t i o n  a t  each  

tem perature,  so tha t  the new va lue  o f  the weight-normal con­

c e n t r a t i o n  could  be c a l c u l a t e d ,  and by graphing the r e s u l t s ,  

the e q u iv a le n t  c o n d u c t i v i t y  f o r  the  Tround-number' concen­

t r a t i o n s  at  each temperature had been t a b u la te d .  This  meant 

that  the f i n a l  ta b u la te d  v a lu e s  were i n  a form v e ry  u n s u i t a b l e  

f o r  the p r e sen t  purpose ,  but from the v a l u e s  used in  prepar in g  

them the f o l l o w i n g  u s e f u l  r e s u l t s  were worked o u t .

Table Ho.3.

C on cen tra t io n . k k k k
140 218 281 306

0 .0 5 8 4  per  c e n t . .00429 .00583 .00627 .00627

0 .5 9 8  per  c e n t . .0386 .0509 .0524 .0488

These c o n s t i t u t e  a l l  the u s e f u l  r e s u l t s  that  could  be 

r e a d i l y  a b s t r a c t e d  from p u b l i sh ed  t a b l e s ,  and f u r t h e r  v a lu e s  

had to  be obta in ed  by d i r e c t  exper im ent .  A d e s c r i p t i o n  o f

the experim ents  i s  now g iv e n .

(6) Jour .  Amer. Chem. Soc. 26 ,  1904 ,  P . 134.
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Experiments a t  temperatures l e s s  than 100°C.

Apparatus:

The apparatus used in  the experim ents  was such as i s  

r eq u ired  f o r  the c l a s s i c a l  Kohlrausch method o f  measuring a 

f l u i d  r e s i s t a n c e .  The e l e c t r i c a l  c i r c u i t  i s  shown in  F i g . 3 .  

In s te a d  o f  the u s u a l  w ir e -b r id g e  w ith  e x t e n s i o n - c o i l s , a 

P o s t - O f f i c e - R e s i s t a n c e - B o x  was used ,  the source o f  a l t e r n a t i n g  

current  b e in g  a small  i n d u c t i o n - c o i l  operated  by means o f  a 

t w o - v o l t  accumulator,  and the d e t e c t o r  a p a ir  o f  te lephone  

r e c e i v e r s .  At f i r s t  experim ents  were made at  tem peratures  up 

to about 90°C o n ly ,  and a c o n d u c t i v i t y - c e l l  o f  standard type  

was used -  a g l a s s  1 t e s t - t u b e 1 o f  wide bore f i t t e d  w i th  a 

v u l c a n i t e  cap from which two p a r a l l e l  h o r i z o n t a l  e l e c t r o d e s  o f  

platinum were suspended by g l a s s  tu b es ,  the tubes  s e r v i n g  a t  

the same time to  i n s u l a t e  the l e a d s .  This  c e l l  i s  shown in  

F i g . 4 .  I t  was he ld  in  a t h i n  b ra ss  tube w ith  t r ip o d  b a se ,  

shown a l s o  in  F i g . 4 ,  the two b e in g  p laced  in  a l a r g e  copper  

can which served  as  a w a te r -b a th ,  and the water  heated  by a 

bunsen burner and kept s t i r r e d  by means o f  a l i t t l e  p r o p e l l e r  

d r iv en  by an e l e c t r i c  motor. Mercury thermometers were s u s ­

pended i n  the w a te r -b a th  and in  the c o n d u c t i v i t y - c e l l  to  

measure the tem peratures ,  approximate c o r r e c t i o n  graphs f o r  

th e se  having  f i r s t  been obta ined  by check ing  the f i x e d  p o i n t s .



A ccu m u la to rInduction Coif

C o n d u c tiv i tu  M e a su re m e n ts
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S t o n  d a  r d  Con d u e  t i v i t y  C e// .
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P r o c e d u r e :

Before  p u t t in g  the c e l l  in t o  u s e ,  the e l e c t r o d e s  were
(7)

g iv e n  a c o a t in g  o f  p la t inu m -b lack  by the u s u a l  method 

A 1 s t o c k  s o l u t i o n 1 was then prepared o f  pure sodium c h l o r i d e  

o f  s t r e n g t h  800 g r a in s  per g a l l o n  at  18°C. Part  o f  t h i s  was 

d i l u t e d  to 80,  160 ,  320,  480 ,  and 640 g r a in s  per  g a l l o n ,  and 

each s o l u t i o n  in  turn was used i n  the standard c o n d u c t i v i t y ­

c e l l .

The C o n s t a n t 1 o f  a c o n d u c t i v i t y - c e l l  i s  the f a c t o r  by  

means o f  which the s p e c i f i c  c o n d u c t i v i t y ,  k, o f  a s o l u t i o n  i s  

obta ined  from the measured r e s i s t a n c e ,  R. Thus, i f  R i s  the  

r e s i s t a n c e  o f  a column o f  s o l u t i o n  o f  l e n g t h  £  and crosjj-  

s e c t i o n  A, the s p e c i f i c  c o n d u c t i v i t y  i s  g iv en  by 1  x L  

But, s in c e  the c r o s s - s e c t i o n  o f  a c e l l  i s  not g e n e r a l l y  the  

same as the area  o f  the e l e c t r o d e s ,  nor i s  i t  uniform, the 

f low  o f  the current  i s  not  i n  s t r a i g h t  l i n e s  and
!A !
7L i s  not  g iv e n  a c c u r a t e l y  by the d i s ta n c e  between the e l e c ­

tr o d e s  d iv id e d  by t h e i r  area .  An e f f e c t i v e  va lue  has to be 

found by experiment u s i n g  a s o l u t i o n  o f  known c o n d u c t i v i t y .

In the  p r e s e n t  in s ta n c e  the r e s i s t a n c e  o f  each s o l u t i o n  a t  

e x a c t l y  18°C was determined,  and u s i n g  the va lue  o f  s p e c i f i c  

c o n d u c t i v i t y  o b ta in ed  by means o f  Table N o . l ,  the correspond ing
t

v a lu e  o f  I  was c a l c u l a t e d .  I t  was never  p o s s i b l e  to  o b ta in

(7) Watsonf s P r a c t i c a l  P h y s i c s ,  1917 ,  P . 479.
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complete s i l e n c e  in  the !phones and the r e s i s t a n c e  cou ld  o n ly  

be measured w i th  an accuracy o f  about one h a l f  per c e n t .  The 

r e s u l t s  o b ta in ed  are s e t  down in  Table i lo .4 ,  and y i e l d  a mean 

v a lu e  o f  0 .2 0 1  cm f o r  the c e l l - c o n s t a n t .

Table No.4.

C on centra t ion :  
g r a in s  per  
g a l l o n  at  18°C.

R : 
18

ohm
:

ohm-1 cm-1

t  :
A-,cm

80 1 04 .5 .00194-l .203

160 53 .0 .00377 .200.

320 37. V6 100727 .202

480 1 8 .8 .01065 .200

640 14.  i>5 .01391 .202

800 1 1 .7 .01711 .200

The r e s i s t a n c e  o f  each s o l u t i o n  was a l s o  found a t

v a r io u s  temperatures up to 90°C. by h e a t in g  the water  bath

g r a d u a l ly  up to  t h i s ’ temperature,  and s t e a d y in g  the h e a t in g  at

i n t e r v a l s  t i l l  the read in g  o f  the thermometers, in  the  bath

and in  the s o l u t i o n ,  agreed to  a f r a c t i o n  o f  a degree fo r

s e v e r a l  m inu tes .  The r e s i s t a n c e  was noted a t  each s t e a d y

tem perature,  and s i m i l a r l y  f o r  s e v e r a l  temperatures  as  the

s o l u t i o n  c o o le d .  The s p e c i f i c  c o n d u c t i v i t y  corresponding  to

each rea d in g  o f  r e s i s t a n c e  was then c a l c u l a t e d ,  u s i n g  the

v a lu e  o f  ,i l d er iv e d  above, and l a r g e  s c a l e  graphs were drawn 
A



-  8 0  -

o f  s p e c i f i c  c o n d u c t i v i t y  a g a in s t  temperature.  These are 

shown ( to  a reduced s c a l e )  in  F i g . 5, and in  Table N o .5 are 

noted  the v a lu e s  o f  s p e c i f i c  c o n d u c t i v i t y  d er iv ed  from them 

f o r  the even temperatures 20 ,  30 ,  -  -  -  90°C.
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T i g .  5 .
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Tafrle No, 5 .

In te r p o la te d  v a lu e s  o f  s p e c i f i c  c o n d u c t iv i ty  (k ) 

at d i f f e r e n t  tem peratures for  sodium c h lo r id e  

s o lu t io n s

(80 -  800 g r a in s  per g a l lo n ;  18° -  90° C)

C on centra tion  
g r a i n s / g a l l ,  

at 18° C. 80 160 320 480 640
\
; 800i

k at 10°C .00161 .00308 .0058 .0087 .0113 .0 1 3 7 -

k at 18°C .00194 .00377 .0 0 7 2 ? .01065 .0 1 3 9 1
I
• 0171 

; 1
k at 20° C .00203 .00394 .0076 .0 1 1 1 -5 .0 1 4 5 5 .0179

k at 30°C .00248 .0048
3

.0094 .0137 .0178 5
t
.0222

k at 40° C .00295 .0057 4 .0112 .0164 • 0212-5 .0 2 6 5 5

k at 50° C .00344 .0 0 6 6 .6 .0130 .0 1 9 1 5 .0247 1.0310

k at 60° C .00396 •0076^ .0149 • 0219 5 .0282
5

.0355

k at 70°C • 0045q • 0085^ .0168 .0248 .0319 .040 .
1

k at 80°C ; .0 0 5 0 6 • 0096q • 0187 5 .027 6g 0 0355_ 5 .0447

k a t 90°C • 0056g .0 1 0 6 3 .0207 .0305 . 03 9 2 p. 5 .0 4 9 3

B atio k50 : klQ 1 .7 7 1 .7 7 1 .78 1 .8 0 1 .78 1 .8 1

Ratio k9 0 :k18 2 .8 9
1I

2 .8 2 2 .8 4 2.87 2 .8 2 2.88

Concentration;
W per cen t j 0 .114$ 0 .2 3  fo 0 . 4 6 / 0 . 6 8 / 0 .9 1  $ 1 . 1 3 /
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Experim ents a t  tem peratures above 100°C.

For tem peratures ahove 100°C a d i f f e r e n t  c e l l  and 

h e a t in g  hath  were n e c e s s a r y .  The c e l l  had to  he steam  

t i g h t  and the e le c t r o d e s  in s u la te d  from one another  a t  the  

high  p r e s su r e s  and tem peratures correspond ing  to  h o i l e r  

c o n d i t io n s .  The f i r s t  d e s ig n s  t r i e d  were a f t e r  the p a t te r n  

o f  a w a ter-g au ge , such as  i s  used fo r  steam h o i l e r s .  One 

e le c t r o d e  o f  p latinum  f o i l  was h e ld  down hy the low er  end o f  

a g a u g e - g la s s ,  and the o th e r  e le c t r o d e  was in s u la t e d  from 

the f i r s t  hy h e in g  f ix e d  to the c e n tr a l  p in  o f  a motor spark­

in g -p lu g  which was screwed in to  the upper p art  o f  the f i t ­

t i n g .  Two o f  th e se  c e l l s  are shown in  F i g . 6 . They were 

heated  in s id e  an e l e c t r i c  fu rn ace , hut did  not prove s u c c e s s ­

f u l .  The space in s id e  the furnace was so sm all th a t i t  

l im i t e d  the s i z e  o f  the f i t t i n g s  fo r  a c e l l ,  and i t  was d i f ­

f i c u l t  to  prevent a le a k  a t  the J o in ts  between g l a s s  and 

m eta l .  A lso  the spark ing  p lu g s  proved le a k y  when put to  t h i s  

unwonted u s e .

E v e n tu a l ly  a f a i r l y  s a t i s f a c t o r y  c e l l  was e v o lv e d ,  

the c o n s t r u c t io n  o f  which i s  shown in  F i g . 7 . Gr, the  c e l l  

proper , was a s p e c i a l  ! t e s t  t u h e * o f  p y r e x -g la s s  fo r  h o ld in g  

the s o l u t i o n  under t e s t .  The low er  e le c t r o d e  was o f  p l a t ­

inum and was in c l in e d  afc ahout 45° to  the  h o r iz o n ta l  so as  to  

a l lo w  an e a s y  way o f  escape upwards fo r  any huhh les o f  a i r  or



Un s u c c e s s  fu  ! form s o f  C onductivity C e //.



Fis . 7.

C on du ctiv ity  C ell u sed  fo r  high tem pera tu res .
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steam th a t  might be formed beneath i t .  This e le c t r o d e  was 

supported by a sh ort p ie c e  o f  platinum  wire fu sed  through the  

bottom o f  G-, and p r o j e c t in g  a l i t t l e  so as to dip in to  a 

sm all h o le  in  the s t e e l  p lug  P, which was a l s o  turned out a 

l i t t l e  to take the end o f  tube G. Mercury f i l l e d  in to  the  

ho llow  in  p lu g  P served  to complete the e l e c t r i c a l  c i r c u i t  

between the e le c t r o d e  and P. The upper e l e c t r o d e ,  a l s o  o f  

platinum  and a l s o  i n c l i n e d ,  was a tta ch ed  by a p latinum  wire to  

the c e n tr a l  p in  o f  a sp ark ing  p lu g ,  S , s p e c i a l l y  made by 

Lodge P lu g s  L td . To prevent contam ination  o f  the s o l u t i o n ,  a 

g l a s s  s l e e v e  was f i t t e d  over t h i s  c e n tr a l  ( s t e e l )  p in ,  lo n g  

enough to  cover  i t s  ju n c t io n  w ith  the platinum ; and a l i t t l e  

1umbrella* o f  mycalex was f i t t e d  to t h i s ,  la r g e  enough to  

ov er lap  the top o f  tube G and p reven t any condensed steam  

from the w ater ja c k e t ,  or im pu rity  from the making o f  the 

screwed j o i n t  above, from dropping in to  the s o l u t i o n .

The s t e e l  tu b e , T, completed the c e l l .  I t  was 

screwed in s id e  a t  the bottom to  take p lu g  P , and a t  the top 

to take the sp ark ing  p lu g  S. When th ese  p a r ts  were p rop er ly

f i t t e d  to g e th e r  th e y  formed a compact u n it  which cou ld  be 

heated  in  d i f f e r e n t  ways. Two ty p es  o f  h e a te r  were used  -  a 

steam-chamber in  the f i r s t  ex p er im en ts ,  and in  the l a t e r  ones  

an o i l - b a t h .

The steam -box used  in  the f i r s t  experim ents i s  seen  in  

F i g . 8 . I t  was su p p lie d  w ith  steam from a la r g e  ex p er im en ta l
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P h o to g r a p h  o f  A p p a r a tu s  u s e d  a t th e  w o rk s o f  Y arrow  S<CT. Lt<*
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b o i l e r  a t  the works o f  M essrs. Yarrow & Co. L t d . ,  who granted  

the g r ea t  p r i v i l e g e  o f  c a rr y in g  out the experim ents th e r e .

The whole steam -box, w ith  i t s  d e l iv e r y  pipe and r e g u la t in g  

v a l v e s ,  was w e l l  la g g e d ,  and a p ressu re  gauge was connected  

to i t  to he lp  in  r e g u la t in g  the tem perature to which the  

s o l u t i o n  was r a i s e d .  This temperature was measured by means 

o f  a c o p p e r -c o n s ta n t in  therm o-couple and a m ic r o -v o ltm e te r ,  

the h o t - j u n c t io n  b e in g  th r u s t  in to  a s p e c i a l  thermometer 

pocket in  the steam -box so th a t  i t  was in  m e t a l l i c  c o n ta c t  

w ith  tube T, w h ile  the co ld  ju n c t io n  was m ainta ined  a t  a 

s te a d y  tem perature in  water in  a thermos f l a s k .

P ro ced u re :

The procedure in  running an experim ent was as f o l lo w s .  

Tube T  havin g  been f i t t e d  in to  i t s  p la ce  in  the steam -box, 

and p lu g  P screwed on, a l i t t l e  mercury was dropped in to  

the h o llow  in  P , and a measured q u a n t i ty  o f  w ater  f i l l e d  

in to  the s t e e l  tube to h e lp  in  the tr a n sm iss io n  o f  heat from 

the steam to the s o lu t io n .  The pyrex t e s t - t u b e  G was 

f i l l e d  to the proper depth w ith  the s o l u t i o n  under t e s t ,  and 

low ered  in t o  the s t e e l  tube by means o f  the s p e c ia l  fo r c e p s  F 

( F i g . 7 ) ,  and the spark ing p lu g  was t i g h t l y  screwed in to  

p o s i t i o n ,  a s o f t  copper washer smeared w ith  red le a d  b e in g  

used  to make the j o in t  s t e a m - t ig h t .  The e l e c t r i c a l  con­

n e c t io n s  were then com pleted as in  F i g . 2.

From the la y -o u t  o f  the apparatus two o b se r v e r s  were
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n e c e s s a r y  to  ta k e  read in gs o f  r e s i s t a n c e  and tem perature.  

The w r i te r  made th e  measurements o f  r e s i s t a n c e ,  w h ile  the  

rea d in gs  o f  therm o-couple  and steam -gauge were taken  by 

P r o fe s s o r  Muir, under whose s u p e r v is io n  th e s e  experim ents  

were c a r r ie d  o u t .  Both o b s e r v e r s  noted th e  tim e at each  

r e a d in g ,  and a f ter w a r d s ,  on the same sh eet  and a g a in s t  the  

same t im e -b a s e ,  graphs were p lo t t e d  o f  th e  t h r e e  fo l lo w in g  

v a r ia b le s :  ( i )  conductance o f  the s o l u t i o n ,  ( i i )  temper­

a ture  g iv en  by th erm o-cou p le , ( i i i )  tem perature o f  s a tu r ­

ated  steam corresp ond ing  to  g a u g e -p r e s su r e . By a d ju s t in g  

th e  steam v a lv e s  a t  i n t e r v a l s  th e  pressu re  o f  th e  steam 

adm itted  to  th e  steam box was g ra d u a lly  r a i s e d ,  and at each 

s ta g e  c o n d it io n s  were a llow ed to  s tea d y  u n t i l  the measured 

r e s i s t a n c e  remained th e  same for  s e v e r a l  m inu tes. The 

p r e ssu r e  was reduced by th e  same s ta g e s  so  t h a t  the  temper­

a tu re  o f  the s o lu t io n  was a llow ed  to  stead y  aga in  at p ra o t i  

o a l l y  th e  same v a lu e s .  The experim ents had to  be rep eated  

s e v e r a l  t im es because  o f  le a k s  d e v e lo p in g  in  the  sp ark in g  

p lu g  a t  th e  p o r c e la in - t o - m e ta l  j o i n t s ,  but e v e n tu a l ly  con­

s i s t e n t  r e s u l t s  were o b ta in e d .

The time ch art fo r  one experim ent i s  shown in  F i g . 9 

Except fo r  some i r r e g u l a r i t i e s  in  the conductance curve 

betw een B and D, th e  t h r e e  graphs are seen  to  vary  

to g e th e r  f a i r l y  w e l l .  The changes in  curve ( i i i )  c o r r e s -
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ponding to  the p ressu re -g a u g e  are n a t u r a l ly  more abrupt 

than th e  o th e rs  s in c e  th e se  were e f f e c t e d  in  most c a s e s  by 

m erely a l t e r in g  th e  i n l e t  and o u t l e t  v a lv e s  o f  th e  steam -  

box. The e x c e p t io n  was at 3 -33  p.m. when a d d it io n a l  heat  

had to  be su p p lied  at the  b o i l e r .  The break i n  th e  curve  

at 4 -30  p.m. was due to  the  p ressu re  in  th e  steam -box be ing  

allow ed  to  f a l l  to  atm ospheric fo r  a sh o rt  in t e r v a l  b e fo re  

s te a d y in g  i t  a t  the d e s ir e d  v a lu e  o f  25 l b .  per sq . in c h .

I t  was assumed th a t  th e  temperature measured by th e  thermo­

c o u p le ,  though g e n e r a l ly  low er than th a t  corresp ond ing  to 

sa tu r a te d  steam at g a u g e -p r e s su r e , gave , w ith  s u f f i c i e n t  

accu racy , the tem perature o f  the s o l u t i o n ,  fo r  th e  thermo­

cou p le  was in  m e t a l l i c  co n ta c t  w ith  the s t e e l  tube and 

r ea d in g s  were ta k en  at th e  same s ta g e s  in  c o o l in g  as in  

h e a t in g .  The fa c t  t h a t  the therm o-couple  r ea d in g s  gave 

h ig h er  tem peratures when the  p ressu re  was b e in g  s t e a d ie d  at  

25 l b .  per s q .  in .  was due to  the steam b e in g  su p e r h e a te d , 

whereas th e  temperature corresponding  to the  p r e ssu re -g a u g e  

was fo r  sa tu r a te d  steam. (The steam was produced in  a 

b o i l e r  o f  e x c e p t io n a l  power).

The i r r e g u l a r i t i e s  in  the conductance curve a f t e r  

B and C req u ire  some e x p la n a t io n .  The sudden jumps o f  

conductance took  p la c e  when th e  r e g u la t in g  va lv e  was a l t e r ­

ed , and seem to  hsve been caused by sudden e b u l l i t i o n  

ta k in g  p lace  in s id e  th e  c e l l ,  fo l lo w ed  by con d en sa tio n  o f
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steam , o r ,  ind eed , the lo d g in g  o f  drops o f  s o l u t i o n ,  in s id e  

the spark ing  p lug  which from i t s  exposed p o s i t i o n  would not  

a t t a i n  to the  new stea d y  temperature t i l l  the steam had 

been p a s s in g  fo r  some tim e. Drops o f  w ater forming in  t h i s  

way and eva p o ra tin g  aga in  as the c o n te n ts  o f  the c e l l  

s e t t l e d  down to  a new s t a t e  o f  e q u il ib r iu m  would tem p o ra r ily  

form a p a r a l l e l  path fo r  the current through the c e l l  and 

thus cause such a v a r ia t io n  in  conductance as  the graph  

shows. The s tea d y  va lue  o f  the conductance e v e n tu a l ly  

reached a t  C i s  seen  to agree w ith  th a t  ob ta in ed  a t  E 

fo r  alm ost s im i la r  c o n d i t io n s ,  ju s t  as  the v a lu e s  a t  0 and 

F agree w ith  those  a t  A and B. F u r th e r ,  the s te a d y  

v a lu e  o f  conductance reached fo r  a minute o f  two a t  D a f t e r  

the e r r a t i c  v a r ia t i o n ,  was confirm ed n ex t  day when the  s o l ­

u t io n  was reh ea ted  to  the same tem perature b efo re  the  a p p l i ­

c a t io n  o f  steam a t  the e x c e p t io n a l ly  h igh  p ressu re  o f  600 l b .  

per  sq . i n .  and then 1000 l b .  per sq . in .  Under th e se  

abnormal p r e ssu r e s  the spark ing  p lug le a k e d ,  but the a g r e e ­

ment among the v a lu e s  o f  c o n d u c t iv i ty  ju s t  m entioned shows 

th a t  there  had been no le a k  in  the experim ent fo r  which  

F i g . 9 i s  the graph, and that the  r e s u l t s  i t  y i e ld e d  co u ld  be 

r e l i e d  on. This gave seven  p o in t s  in  the f i n a l  curve o f  k 

a g a in s t  t  fo r  tem peratures about 1 3 0 ° ,  1 5 5 ° ,  180° and 

220°C.

For th ese  experim ents w ith  the s te a m -h e a te r , b e s id e s
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the two o b serv ers  ta k in g  r e a d in g s ,  there  were two men lo o k ­

ing  a f t e r  the steam p la n t ,  and so whenever an experim ent  

f a i l e d  because o f  the development o f  a l e a k  in  the app aratu s,  

the time o f  four  men was w asted . In  l a t e r  ex p er im en ts ,  

t h e r e fo r e ,  the h e a t in g  was c a r r ie d  out more s im p ly . The 

s t e e l  tube was immersed in  l iq u i d  p a r a f f in  in  a r e c ta n g u la r  

copper v e s s e l  about 12" x 3* x 15". T h is  bath was heated  by  

a bunsen burner, and kept s t i r r e d  by a l i t t l e  p r o p e l le r  d r iv en  

by an e l e c t r i c  motor. The temperature was s t i l l  measured by  

the same therm o-coup le , and a l s o  by a mercury thermometer, 

both immersed in  the o i l - b a t h ,  and the mean o f  the two v a lu e s  

o b ta in ed  was taken as  the true one. With t h i s  arrangement 

the w r i t e r ,  working a lo n e ,  was ab le  to c o n tr o l  the h e a t in g  and 

take a l l  the r e a d in g s ,  though o c c a s io n a l ly  some were taken by  

h i s  s u p e r v iso r ,  n o ta b ly  in  the case  o f  the 0 .1 1 4  per cen t  

s o l u t i o n .  F urth er  v a lu e s  were thus ob ta in ed  fo r  the two 

s o lu t io n s  a lr e a d y  used  in  the steam h e a te r ,  i . e .  i  per c e n t ,  

and 1 per cen t  and in  a d d it io n  fo r  a s o l u t i o n  o f  s tr e n g th  80 

g r a in s  o f  s a l t  per g a l lo n  a t  18°C, i . e .  0 .1 1 4  per c e n t ,  and 

th e se  v a lu e s  were p l o t t e d  in  the same graphs as those  from 

the s tea m -h ea ter  exp er im en ts .  The graphs are shown, reduced  

in  F i g . 1 0 ,  and from them the s p e c i f i c  c o n d u c t iv i t y  a t 1 round1 

tem peratures was read o f f  fo r  each s o lu t io n  and s e t  down in  

Table N o .6 . I t  i s  thought th a t  the v a lu e s  thu s ta b u la te d  

are accu ra te  to  about one per c e n t .  By r e p l o t t i n g  them in
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Table No. 6.

Interpolated Values of Specific Conductivity of NaGi .
C on cen tra tion  
P ercen tage  

by w e ig h t : 0.1JS 0.114;* 0 .5 ^ 1 .0  f,
k at o o o •00140 .00160 .0065 .0125

k a t H1 CD
O

•00171 .001941 .0 0 7 9 4 .0 1 5 2 ?

k at 20° •00180 .00203 .0083 .0159

k at

ooCO .00222 .00248 .0 1 0 2 .5 .0195

k a t

oo

.00265 .00295 .0123 .0233

k at 50° .00309 .00344 .0144 .0272

k at 60° .00355 .00396 .0165 5 .0312

k at 70° .00401 .00450 .018 7 g .0352

k at

ooCO .00447 .00506 .0209 .0393

k at 90° •00493 .00562 .0230 .0434

k at 100° • .00617 .0250 .0474

k at
0

110 (•0058 g ) .00670 .0270 .0513

k at 120° .00722 .0289 .0551

k at
0

130 ( .0 0 6 7 g ) .00772 .0308 .0587

k at 0140 .00819 .0326 .0622

k at
0

150 ( .0 0 7 6 ) .00864 .0344 .0655

k at
o160 .00906 .0361 .0686

k at 170° ( .0 0 8 3 5 ) .00946 .0 3 7 7 .5 .0715

k at 180° .00984 .0 3 9 3 g .0741

k a t 190° ( .0 0 9 0 ) .0102 .0408 .0763

k at
0

200 .0 1 0 5 g .0421 .0780

k at
0

210 ( .0 0 9 5 g ) .0 1 0 8 g .0432 .0793

k at
0

220 .0 1 1 1 5 .0441 .0803

k at 230° (•0100) .0114 .0448 .0811
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the manner shown in  F i g . 11 approximate v a lu e s  o f  the s p e c i f i c  

c o n d u c t iv i ty  o f  any in term ed ia te  s o l u t i o n  may he read o f f  

fo r  any tem perature up to  230°C, indeed the v a lu e s  g iv e n  in  

b r a c k e ts  in  Table Ho.6 fo r  the 0 .1  per cen t s o l u t i o n  were 

ob ta in ed  in  t h i s  way.
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S tre n g th  of S o ft  M » ( w  fp tr  a n t )

F ig .  t * .

Combined Graph from which the Specific Conductivity 
of Sodium Chlorine solutions of any strength up to one 
per cent at any temperature up to 23G°C may be read off 
directly. C Reduced.).
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P o s s ib le  Sources o f  E rro r .

Three p o s s ib l e  sou rces  o f  e rro r  a t  the h igh  temper­

a tu r e s  were c o n s id er ed .

( i )  Change in  i n s u la t in g  property  o f  p y r e x - g l a s s .jr-g-j

B o u s f ie ld  and Lowry had shown th at the conductance o f  a 

g l a s s  t e s t - t u b e  when heated  from 95°C to 225°C in c re a se d  to  

be 1754 t im es i t s  va lue  a t  95°C, so a t e s t  was made to  see  

whether pyrex r e ta in e d  i t s  in s u la t in g  p ro p er ty  any b e t t e r .

The pyrex t e s t - t u b e  was f i l l e d  w ith  mercury and supported  

in s id e  a w ider t e s t - t u b e  c o n ta in in g  mercury, and the r e s i s t ­

ance between amalgamated copper le a d s  d ip p in g  in to  the mercury  

in s id e  and o u ts id e  the tube was measured. T h is  proved to be 

about a megohm a t  room tem perature and more than 1 0 0 ,0 0 0  ohms 

when the tem perature was r a is e d  to 230°C. T h is  r e s i s t a n c e  

a c t in g  in  p a r a l l e l  w ith  the s o lu t io n  ten d s to  make the measured 

r e s i s t a n c e  s l i g h t l y  low er than i t  ought to  b e ,  but s in c e  the 

measured r e s i s t a n c e s  o f  the c e l l  a t  t h i s  h igh  tem perature were 

o f  the order o f  36 ohms, 65 ohms, and 250 ohms, r e s p e c t i v e l y ,  

f o r  the 1 per c e n t ,  0 .5  per c e n t ,  0 .1 1 4  per cen t s o l u t i o n s ,  

t h i s  in trodu ced  an error  o f  o n ly  1 in  3000, 2 in  3000 , and 1 

in  400 in  the three  c a s e s .

( i i )  Change in  the v a lu e  o f  the c e l l - c o n s t a n t .

Due to  the expansion  o f  the d i f f e r e n t  p a r ts  o f  the condu ct­

i v i t y - c e l l  when the tem perature i s  in c r e a se d ,  the va lu e  o f  the

(8) B o u s f i e ld  and Lowry: P roc . Roy. Soc. 71, 1902 , P .42 .
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cell-constant might be expected to alter* Readings taken

for different conductivity cells show that

an approximate value for the cell-constant

is obtained by dividing the distance between

the electrodes by the area of cross-section

of the liquid column between and not the

area of an electrode. In the present case,

a rough sketch of which appears alongside,

the distance between the electrodes (X and

Y) was 7 cm, the area of the cross-section

of the liquid column was 2.27 sq.cm., and

the area of an electrode was .75 sq.cm.
The cell constant was found to be 2.9 which is much nearer

 7__ __7__ 0
to 2.27 i.e. 3.0g, than to .75 i.e. 9.3. Approximately,

therefore, the change produced in the cell constant may be 

calculated from the change in the distance between the elec­

trodes (1) and in the area of section of the pyrex tube (A).

The upper electrode was supported by 3 cm. of 

platinum wire (Y Z) from the central pin of the sparking 

plug. The length X Z would increase according to the linear 

coefficient of expansion of steel (i.e. .000011 per Centi­

grade degree) and Z Y would increase according to the co­

efficient for platinum (i.e. .0000088 per degree). Thus the 

length X Y between the electrodes would increase for a rise 

of one Centigrade degree by (10 x .000011 - 3 x .000009) cm

i.e. by .000083 cm., which means an increase of .000012 cm . / c m
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o f  gap fo r  a r i s e  o f  one C entigrade d egree .

The area o f  s e c t io n  o f  the v e s s e l  would in c r e a se  

a ccord in g  to the s u p e r f i c ia l  c o e f f i c i e n t  o f  expansion  o f  

p yrex , i . e .  2 x .0000032 or .0000064 per C entigrade d eg ree .
i 1

Thus i f  U  r e p r e se n ts  the c e l l - c o n s t a n t  a t the h ig h e s t

tem perature, say  200°C above room tem perature, $  ^  % *

(1 +  200 x .000012) ~  £  x 1 .0 0 2 4 ,  and, a' ^
• •

A ( 1 +  200 x .0000064) ** A x 1 .0 0 1 3 ,  so th a t
*1 /  „ 1 .002 4
aL /  *  2- 1 .001 3  1 .0 0 1 ,  showing th a t  the c e l l
A /  H *
c o n sta n t  may he exp ected  to in c r e a se  by on ly  about 1 in

o1000 when the v e s s e l  i s  heated  through 200 C.

( i i i )  Change in  c o n c e n tr a t io n  o f  s o l u t i o n .

The d e n s i t y  o f  sa tu ra ted  steam in c r e a s e s  w ith  r i s e  in  tem­

p era tu re  so th a t  the w eight o f  steam con ta in ed  in s id e  the  

c e l l  in c r e a s e s  due to e v a p o ra tio n  o f  some o f  the w ater from 

the s o l u t i o n  and from the ja ck e t  w ater . The volumes o f  

s o l u t i o n  and o f  ja ck e t-w a ter  used  were 20 c . c .  and 40 c . c .

r e s p e c t i v e l y  and the volume o f  the rem aining space in s id e  the  

c e l l  was e s t im a te d  a t  about 13 c . c .  Prom the s p e c i f i c

volume o f  sa tu ra te d  steam a t  218°C -  namely 9 0 .1  c . c .  per gm.
13

the mass o f  steam produced in  the space was found to  be W . l
2

i . e .  .1 4 4  gm, and assuming i t  to  come p a r t ly  (3) from the

ja c k e t -w a te r ,  and p a r t ly  (3) from the s o l u t i o n ,  i t  was

e s t im a te d  th a t  the c o n c e n tr a t io n  o f  the s o l u t i o n  would
.048

th ereb y  in c r e a se  by about 20 i . e .  by about 1 in  400 .
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T his would d ecrease  the measured r e s i s t a n c e ,  as  would a l s o  

the f a l l  in  in s u la t in g  power o f  the pyrex , hut the change 

in  c e l l - c o n s t a n t  would in c r e a se  i t ,  so th a t  even a t  the  

h ig h e s t  temperature the r e s u l t a n t  e f f e c t  would he o f  a low  

ord er , o f  the nature o f  1 in  400. S in ce  the r ea d in g s  o f  

r e s i s t a n c e ,  p a r t i c u la r ly  a t  the  h ig h er  tem p eratures , were 

not accu rate  to  more than ahout 1 in  200 , (and fo r  the .114  

per cen t  s o lu t io n  to  ahout one per c e n t ) , the err o r  a r i s i n g  

from th e se  so u rces  was counted n e g l i g i b l e .  I t  was n a tu r ­

a l l y  much sm a ller  fo r  low er tem peratures.



- 73 -

Comparison with r e s u l t s  o f  prev iou s ex p er im en ts .

A comparison o f  the r e s u l t s  w ith  those  obta ined  hy

Noyes and C oolidge was made a s  f o l lo w s .  The s tr e n g th  o f  a

h a l f  per cen t s o lu t io n  in  terms o f  Normal at 218°C , 1 4 0 ° ,  and

100° was f i r s t  c a lc u la t e d  on the assum ption th a t  the s o lu t io n

expanded w ith  r i s e  in  temperature a t  the same ra te  as pure

w ater . (Thus, u s in g  0 .9986  and 0 .8 4 0  gm. per c . c .  as the

d e n s i ty  o f  water at 18° and 218°C r e s p e c t i v e l y  the h a l f  per
.840

cen t  s o lu t io n  .0858 Normal a t  18°C becomes .0858 x .9^86  

Normal a t  218°C .) For each temperature a graph was then  

drawn, from the r e s u l t s  o f  Noyes and C o o lid g e ,  o f  e q u iv a le n t  

c o n d u c t iv i t y  a g a in s t  s tr e n g th  in  terms o f  normal at th a t  tem­

p e r a t u r e , and from th ese  graphs the e q u iv a le n t  c o n d u c t iv i t y  

o f  the h a l f  per cen t  s o lu t io n  was read o f f .

In  t h i s  way the fo l lo w in g  ta b le  o f  comparison was 

ob ta in ed  fo r  the h a l f  per cen t s o lu t io n :

*218 *140 *100

From E x p ts .  by W riter .0439 .0326 .0250

From r e s u l t s  o f  ) 
N. & C.) .0430 .0327 .0247

For the one per cent s o l u t i o n  the h ig h e s t  va lu e  th at  

cou ld  be checked was th a t  fo r  100°C. The r e s u l t s  o f  Noyes 

and C oolidge  y ie ld e d  .0476 fo r  ^100 as  compared w ith  .0474  

ob ta in ed  by the w r i te r .
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Thus the r e s u l t s  ob ta in ed  in  t h i s  paper are seen  to 

compare favou ra b ly  w ith  those  obta in ed  p r e v io u s ly  and th e y  are  

thought to be c o r r e c t  to about one in  a hundred.

Theory.

The gen era l shape o f  the c o n d u c t iv i ty -e u r v e s  i s  worthy

o f  some c o n s id e r a t io n .  Taking, fo r  example, the curve f o r  the

one per cen t  s o lu t io n ,  the f slope* o f  the curve i s  seen  to  be

f a i r l y  c o n sta n t  at f i r s t ,  so th a t  the t e m p e r a t u r e - c o e f f i c i e n t 1 
( 1 w  dk )
{ TE *  cH; ) near  18 C may be used to o b ta in  the va lue  o f  the  

s p e c i f i c  c o n d u c t iv i ty  a t tem peratures 40° or 50° above normal 

w ithout much e r r o r .  But a f t e r  about 80°C the tem perature-  

c o e f f i c i e n t  i s  seen  to decrease  g ra d u a lly  w ith  r i s e  in  temper­

a tu r e ,  fo r  the curve becomes d i s t i n c t l y  convex upwards, i n d i ­

c a t in g  th a t  there  i s  l i k e l y  to  be a maximum va lue  o f  condu et-
o

i v i t y  a t some temperature in  the neighbourhood o f  300 C, a f t e r  

which the t e m p e r a tu r e -c o e f f ic ie n t  would be n e g a t iv e  and the  

c o n d u c t iv i ty  would tend to  a minimum or zero v a lu e .

With aqueous s o lu t io n s  a maximum va lu e  in  the con-  

d u c t iv i ty - te m p e r a tu r e  curve has seldom been ob ta in ed  because  

o f  the d i f f i c u l t y  in  experim enting  a t  th e  h ig h  tem peratures  

in v o lv e d .  Hagenbach , however, succeeded once in  o b ta in in g  

a maximum o f  c o n d u c t iv i ty  in  the case  o f  a s o l u t i o n  o f  potassium

(9) A. Hagenbach Annid^Physik 5 , 2 ,  1901 , P . 276.
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c h lo r id e  in  water at a temperature o f  310°C b e fo re  h i s  

apparatus exp loded , but w ith  s o lu t io n s  o f  d i f f e r e n t  h a l id e s  

in  l i q u i d  su lphur d io x id e ,  he obtained  maximum tu r n in g -p o in ts  

in  the curves a t  much low er tem p eratures . Thus, in  the case  

o f  a s o lu t io n  o f  potassium  io d id e  in  l i q u i d  sulphur d io x id e ,  

heated  up from 18°C, the c o n d u c t iv i ty  was a maximum a t  87°C, 

and t h e r e a f t e r  decreased  smoothly u n t i l  the c r i t i c a l  temper­

atu re  o f  the s o lu t io n  was a lm ost reached. J u s t  b e fo re  the  

c r i t i c a l  tem perature, however, the change became r a p id , but 

above i t  the change was aga in  slow , the c o n d u c t iv i ty  f a l l i n g

to  z e r o ,  a few degrees h igh er  than the c r i t i c a l  tem perature.
( 1 0 )

Walden and Centnerszwer , a l s o  u s in g  l i q u i d  su lphur d io x id e  

as s o lv e n t ,  ob ta in ed  s im i la r  r e s u l t s ,  and i t  i s  to  be exp ected  

th a t  the g e n e ra l  form o f  a c o n d u c t iv ity - te m p e r a tu r e  cu rve ,  

drawn fo r  the f u l l  range, w i l l  show a r i s e  from a zero v a lu e  

to  a maximum and thence a f a l l  to zero in  the r eg io n  o f  the  

c r i t i c a l  tem perature o f  the s o l u t i o n .  An argument in  support  

o f  t h i s  i s  g iv e n  in  what f o l lo w s .

A ccording to  the th eory  o f  A rrh en ius, the p r o c e ss  o f  

the co n d u ctio n  o f  e l e c t r i c i t y  through a s o lu t io n  i s  c a r r ie d  

on by the m ig ra t io n  o f  the p o s i t i v e  and n e g a t iv e  io n s  in to  

which m o lcu le s  o f  the s o lu te  are s p l i t  up, and t h i s  h y p o th e s is  

i s  g e n e r a l ly  accep ted  today. B ut, whereas v a r ie d  a l l i e d

(10) Walden and Centnerszwer: Z eits .P h ys.C h em . V o l .39 , 1902 ,
P. 549.
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phenomena were o r i g i n a l l y  ex p la in ed  in  terms o f  the ’p a r t i a l

d i s s o c ia t io n *  o f  the e l e c t r o l y t e ,  nowadays the theory  has

gained  ground th a t  a l l  the m o lecu les  o f  the d i s s o lv e d  su bstance

are d i s s o c ia t e d  when s o lu t io n  takes  p la c e .  This th eory  o f
( 11)

’ complete d i s s o c ia t io n *  was put forward by Sutherland in

1907 , and s in c e  then support has been g iv en  to i t  by many
( 1 2 )

w orkers, n o ta b ly  Debye and Huckel who have developed the

th eory  m a th em a tica lly .

A ccording to the modern th eo ry , th en , there  are two

in f lu e n c e s  r e ta r d in g  the m otion o f  an ion  when an e l e c t r i c

f i e l d  i s  a p p lie d  between two e le c t r o d e s  p laced  in  the s o l u t i o n .
(13)

F i r s t l y ,  i t  seems th a t  an ion  i s  ’hydrated* , i . e .  i t  g a in s  

an ’atmosphere* o f  water m o lecu les  which move w ith  i t  and the 

v i s c o s i t y  f o r c e s  between them and neighbouring  m o lec u le s  produce 

a r e s i s t a n c e  to the m otion o f  the io n  which in c r e a s e s  w ith  i t s  

sp eed . I f  the ion  were a lon e  in  the s o lu t io n  -  the s t a t e  o f  

i n f i n i t e  d i l u t i o n  -  t h i s  v i s c o u s  r e s i s t a n c e  would be the o n ly  

c o n t r o l l in g  f a c t o r  in  a d d it io n  to  the a p p lie d  f i e l d  and the io n  

would a t t a i n  to a s tea d y  speed dependent on the c o e f f i c i e n t  o f

(11) Su therlan d: P h i l .  Mag., V o l .1 4 , 1907 , Page 1 .

(12) Debye and Huckel: Phys. Z e i t s .  24 , 1923 , Pages 185 , 305.

(13) B red ig :  Z e i t s .  Phys. Chem., 13 , 1894, P . 277.
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v i s c o s i t y  o f  the s o lv e n t .

But the io n s  cannot he co n s id ered  as ’ i s o l a t e d 1 in

ord in ary  s o l u t i o n s .  Each p o s i t i v e  io n  i s  a t t r a c t e d  by

n e ighb ourin g  n e g a t iv e  io n s  and r e p e l le d  by n e ighb ourin g

p o s i t i v e  io n s ,  so th a t  the a p p lie d  fo rc e  has to drag an ion

away from the a t t r a c t io n  o f  u n l ik e  io n s  go in g  the o p p o s ite  way,

and a g a in s t  the r e p u ls io n  o f  l i k e  ion s  go ing  in  the same

d i r e c t io n .  These ’Coulomb’ f o r c e s ,  obeying the law:

Force -   , are g r e a te r  the sm a ller  the va lue  o f  K,
"  K . d^

the s p e c i f i c  in d u c t iv e  c a p a c ity  o f  the s o lv e n t ,  and g r e a te r ,  

to o ,  when the s o lu t io n  i s  co n cen tra ted . (So much so ,  th a t  

t h e i r  e f f e c t  used  to be ex p la in ed  by sa y in g  th a t  in  concen­

t r a te d  s o lu t io n s  some o f  the m o lecu les  were not s p l i t  up in to  

i o n s ,  i . e .  in  terms o f  p a r t i a l  d i s s o c i a t i o n . )

Under the combined in f lu e n c e  o f  the v i s c o s i t y  o f  the  

so lv e n t  and the i n t e r - i o n i c  f o r c e s ,  the io n s  s e t t l e  down to  

s te a d y  sp eed s ,  fo r  a g iv en  a p p lie d  f o r c e ,  and a d e f i n i t e  quan­

t i t y  o f  e l e c t r i c i t y  i s  c a r r ie d  over per second. In  a g iv en  

s tr e n g th  o f  s o l u t i o n ,  th e r e fo r e ,  the c o n d u c t iv i t y  i s  determ ined  

by the  v i s c o s i t y  and the s p e c i f i c  in d u c t iv e  c a p a c ity  o f  the  

s o l v e n t ,  and the e f f e c t ’ produced on the c o n d u c t iv i t y  by a 

change o f  temperature depends on the change which tak es  p la ce  

in  th e se  two p r o p e r t ie s .

For the lo w e st  tem peratures a t t a in a b le  by a g iv en  

s o l u t i o n  the  v i s c o s i t y  i s  very  g r e a t ,  and i f  the temperature
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can be determined at which the v i s c o s i t y  becomes i n f i n i t e ,  

th a t  should g iv e  a ls o  the temperature at which the sp eeds o f  

the io n s  are reduced to zero and the s o lu t io n  c e a s e s  to  

become con d u ctin g . S ta r t in g  from t h i s  p o in t  a r i s e  in  tem­

peratu re  d e c r e a se s  both the v i s c o s i t y  and the s p e c i f i c  in ­

d u c t i v i t y  c a p a c ity  o f  most s o lv e n t s .  The e f f e c t  o f  the  

former change a lone would be to in c r e a se  the c o n d u c t iv i ty ,  and 

o f  the l a t t e r  a lone  would be to decrease  i t .

I f  the v is c o s i ty - te m p e r a tu r e  curve f o r  w ater  i s  drawn
(14)

from the v a lu e s  g iv en  in  ta b le s  , i t  i s  seen to  f a l l  v ery  

r a p id ly  a t  f i r s t  and more s lo w ly  a fter w a r d s ,  e . g .  the temper­

a t u r e - c o e f f i c i e n t  at 10° i s  n u m er ica lly  double th a t  o f  150°C.
(15)

On the o th e r  hand, the graph o f  1930 v a lu e s  o f  d i e l e c t r i c

c o n sta n t  o f  w ater between 0°C and 80°C i s  a v ery  f l a t  cu rve ,

showing an alm ost r eg u la r  d ecrease  in  d i e l e c t r i v e  co n sta n t  
o obetween 20 C and 80 C. As a r e s u l t ,  a t  low er tem peratures  

the e f f e c t  o f  the d ecrease  in  v i s c o s i t y  predom inates, and the  

combined e f f e c t  i s  that the c o n d u c t iv i ty  in c r e a s e s  as the  

temperature r i s e s .  At h ig h er  tem p eratures , where the change 

o f  v i s c o s i t y  becomes much s lo w er , the e f f e c t  o f  the change in  

s p e c i f i c  in d u c t iv e  c a p a c ity  predom inates, and in  s p i t e  o f  the 

low ered  v i s c o s i t y  the i n t e r i o n i c  fo r c e s  become so s tr o n g  th at  

the c o n d u c t iv i t y  d e c r e a s e s ,  and the g e n e r a l  shape o f  the con­

d u c t i v i t y -  temperature curve i s  as a lre a d y  d e sc r ib e d .

(14) I n t .  C r i t .  T ab les ,  V o l .5 , P . 10 . (temp. 0°C to  160°C)

(15) Cuthberton & Maass, Jour.Amer.Chem.Soc. ,  V o l .52 , 1 9 3 0 ,P . 483 .
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S e c t io n  (b ) .  Concentrated S o lu t io n s  o f  Su lphuric  A c id .

In tr o d u o t io n .

In the manufacture o f  su lp h u r ic  a c id ,  a t e s t  o f  the 

c o n c e n tr a t io n  o f  the product i s  g e n e r a l ly  made by d e t e r ­

m ining i t s  s p e c i f i c  g r a v i t y  by means o f  a hydrometer, or a 

s p e c i f i c  g r a v i t y  b o t t l e .  But even the l a t t e r  and more 

accu rate  method does not provide  a sure t e s t ,  u n le s s  the 

s p e c i f i c  g r a v i t y  i s  known to  be l e s s  than 97 per c e n t ,  fo r  

a lth ou g h  the s p e c i f i c  g r a v i t y  in c r e a s e s  w ith  the concen­

t r a t i o n  up to about 97 per c e n t ,  i t  t h e r e a f t e r  d e c r e a s e s .

Thus, accord in g  to the r e s u l t s  o f  Lunge and I s l e r  fo r  the
o (1)s p e c i f i c  g r a v i t y  o f  su lp h u r ic  a c id  a t  15 C , the va lue  o f  

1 .8 4 0  fo r  the s p e c i f i c  g r a v i t y  at 15°C would mean a concen­

t r a t i o n  o f  e i t h e r  95 .60  perjcent or 99 .20  per c e n t .
( 2 )

The r e s u l t s  o f  Kohlrausch , however, show th a t  as  

the c o n c e n tr a t io n  o f  su lp h u r ic  a c id  i s  in c r e a se d  from 93 per  

cen t to 99 .75  per cent i t s  e l e c t r i c a l  c o n d u c t iv i t y  p e r s i s t ­

e n t l y  d e c r e a se s ,  the change becoming more rap id  a t  h igh er  

c o n c e n tr a t io n s ,  so that when the c o n c e n tr a t io n  reach es  99 .75  

per c e n t ,  the s p e c i f i c  c o n d u c t iv i t y  has f a l l e n  to  l e s s  than  

one te n th  o f  i t s  va lue  a t  93 per  c e n t .  I t  seemed f e a s i b l e ,

(1) ’The C h em ists’ Year Book* 1915 , V o l .2 ,  P . 451 .

(2) L a n d o lt -B o rn ste in  T a b e l le n ,  V o l . I I ,  1923 , P . 1077 .



-10 0 -

t h e r e fo r e ,  th e t  an instrum ent o f  the ’e l e c t r i c a l  s a l in o m e t e r ’

type could  he design ed  to provide  a s e n s i t i v e  means o f

t e s t i n g  the c o n c e n tr a t io n  o f  su lp h u r ic  a c id  in  the p r o c e ss

o f  m anufacture, and t a b le s  were c o n su lte d  fo r  the n e c e s s a r y

d a ta . The ta b le  o f  the r e s u l t s  o f  K ohlrausch, ju s t  r e fe r r e d
ot o ,  g iv e s  the s p e c i f i c  c o n d u c t iv i ty  a t 18 C fo r  the whole  

range o f  c o n c e n tr a t io n ,  and a l s o  t h i s  mean tem perature-  

c o e f f i c i e n t  fo r  the in t e r v a l  18°C to  25°C. But, in  manu­

f a c t u r e ,  the f in i s h e d  product may come out a t  h ig h er  temper­

a t u r e s ,  and as no data seemed to be a v a i la b le  fo r  th ese  h ig h er  

tem p eratures , the w r i te r  was asked to  determ ine e x p e r im e n ta lly  

the c o n d u c t iv i t y ,  a t d i f f e r e n t  tem peratures up to  50°C, o f  a 

number o f  s tr e n g th s  o f  a c id  above 90 per c e n t .
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Apparatus and M a t e r ia l s .

Experim ents were f i r s t  c a rr ie d  out w ith  th ree  

samples o f  pure a c id  as f o l lo w s .

(1) The a c id  so ld  as ’ pure fo r  a n a l y s i s ’ , found to 

he o f  c o n c e n tr a t io n  ahout 94 per c e n t .

(2) A sample o f  the ’middle t h i r d ’ o f  the con­

d en sa te  o f  a s t i l l  in  a l o c a l  m anufacturer’ s -  ahout 98 per  

c e n t .

(3) A sample o f  c o n c e n tr a t io n  about 99 per c e n t ,  

prepared by adding a c a lc u la t e d  amount o f  w ater to  ’a c id  20 

per cent fum ing’ ( th a t  i s  80 p a r ts  o f  su lp h u r ic  a c id  con­

t a in in g  20 p a r ts  o f  su lphur t r io x id e  in  s o l u t i o n ) .

The s tr e n g th s  o f  th e se  th ree  samples were k in d ly  

found by t i t r a t i o n  by Mr. H.G-.A. Anderson, B .S c . ,  o f  the  

Chem istry Department o f  the C o l le g e .

A f te r  an in t e r v a l  o f  s e v e r a l  months four sam ples o f  

’ commercial o i l  o f  v i t r i o l *  (C.O.V.) were ob ta in ed  and 

experim ented w ith .  These were o f  a brownish t i n t ,  due to 

some im p u rity . They had been t i t r a t e d  at the source and 

were l a b e l l e d  as fo l lo w s  -

(4) ’C.O.V. 93 .71  per c e n t ’ ,

(5) ’C.O.V. 94 .90  per c e n t ’ ,

(6) ’C.O.V. 97 .18  per c e n t* ,

(7) ’C.O.V. 99 .0 4  per c e n t ’ .
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The standard c o n d u c t iv i ty  c e l l  when f i l l e d  w ith  some 

o f  the f i r s t  sample, ’a c id  pure fo r  a n a l y s i s ’ , had a very  

low r e s i s t a n c e ,  about two ohms, so that a s p e c ia l  c e l l  had 

to be prepared which would g iv e  a r e s i s t a n c e  o f  some hundreds 

o f  ohms.

This s p e c ia l  c e l l  was made in  the form o f  a ’U’ o f  

pyrex g l a s s  tub ing  approxim ately  0 .86  cm. b ore . The 

e le c t r o d e s  were platinum  d i s c s ,  o f  diam eter about 0 .6 5  cm., 

w ith  sh ort  platinum  wire l e a d s  from them fu sed  in to  the  

bottom o f  narrow pyrex tu b e s .  These narrow tubes were 

suspended one in  each limb o f  the U tube and kept in  t h e i r  

proper p o s i t i o n s  by means o f  v u lc a n i t e  c o l l a r s  f i t t e d  to  them. 

The e le c t r o d e s  were thus about 4 in ch es  above the bend o f  the  

TJ-tube when in  p o s i t i o n ,  and b e fo re  t h e i r  i n s e r t io n  the  

s o l u t i o n  used  was always poured in  to  depth  o f  4-J- in ch es  

above the bend. Connection was made to  the e le c t r o d e s  by 

means o f  th ic k  copper w ir e s  d ipp ing  in to  mercury a t  the fo o t  

o f  the narrow pyrex tu b es .  A la r g e  copper can c o n ta in in g  

water proved to be a s u i t a b le  h e a t in g  b ath  s in c e  the maximum 

tem perature d e s ir e d  was o n ly  50°C.



Fig. /3.

S p e c i a l  C o n d u c t i v i t y  Ce/I for Solutions.
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F i g .  1 4 .

C om ple te  A p p a ra tu s  fo r  Experim ents w ith  SO  ̂ So tu t ions
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P roced u re .

The c e l l - c o n s t a n t  was measured by u s in g  a f i v e  per

cen t s o lu t io n  o f  sodium c h lo r id e ,  whose s p e c i f i c  c o n d u c t iv i t y
o _2.

a t  18 C, ,0672 ohm . c m  , i s  in term ed ia te  between those  o f

the extrem es o f  a c id  d e a l t  w ith .  A number o f  read in gs  o f

r e s i s t a n c e  o f  the c e l l  when f i l l e d  w ith  t h i s  s o lu t io n  were

taken fo r  tem peratures in  the neighbourhood o f  18°C, and from

a la r g e  s c a le  graph o f  the r e c ip r o c a l  o f  r e s i s t a n c e  a g a in s t

tem perature the mean va lue  o f  544 ohms was obta in ed  fo r  the

r e s i s t a n c e  o f  the s o lu t io n  a t  18°C. Thus the va lue  ob ta in ed

fo r  the c e l l - c o n s t a n t  was 36.5^ cm At the end o f  the

t e s t s  w ith  the pure a c id  the c e l l  was washed out and i t s

c o n sta n t  redeterm ined , and the va lue  ob ta in ed  d i f f e r e d  from

the above by l e s s  than one in  f i v e  hundred.

The experim ents w ith  the impure a e id  were c a r r ie d  out  

a f t e r  an in t e r v a l  o f  s e v e r a l  months, and in  case  the c e l l  had 

a l t e r e d  by l y in g  about fo r  th at t im e, the d e term in a t io n  o f  the  

c e l l - c o n s t a n t  was rep ea ted . The v a lu e  ob ta in ed  was 36 .1^  

cm”'*’ , and when i t  was aga in  measured a t  the end o f  the t e s t s  

i t  was s t i l l  3 6 .1 ^ ,  and t h i s  was taken as the c e l l - c o n s t a n t  

f o r  the experim ents w ith  the impure a c id .

S in ce  the thermometer used was not immersed in  the  

s o l u t i o n  under t e s t  but in  the bath  w ater , the heat was 

a p p l ie d  s lo w ly ,  and s e v e r a l  tim es between room tem perature  

and 50°C, the temperature was s te a d ie d  t i l l  the r e s i s ta n c e
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obta in ed  remained con stan t fo r  s e v e r a l  m in u tes .  Again, by 

syphoning o f f  some o f  the water and r e p la c in g  i t  w ith  co ld  

w ater , the bath  temperature was s te a d ie d  and noted  and the 

r e s i s t a n c e  o f  the c e l l  measured a t  i n t e r v a l s  on the way down.

In the case  o f  the most con cen tra ted  s o l u t i o n s ,  e . g .  

sam ples (3) and ( 7 ) ,  i t  was found a t  the end o f  a s e t  o f  

r ea d in g s  th a t  the v a lu e s  o f  the c o n d u c t iv i ty  a t  low er temper­

a tu r e s  were s l i g h t l y  h igh er  on the way down than on the way 

up. T h is  was probably  due to  the hygroscop ic  nature o f  

s tron g  su lp h u r ic  a c id  ca u sin g  i t  to absorb some m oisture  from 

the a i r  and th u s  make the s o lu t io n  weaker and, in  consequence, 

more con d u ctin g . A ccord in g ly , when the r e s u l t s  were p l o t t e d ,  

the graphs in  such c a se s  was drawn between the two s e t s  o f  

p o i n t s ,  and the f i n a l  ta b u la te d  v a lu e s  o f  s p e c i f i c  c o n d u c t iv ­

i t y  were read o f f  from the mean graph.

T h is  h e lp s  to  e x p la in  why in  th e se  c a se s  the s tr e n g th  

o f  the a c id  as der ived  from the graph o f  K ohlrausch’ s v a lu e s  

o f  s p e c i f i c  c o n d u c t iv i ty  a t  18°C i s  r a th e r  l e s s  than the va lu e  

ob ta in ed  by t i t r a t i o n .  This a p p l ie s  s p e c i a l l y  to samples

(6) and (7) as the t i t r a t i o n s  o f  the  impure a c id s  were done a 

c o n s id e r a b le  time b e fo re  the c o n d u c t iv i t y  exp erim en ts .

The c o n d u c t i v i t y - tem perature cu rves are now g iv en  

(re d u ce d ) ,  and the t a b le s  o f  r e s u l t s  d e r iv e d  from them g iv in g

the s p e c i f i c  c o n d u c t iv i ty  a t  tem peratures 1 5 ,  20 , --------  50°C.

In the case  o f  the impure a c id s  the 'K oh lrau sch1 v a lu e s  o f
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c o n c e n tr a t io n  are g iven  in  b r a c k e ts ,  as th e se  r e a l l y  app ly  

to pure a c id s  having the same s p e c i f i c  c o n d u c t iv i t y  at  

18°C.

Comment on the F in a l  Table o f  R e s u lt s .

When the c o n d u ct iv ity -tem p e ra tu re  graphs are exam­

in e d , i t  i s  seen  th a t  th ey  a l l  c o n s i s t  o f  f l a t  c u r v es ,  con­

cave upwards, in d ic a t in g  th a t  the range o f  temperature d e a l t  

w ith  i s  w e l l  below the maximum c o n d u c t iv i ty  p o in t .  The 

cu rves are not f l a t  enough fo r  the t e m p e r a tu r e -c o e f f ic ie n t  

a t  18°C to g iv e  an accu rate  va lue  o f  the s p e c i f i c  c o n d u ct iv ­

i t y  a t  a temperature much h ig h e r ,  say a t  45°C , but the ta b le s  

show th a t  the mean t e m p e r a tu r e -c o e f f ic ie n t  fo r  the  range 18°C 

to 45°C i s  alm ost the same in  each c a s e .  Thus the con­

d u c t i v i t y  a t 18°C m u l t ip l i e d  by 1 .8 7 5  g iv e s  the c o n d u c t iv i t y
o oa t  45 w ith  an error  o f  l e s s  than two per c e n t ,  and fo r  30 C

the corresp ond ing  f a c t o r  i s  1 .3 5 5  w ith  an e rro r  o f  l e s s  than 

one per c e n t .

From the p o in t o f  v iew  o f  the  tem perature-com pensator  

o f  a 1s a l in o m e te r 1, t h i s  i s  fo r tu n a te ,  as th a t  part o f  the 

mechanism has to provide the same compensation fo r  the same 

change in  temperature no m atter  what s t r e n g th  o f  s o l u t i o n  i s  

p r e sen t  and an accuracy  o f  1 in  50 i s  a s  much as can be hoped 

f o r .
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