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V I I I .  S ta t i c  D i f fu s io n  o f  G a ses  a n d  L iq u id s  r e la tio n  to th e  A s s im i la t io n

C a rb o n  a n d  T r a n s lo c a tio n

B y  Ho r a c e  T. B r o w n , F .R .S . ,  LL.D.,and F . E s c o m b e , B .S c ., F .L .S

3

R e c e iv e d  M a y  3 1 ,— R e a d  J u n e  14 , 1 9 0 0 .

D u r i n g  t h e  c o u rse  o f  a n  in v e s t ig a t io n  w h ic h  w e  h a v e  b e e n  c a r r y in g  o u t  in  th e  

J o d r e l l  L a b o r a to r y  d u r in g  th e  p a s t  tw o  o r  th r e e  y e a rs , w i th  t h e  u l t im a te  o b je c t o f  

e x te n d in g  o u r  k n o w le d g e  o f  th e  p ro c e ss  o f  t h e  f ix a t io n  o f  c a rb o n  b y  g r e e n  p la n ts ,  w e  

h a v e  b e e n  le d  to  e x a m in e  s o m e w h a t  m in u te ly  th e  p u r e ly  p h y s ic a l  p ro c e sse s  b y  w h ic h  

t h e  c a rb o n  d io x id e  o f  t h e  a tm o s p h e re  is in  t h e  f i r s t  p la c e  a b le  to  g a in  ac cess to  th e  

a c t iv e  c e n tr e s  o f  a s s im ila tio n . I n  fo llo w in g  u p  th i s  lin e  o f  w o rk  w e  h a v e  b e e n  le d  to  

so m e u n e x p e c te d  re s u l ts ,  a n d  to  t h e  d isc o v e ry  o f  c e r ta in  fa c ts  c o n n e c te d  w i th  g a se o u s  

a n d  l iq u id  d iffu s io n  w h ic h  h a v e  b e e n  h i th e r to  u n n o tic e d , a n d  w h ic h  a p p e a r  to  be  o f  

c o n s id e ra b le  in te r e s t ,  n o t  o n ly  in  th e i r  p h y s ic a l  a s p e c ts , b u t  a lso  fro m  th e  e x p la n a 

t io n s  th e y  s u g g e s t  o f  c e r ta in  n a tu r a l  p ro ce sse s in  p la n t s  (a n d  p e rh a p s  a lso  in  a n im a ls )  

in  w h ic h  th e  t r a n s fe re n c e  o f  g a se o u s  o r  d isso lv e d  s u b s ta n c e s  d e p e n d s  m o re  o r  less  on  

d i f fu s iv i ty .

I n  th e  p r e s e n t  c o m m u n ic a tio n , w h ic h  is in te n d e d  to  b e  o n e  o f  a  se r ie s  d e s c r ip t iv e  o f  

o u r  re s e a rc h e s , w e  sh a ll,  a s  fa r  a s  p o ss ib le , co nfin e  o u rse lv e s  to  th e  p h y s ic a l  p h e n o 

m en a , to u c h in g  o n ly  o n  th e  p h y s io lo g ic a l q u e s tio n s  in  so fa r  as  th e y  a re  n e c e ssa ry .

T h a t  th e  e n t r y  o f  a tm o s p h e r ic  c a rb o n  d io x id e  in to  a n  a s s im ila t in g  le a f  ta k e s  p la c e  

b y  so m e p ro c ess  o f  d iffu s io n  h a s , a s  fa r  a s  w e k n o w , n e v e r  b e e n  s e r io u s ly  q u e s t io n e d ; 

in  fa c t, fro m  w h a t  is k n o w n  o f  th e  s t r u c tu r e  a n d  fu n c tio n  o f  th e  leaf, a n y  o th e r  s u p 

p o s itio n , w h ic h  w o u ld  n e c e s sa r ily  im p ly  so m e fo rm  o f  m ass  m o v e m e n t o f  th e  i n te r 

c h a n g in g  g a se s , is q u i te  in co n ce iv ab le . T h e  d isc u ssio n  m a y  th e re fo re  b e  l im ite d  to  a  

c o n s id e ra tio n  o f  w h e th e r  th e  g a se o u s  e x c h a n g e s  o f  a s s im ila tio n  a n d  re s p ira t io n  a re  to  

b e  a c c o u n te d  fo r b y  so m e fo rm  o f  osm osis  th r o u g h  th e  c u tic le  a n d  e p id e rm is  o f  th e  

leaf, o r  w h e th e r  th e y  a re  d u e  in  th e  f ir s t  p la ce  to  free  d iffu sio n  th r o u g h  th e  o p en  

s to m a ta  w i th  w h ich  th e  v a s t  m a jo r i ty  o f  th e  g re e n  o rg a n s  o f  p la n ts  a re  so r ic h ly  

fu rn ish e d .

W i th  th e  e x c e p tio n  o f  th e  w o rk  o f  Ga r r e a u , w h o  h a d  a lre a d y  in d ic a te d  a s  e a r ly  

as  1 8 5 0 # t h a t  t h e r e  w a s som e s o r t  o f  r e la t io n  b e tw e e n  th e  d is t r ib u t io n  o f  s to m a ta  

a n d  th e  e v o lu tio n  o f  c a rb o n  d io x id e  in  th e  r e s p ira to ry  p rocess, t h e  e x p e r im e n ta l

*  ‘ A n n .  S c i . N a t .  ( B o t . ) ’ (3 ) , 13 , 3 2 1 .

2 2 .1 1 ,1 9 0 0
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2 2 4 D R . H . T . B R O W N  A N D  M R . F. E S C O M B E  O N  S T A T IC  D IF F U S IO N  O F

e v id e n ce , u p  to  1 89 5, a p p e a re d  to  b e  in  fa v o u r  o f  th e  e x c h a n g e  b e in g  in d e p e n d e n t  o f  

t h e  s to m a tic  o p e n in g s .*  I n  t h a t  y e a r  F . F . Bl a c k ma n  b r o u g h t  b e fo re  th is  S o c ie ty  

th e  r e s u l ts  o f  a n  im p o r ta n t  in v e s t ig a t io n  w h ic h  o n ce m o re  d ir e c te d  a t t e n t io n  to  a  

s u b je c t  w h ic h  h a d  b e e n  c o n s id e re d  b y  m o s t p h y s io lo g is ts  a s  d e f in ite ly  s e t t l e d  ( ‘ P h il .  

T r a n s . /  B , vol. 186 (1 8 9 5 ) , p p . 4 85  a n d  503).

I t  w a s sh o w n , in  th e  f i r s t  p lac e , t h a t  c e r ta in  e x p e r im e n ts  o n  w h ic h  Bo u s s in g a l t l t  

h a d  re l ie d  fo r  p ro o f  o f  th e  e fficacy o f  c u t ic u la r  e x c h a n g e  w e re  e n t i r e ly  in co n c lu s iv e , 

o w in g  to  h is  h a v in g  e m p lo y e d  a tm o s p h e re s  c h a rg e d  w ith  to o  la rg e  a n  a m o u n t  o f  

c a rb o n  d io x id e . I t  is t r u e  t h a t  u n d e r  th e s e  v e ry  a r t i f ic ia l  c o n d it io n s  a n  a m o u n t  o f  

c a rb o n  d io x id e  su ffic ien t fo r t h e  o r d in a ry  r e q u ir e m e n ts  o f  a s s im ila tio n  can  p a ss  a c ro ss  

th e  c u tic le  a n d  e p id e rm is  b y  osm o sis , b u t  i t  w a s le f t  to  Bl a c k ma n  to  sh o w  t h a t  fo r 

m u c h  lo w e r  te n s io n s  o f  CO.,, w h ic h  a re  s t i l l  c o n s id e ra b ly  in  e x c e ss  o f  th o s e  o f  

o r d in a ry  a ir , n o  a p p re c ia b le  d iffu sio n  o f  t h e  g a s  in to  th e  le a f  t a k e s  p la c e  i f  t h e  

s to m a te s  h a v e  b e e n  p re v io u s ly  b lo ck ed .

R e s u l ts  o f  a  m u ch  m o re  p o s it iv e  k in d  w e re , h o w e v e r , o b ta in e d  b y  t h e  u se  o f  a  

d e lic a te  a n d  in g e n io u s  a p p a r a tu s  w h ic h  e n a b le d  Bl a c k ma n  to  d e te r m in e  th e  r a t e  o f  

t h e  g a se o u s  e x c h a n g e s  o f  th e  r e s p i r a to r y  a n d  a s s im ila to ry  p ro c e sse s  t a k in g  p la c e  o n  

th e  tw o  sid e s  o f  a  le a f  on w h ic h  th e  r e la t iv e  d is t r ib u t io n  o f  s to m a ta  is k n o w n . A s 

re g a rd s  th e  r e s p i r a to r y  p ro ce ss , h is  r e s u l ts  in d ic a te d  a  v e ry  r e m a rk a b le  d e g re e  o f  

c o rre sp o n d e n c e  b e tw e e n  th e  a m o u n t  o f  c a rb o n  d io x id e  l ib e r a te d  b y  th e  tw o  su rfa c e s  

a n d  t h e  n u m b e r  o f  s to m a t ic  o p e n in g s  p e r  u n i t  o f  a re a  o f  th e s e  sa m e  su rfa ce s . B y  a  

m o d if ica tio n  o f  th e  e x p e r im e n ts  in  w h ic h  a i r  a r t i f ic ia l ly  c h a rg e d  w ith  sm a ll  q u a n t i t ie s  

o f  c a rb o n  d io x id e  w as  d ra w n  s im u lta n e o u s ly  o v e r  th e  tw o  s id e s  o f  a  l e a f  s u b m it te d  to  

c o n d itio n s  fa v o u ra b le  to  a s s im ila tio n , i t  w a s f u r th e r  sh o w n  t h a t  t h e  a b s t r a c t io n  o f  th e  

c a rb o n  d io x id e  fro m  th e  a i r  s t r e a m  a n d  i t s  in g re s s  in to  th e  l e a f  w as e v id e n tly  r e la te d  

to  th e  d is t r ib u t io n  o f  s to m a ta ,  a l th o u g h  in  th i s  re s p e c t  t h e  c o rre sp o n d e n c e , o w in g  to  

th e  v e ry  m in u te  q u a n t i ty  o f  g a s  d e a l t  w ith , w as  n o t  so w ell m a rk e d  a s  in  th e  p ro c ess  

o f  r e s p i r a t io n .!

T h e  g e n e ra l  co n c lu sio n s d ra w n  b y  Bl a c k ma n  a re  t h a t ,  u n d e r  n o rm a l c o n d itio n s , 

o sm o sis th r o u g h  th e  c u tic le  a n d  e p id e rm is  d o es n o t  p la y  a n y  a p p re c ia b le  p a r t  in  th e  

g a se o u s  e x c h a n g e s  o f  a  re s p ir in g  o r  a s s im ila t in g  leaf, a n d  t h a t  “ p ra c t ic a l ly  t h e  so le 

p a th w a y  o f  c a rb o n  d io x id e  in to  o r  o u t  o f  th e  le a f  is b y  th e  s to m a ta ,” t h a t  is to  sa y , 

b y  a  p ro ce ss  o f  free  d iffu sio n  th r o u g h  o p en  a p e r tu re s .

C o n v in c in g  a s  th e s e  e x p e r im e n ts  a p p e a re d  to  b e  in  th e m se lv e s , c e r ta in  p h y s ic a l  

c o n s id e ra tio n s , to  w h ic h  w e  sh a ll  p r e s e n t ly  re fe r , r e n d e re d  i t  d iff ic u lt to  a c c ep t 

w i th o u t  re s e rv e  th e  co n c lu sio n s w h ic h  w e re  d ra w n  fro m  th e m , a n d  it  w as th e re fo re

*  A  g o o d  c r it ic a l  resume o f  th e  s ta te  o f  o u r  k n o w le d g e  o f th e s e  q u e s t io n s  u p  to  1 8 9 5  w il l  h e  fo u n d  in  

Bl a c k ma n ’s  p a p e r , ‘ P h il .  T r a n s . /  B , v o l .  1 8 6 , p . 5 0 3 .

t  W e  a re  in fo r m e d  b y  M r. Bl a c k ma n  t h a t  s in c e  th e  p u b lic a t io n  o f  h is  p a p e r  o f  1 8 9 5  h e  h a s  s u c c e e d e d  

in  o b ta in in g  w it h  h is  a p p a r a tu s  m u c h  m o r e  s a t is fa c t o r y  e v id e n c e  o f  th e  c o r r e s p o n d e n c e  o f  th e  in g r e s s  o f  

th e  c a r b o n  d io x id e  w ith  th e  d is tr ib u t io n  o f  s to m a ta  o n  th e  tw o  s id e s  o f  th e  lea f .
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d e e m e d  e x p e d ie n t ,  in  t h e  f i r s t  p la c e , to  r e p e a t  Bl a c k m a n ’s  e x p e r im e n ts  in  a  so m e 

w h a t  d if fe re n t  fo rm . F o r  t h i s  p u rp o s e  w e  u s e d  a n  a p p a r a tu s  w h ic h  h a d  b e e n  c o n 

s t r u c te d  fo r  a n  e x te n d e d  s e r ie s  o f  o b s e rv a t io n s  o n  t h e  a s s im ila to ry  a n d  r e s p i r a to r y  

p ro c e sse s  o f  p la n ts .

A  fu ll  d e s c r ip t io n  o f  t h i s  a p p a r a tu s ,  a n d  o f  t h e  d e ta i le d  r e s u l t s  o b ta in e d  w i th  i t ,  

w ill  h e g iv e n  in  a  s u b s e q u e n t  c o m m u n ic a tio n .

F o r  th i s  p a r t i c u la r  p u rp o s e  i t  w a s  so a r r a n g e d  t h a t  c o m p a ra t iv e ly  la rg e  v o lu m e s  o f  

a i r  o f  k n o w n  c a rb o n  d io x id e  c o n te n t  w e re  p a s s e d  s im u lta n e o u s ly  a n d  s e p a r a te ly  o v e r  

t h e  tw o  sid e s  o f  a n  a s s im ila t in g  o r  r e s p i r in g  le a f , t h e  a m o u n t  o f  t h e  g a s  b e in g  a g a in  

d e te r m in e d  in  t h e  o u tg o in g  a i r  s t r e a m  b y  p a s s in g  i t  t h r o u g h  a  s o lu t io n  o f  c a u s t ic  so d a  

in  a  I t e i s e t  a p p a r a tu s .  A  v e r y  a c c u ra te  m e th o d  fo r  d e te r m in in g  t h e  c a rb o n  d io x id e  

a b s o rb e d  b y  th e  a lk a l i  w a s a d o p te d , w h ic h  w ill h e  fo u n d  d e s c r ib e d  in  t h e  se co n d  

A p p e n d ix  to  t h i s  p a p e r .

I t  w ill b e  n o t ic e d  t h a t  in  p r in c ip le , t h o u g h  n o t  in  d e ta ils ,  t h e  p ro c e ss  re s e m b le d  

t h a t  c a r r ie d  o u t  b y  Bl a c k m a n , b u t  l a r g e r  a re a s  o f  l e a f  s u r fa c e  c o u ld  b e  e m p lo y e d , 

a n d  t h e  a c tu a l  a m o u n ts  o f  c a rb o n  d io x id e  d e a l t  w i th  w e re  m u c h  g r e a te r .

T h e  g e n e ra l  r e s u l t s  a r r iv e d  a t  w e re  a s  fo llow s :—-

(1 ) I f  t h e  l e a f  is h y p o s to m a to u s  t h e  r e s p i r a to r y  a n d  a s s im ila to ry  

g a se s  t a k e  p la c e  o n ly  t h r o u g h  th e  lo w e r  s id e  o f  t h e  leaf, t h a t  is to  sa y , 

t h r o u g h  th e  s id e  to  w h ic h  t h e  s to m a t ic  o p e n in g s  a re  co n fin ed .

(2 )  I f  t h e  l e a f  is hyperstomatous th e  e x c h a n g e s  t a k e  p la c e  o n ly  th r o u g h  th e  u p p e r

sid e , i.e ., t h e  s id e  w h ic h  is a lo n e  fu rn is h e d  w i th  s to m a ta .

(3 ) I n  amphistomatousle a v es , t h a t  is, in  le a v e s  fu rn is h e d  w i th  s to m a ta  on  bo th

sid es , r e s p i r a to r y  a n d  a s s im ila to ry  e x c h a n g e s  a r e  c a r r ie d  on  b y  b o th  

su rfa c e s  o f  t h e  leaf.

(4 ) I n  t h e  la s t- m e n t io n e d  case  th e  r e s p i r a to r y  e g re s s  a n d  a s s im ila to ry  in g re s s  o f

th e  d i lu te  a tm o s p h e r ic  c a rb o n  d io x id e  b e a r  a  ro u g h  q u a n t i t a t iv e  re la t io n  

to  th e  d is t r ib u t io n  o f  s to m a ta  o n  th e  tw o  le a f  s u r f a c e s ; b u t  d u r in g  

a s s im ila tio n  in  b r ig h t  s u n l ig h t  th e r e  is a  g r e a te r  in ta k e  o f  c a rb o n  d io x id e  

in to  th e  u p p e r  l e a f  su rfa c e  th a n  w o u ld  h e  e x p e c te d  fro m  a  m e re  c o n s id e ra tio n  

o f  t h e  r a t io  o f  d is t r ib u t io n  o f  s to m a ta  o n  th e  tw o  sid es. I n  l ig h t  o f  a  less  

d e g re e  o f  in te n s i ty  th e r e  is a  n e a r e r  a p p ro a c h  to  a  c o rre sp o n d e n c e  o f  th e  

a s s im ila to ry  a n d  s to m a t ic  ra t io s , b u t  i t  is se ld o m  a  v e ry  c lose one.

I t  w ill  b e  o b se rv e d  t h a t  o u r  g e n e ra l  c o n c lu sio n s co n firm  in  a ll e s s e n t ia l  p o in ts  

th o s e  o f  Bl a c k m a n , s o  t h a t  i f  w e  f u r th e r  t a k e  in to  c o n s id e ra tio n  t h e  im p e rm e a b il i ty  

o f  th e  c u tic le  a n d  e p id e rm is  o f  le a v e s  to  c a rb o n  d io x id e  o f  lo w  te n s io n , th e  e v id e n c e  

is m o s t s t r o n g ly  in  fa v o u r  o f  h is  g e n e ra l is a tio n  t h a t  th e  “ so le p a th w a y  o f  c a rb o n  

d io x id e  in to  o r  o u t  o f  th e  le a f  is b y  th e  s to m a ta .” T h is  v ie w  o f  c o u rse  im p lie s  t h a t  

t h e  g a seo u s  e x c h a n g e s  a re  b r o u g h t  a b o u t  so le ly  b y  f r e e  , an  e x p la n a t io n

w h ic h  can  o n ly  b e  a c c e p te d  u n re s e rv e d ly  i f  i t  can  b e  sh o w n  t h a t  in te rd if fu s io n  o f  

VOL. c x c m .—b . 2 G
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c a rb o n  d io x id e  a n d  a i r  c a n  ta k e  p lac e  th r o u g h  a p e r tu r e s  l ik e  th o s e  o f  t h e  s to m a ta  

w i th  su ffic ie n t r a p id i ty  to  a c c o u n t  fo r t h e  r e s u l t .

T h e  d iff ic u ltie s  in  a c c e p t in g  fre e  d iffu sio n  a s  t h e  t r u e  e x p la n a t io n  o f  t h e  in ta k e  

o f  c a rb o n  d io x id e  a p p e a r  a t  f i r s t  s ig h t  v e ry  fo rm id a b le , i f  w e  ta k e  in to  c o n s id e ra tio n  

( I )  th e  c o m p a ra t iv e ly  la rg e  a m o u n t  o f  c a rb o n  d io x id e  a b so rb e d  b y  a  g iv e n  a re a  o f  a  

le a f  in  a c t iv e  a s s im i la t io n ; (2) th e  e x tr e m e ly  low  p a r t i a l  p re s s u re  o f  c a rb o n  d io x id e  

in  th e  a tm o s p h e re , a m o u n t in g  in  t h e  o rd in a ry  w a y  o n ly  to  2*8 p a r t s  p e r  1 0 ,0 0 0  ; a n d  

(3 ) th e  v e ry  sm a ll  r e la t io n  w h ic h  th e  a re a  o f  th e  s to m a t ic  o p e n in g s  b e a rs  to  t h e  a re a  

o f  t h e  l e a f  su rfa c e  on  w h ic h  th e y  a re  d i s t r ib u te d .

A s a  c o n c re te  e x a m p le  w e  w ill t a k e  t h e  case  o f  a  l e a f  w ith  w h ic h  w e  h a v e  d o n e  a  

c o n s id e ra b le  a m o u n t  o f  w o rk , t h a t  o f  C a ta lp a  in  w h ic h  w e  h a v e  c a re fu lly

d e te rm in e d  b o th  t h e  n u m b e r  o f  t h e  s to m a ta  (w h ich  h e re  o c cu r o n ly  o n  th e  lo w e r 

su rfa c e )  a n d  th e  a re a  o f  th e  s to m a ta l  s l i ts  w h e n  fu lly  o p en ed . T h is  lea f, w h e n  p la c e d  

u n d e r  fa v o u ra b le  c o n d itio n s  fo r  a s s im ila tio n , c a n  a b s t r a c t  fro m  o r d in a r y  a i r  c o n ta in in g  

th r e e  p a r t s  o f  C 0 .2 p e r  1 0 ,0 0 0 , a b o u t  *07 cub . c e n tim . o f  c a rb o n  d io x id e  (m e a s u re d  

a t  0° a n d  7 60  m illim s. b a r .)  p e r  s q u a re  c e n tim . o f  le a f  su rfa c e  p e r  h o u r . T h e  s to m a ta l  

s l i ts  w h e n  fu lly  o p e n  h a v e  a n  a re a  o f  '0 0 0 0 6 1 8  s q u a re  m ill im .,# a n d  sin ce  t h e r e  a re  

145 o f  th e m  o n ea ch  s q u a re  m illim . o f  lea f, t h e  a re a  o f  th e  s to m a ta l  o p e n in g s  o n ly  

r e p r e s e n ts  '9 p e r  c en t , o f  th e  to ta l  s u rfa c e  o f  t h e  l e a f  o n  w h ic h  t h e y  o ccu r. I t  

fo llow s fro m  th i s  t h a t  i f  w e  r e g a r d  t h e  w h o le  o f  th e  c a rb o n  d io x id e  a s  e n te r in g  th e  

l e a f  th r o u g h  th e s e  o p e n in g s , d iffu sio n  m u s t  t a k e  p lac e  th r o u g h  th e m  a t  th e  r a t e

o f  * ~~~ =  7 '7 7  cub . c e n tim s . p e r  s q u a re  c e n tim . p e r  h o u r . N o w  i t  w ill b e  se e n

l a t e r  o n  t h a t  th e  su rfa c e  o f  a  s t r o n g  s o lu tio n  o f  c a u s t ic  so d a , w h e n  f re e ly  e x p o se d  to  

m o d e ra te ly  s t i l l  a ir  c o n ta in in g  th e  n o rm a l a m o u n t  o f  c a rb o n  d io x id e  ( th r e e  p a r t s  p e r  

1 0 ,0 0 0  by v o lu m e ), a b so rb s  t h a t  g o s  a t  o r d in a ry  t e m p e r a tu r e s  a t  th e  r a t e  o f  o n ly  

a b o u t  '1 2 0  cub . c e n tim . p e r  s q u a re  c e n tim . p e r  h o u r , a n d  w h e n  th e  r a t e  o f  t h e  a ir  

c u r r e n t  p a s s in g  o v e r  t h e  s u rfa c e  is in c re a s e d  t h e  m a x im u m  a b s o rp t io n  is fo u n d  to  b e  

T 77 cub . c e n tim . p e r  s q u a re  c e n tim . p e r  h o u r . I t  fo llow s, th e re fo re , t h a t  th e  

a b s o rp t io n  o f  a tm o s p h e r ic  c a rb o n  d io x id e  b y  tb e  w h o le  o f  t h e  u n d e r  su rfa c e  o f  a n  

a s s im ila t in g  le a f  l ik e  t h a t  o f  th e  C a ta lp a ,  m u s t  p ro c e e d  a t  a b o u t  o n e -h a lf  t h e  r a t e  

w h ic h  th e  sam e  a b s o rp t iv e  su rfa c e  o f  l e a f  w o u ld  p o ssess  i f  i t  w e re  c o v e re d  w ith  a  

c o n s ta n t ly  re n e w e d  film  o f  a  s o lu tio n  o f  c a u s tic  a lk a li  : w e  m a y  sa y , in  fa c t, t h a t  th e  

co effic ien t o f  a b s o rp t io n  o f  t h e  l e a f  su rfa c e  u n d e r  th e s e  c o n d it io n s  is a b o u t  h a l f  t h a t  

o f  th e  su rfa c e  o f  th e  a lk a lin e  so lu tio n . If , h o w e v e r , w e  a ssu m e  t h a t  t h e  a b s o rp tio n  

o f  c a rb o n  d io x id e  in  t h e  l e a f  ta k e s  p la ce  o n ly  th r o u g h  th e  s to m a ta l  o p e n in g s— w h ic h  

o c cu p y  a t  th e  o u ts id e  n o t  m o re  th a n  '9 p e r  c en t , o f  th is  l e a f  a r e a — w e a r r iv e  a t  t h e

*  T h e  a v e r a g e  m e a s u r e m e n ts  o f  a  la r g e  n u m b e r  o f  s to m a t a l  s l i t s ,  w h ic h  a re  e l l ip t ic a l  in  sh a p e , g a v e  a  

l e n g t h  ( L )  o f  -0 1 8 6 1  m il l im . a n d  a  b r e a d th  (B )  o f  -0 0 4 2 3 . T h e  a re a  o f  th e  s l i t  is  g iv e n  w ith  s u f f ic ie n t

a p p r o x im a t io n  b y  th e  e x p r e s s io n  L B  - ,  w h ic h  in  th is  c a se  is  -0 0 0 0 6 1 8  sq . m il l im .
4

a  c ir c le  o f  *0088 m il lim . d ia m e te r .

T h is  is  e q u a l  in  a re a  to
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s o m e w h a t  r e m a r k a b le  c o n c lu s io n  t h a t  d u r in g  a s s im ila t io n  t h e  a b s o rp t io n  p e r  u n i t  

a r e a  o f  th e s e  o p e n in g s  m u s t  b e  fro m  43  to  G4 t im e s  a s  f a s t  a s  t h e  a b s o r p t io n  o f  a  

u n i t  a re a  o f  a  f re e ly  e x p o s e d  s o lu t io n  o f  c a u s t ic  a lk a li .  I n  o th e r  w o rd s , u n d e r  t h e  

n a tu r a l  c o n d it io n s  o f  a s s im ila t io n  t h e  s to m a ta ]  o p e n in g s , s u p p o s in g  th e m  a lo n e  to  b e  

o p e ra t iv e ,  m u s t  t a k e  in  c a rb o n  d io x id e  fro m  th e  a i r  a b o u t  50 t im e s  a s  f a s t  a s  t h e y  

w o u ld  d o  s u p p o s in g  i t  w e re  p o ss ib le  to  fill th e m  w ith  a  c o n s ta n t ly  r e n e w e d  s o lu t io n  

o f  c a u s t ic  a lk a li .

A  c o n s id e ra t io n  o f  s u c h  fa c ts  a s  th e s e  le a d s  u s  to  d e m a n d  m o re  e v id e n c e  b e fo re  w e  

c a n  u n r e s e r v e d ly  a c c e p t  t h e  p ro p o s i t io n  t h a t  t h e  g a s e o u s  e x c h a n g e s  o f  a s s im ila t io n  

ta k e  p la c e  e x c lu s iv e ly  th r o u g h  th e  fin e o p e n in g s  o f  t h e  l e a f  s to m a ta .  I t  is, in  fa c t ,  

im p e r a t iv e  to  d e m o n s t r a te  b e y o n d  a ll  d o u b t  t h a t  su c h  a  v ie w  is in  n o  w a y  in c o n s is te n t  

w i th  t h e  k n o w n  o r a s c e r ta in a b le  p r o p e r t ie s  o f  c a rb o n  d io x id e  a n d  a ir ,  a s  r e g a r d s  t h e i r  

p o w e rs  o f  interdiffusionu n d e r  c o n d it io n s  c o m p a ra b le  w i th  th o s e  e x is t in g  in  th e

l iv in g  leaf.

I n  i t s  s im p le s t  fo rm  th e  p ro b le m  re so lv e s  i t s e l f  in to  a  s t u d y  o f  th e  fre e  d iffu s io n  

o f  v e ry  d i lu te  c a rb o n  d io x id e  t h r o u g h  sm a ll a p e r tu r e s  o f  k n o w n  d im e n s io n s , o p e n in g  

o u t  in to  a n  in te r n a l  sp a c e  w h o se  l im i t in g  w a lls  a re  m o re  o r  le ss  a b s o rb e n t  o f  t h e  g a s , 

a n d  e x p o se  a  s u rfa c e  w h ic h  is v e ry  la r g e  c o m p a re d  w i th  t h e  a r e a  o f  t h e  a p e r tu r e s .

T h e  in v e s t ig a t io n  o f  th is  q u e s t io n  h a s  c a r r ie d  u s  m u c h  f a r t h e r  t h a n  w e  o r ig in a lly  

a n t ic ip a te d ,  a n d  h a s  n e c e s s i ta te d  a  c a re fu l  s tu d y  o f  d iffu s iv e  p h e n o m e n a  g e n e ra l ly ,  a n d  

e sp e c ia lly  o f  s ta t ic  d i f f u s i o n ; w h i ls t  i t  h a s  le d  u s  to  c e r ta in  im p o r ta n t  c o n c lu s io n s  a s  

to  th e  re m a rk a b le  in flu e n ce  e x e r te d  b y  p e r f o r a te d  s e p ta  o n  t h e  d iffu s iv e  flow  o f  g a se s  

a n d  l iq u id s  g e n e ra l ly .

Gr a h a m , a s is w e ll k n o w n , f i r s t  d e te r m in e d  t h e  r e la tiv e  ve lo c itie s  w i th  w h ic h  

g a se s  d iffu se  in to  e a c h  o th e r  th r o u g h  a n  in te r v e n in g  p o ro u s  , a n d

d e m o n s tr a te d  th e  s im p le  la w  w h ic h  e x p re s s e s  th e  r e la t io n  o f  th e s e  v e lo c itie s  to  th e  

re s p e c tiv e  d e n s i t ie s  o f  th e  m ix in g  g a ses. H e  c le a r ly  saw , h o w e v e r , t h a t  th e  a b so lu te  

v e lo c ity  o f  d iffu sio n  c o u ld  o n ly  h e  a s c e r ta in e d  b y  a llo w in g  th e  g a se s  to  m ix  th r o u g h  a  

w id e  o p e n in g , b y  w h a t  is  n o w  k n o w n  a s  f r e e  d iffu s io n .

T h e  e x p e r im e n ts  w h ic h  lie  m a d e  in  th is  d ire c tio n  w e re  a p p a r e n t ly  few  in  n u m b e r , 

a n d  w e re  co n fin ed  to  t h e  in te rd if fu s io n  o f  c a rb o n  d io x id e  a n d  a ir , a n d  h y d ro g e n  a n d  

a ir .  T h e y  a re  d e sc r ib e d  v e ry  b r ie f ly  in  th e  c o n c lu d in g  se c tio n  o f  h is  p a p e r  on  th e  

“ M o le c u la r  M o b ility  o f  G a s e s ” ( ‘ P h il . T ra n s . ,’ 1 863 , 3 8 5 ), e n t i t le d  “ In te rd if fu s io n  

o f  G a se s  w i th o u t  a n  I n te r v e n in g  S e p tu m .” T h e  e x p e r im e n ts  w e re  m a d e  b y  f ill in g  

th e  lo w e r t e n t h  o f  a  c y lin d r ic a l  j a r  w i th  c a rb o n  d io x id e , a n d  d e te rm in in g  a f te r  th e  

la p se  o f  a  d e f in ite  t im e  th e  a m o u n t  o f  t h a t  g a s  c o n ta in e d  in  th e  u p p e r  t e n t h  d ra w n  

fro m  th e  to p  o f  th e  ja r .  W h e n  h y d ro g e n  w as  e m p lo y e d  th e  j a r  w as o f  c o u rse  

in v e r te d . B e y o n d  sh o w in g  t h a t  a  p o r t io n  o f  th e  c a rb o n  d io x id e  c a n  d iffu se  th r o u g h  

a ir  a t  th e  r a te  o f  7 '3  c en tim s . p e r  m in u te , w h ils t  a  se n sib le  p o r t io n  o f  h y d ro g e n  

t r a v e ls  a t  t h e  r a t e  o f  35  c en tim s . in  th e  sam e  tim e , o r  a b o u t  five t im e s  a s  fa s t, th e s e  

e x p e r im e n ts  d id  n o t  le a d  v e ry  fa r , a n d  th e  n u m e ric a l  r e s u l ts  do  n o t  le n d  th e m se lv e s

2 G 2
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to  a  d e te r m in a t io n  w ith  a n y  d e g re e  o f  a c c u ra c y  o f  t h e  a b s o lu te  v a lu e s  o f  in te r -  

d iffu sio n  : th e y  fo rm ed , h o w e v e r , a  s ta r t in g - p o in t  fo r  Lo s c h m id t , w h o , in  1 8 7 0 , g a v e  

a n  a c c o u n t  o f  a n  e la b o ra te  re s e a rc h  on  t h e  in te rd if fu s iv i ty  o f  g a s e s  w h e n  no  p o ro u s  

s e p tu m  in te rv e n e s .  ‘ W ie n . A k a d . B e r . ,’ G1 (A b th e il .  2), (1 8 7 0 ), 3G7 ; 62

(A b th e il .  2 ), 4 68 .

Lo s c h mid t  e m p lo y e d  a  tu b e  o f  97*5 c e n t im s . in  l e n g th  a n d  2 ‘6 c e n tim s . in  d ia m e te r , 

c lo sed  a t  th e  e n d s  a n d  c a p a b le  o f  b e in g  s e p a r a te d  in to  tw o  h a lv e s , w h ic h  co u ld , a t  w ill 

b e  c o n n e c te d  th r o u g h  a  c a re fu lly  m a d e  sc re w -v a lv e  o p e n in g  to  th e  fu ll d ia m e te r  o f  

th e  tu b e . T h e  tw o  h a lv e s  o f  t h e  tu b e ,  a f te r  b e in g  filled  w i th  th e  p u r if ie d  a n d  d r ie d  

g a se s  a t  a n  e q u a l p re s s u re , w e re  b r o u g h t  t o g e th e r  in  a  v e r t ic a l  p o s itio n , w i th  th e  

d e n s e r  g a s  be lo w . C o m m u n ic a tio n  w a s  th e n  e s ta b l is h e d  b e tw e e n  t h e  tw o  h a lv e s  of 

th e  tu b e  b y  o p e n in g  th e  sc re w -v a lv e , a n d  a f t e r  a  c e r ta in  t im e  th i s  w a s a g a in  c lo sed , 

a n d  th e  m ix tu r e s  o f  g a s e s  in  th e  tw o  h a lv e s  w e re  a n a ly se d .

I f  th e  v e r t ic a l  tu b e s  a re  o f  no  g r e a t  h e ig h t  a n d  t h e  g a se s  a re  a t  e q u a l p re s s u re s  

a n d  te m p e r a tu re s ,  a n d  can  o n ly  m o v e  in  a  v e r t ic a l  d ire c tio n  x ,  th e  p a r t i a l  p re s s u re  

o f  th e  o n e  g a s  in  h e ig h t  x  a n d  t im e  t, sa tis f ie s  th e  p a r t i a l  d if fe re n t ia l  e q u a t io n

dJ>\ i.d~Pi
d t  dx*  ’

w h e re  k, w h ic h  u n d e r  c e r ta in  d e fin e d  c o n d it io n s  is c o n s ta n t  fo r  a n y  p a ir  o f  g a se s , 

r e p r e s e n ts  t h e  co e ffic ie n t o f  d i f fu s io n  o r  d i f fu s iv i ty ,  a n d  m e a s u re s  th e  s p e e d  w ith  

w h ic h  th e  o n e g a s  p e n e t r a te s  th e  o th e r .

I f  w e  ta k e  t h e  c e n t im e tre ,  g ra m m e , a n d  se co n d  a s  u n i ts ,  th e n  m a y  b e  d e fin e d  a s  

th e  m ass o f  g a s  w h ic h  p a sse s  in  o n e  se co n d  o f  t im e  acro ss  a  se c tio n  o f  1 s q u a re  c e n tim . 

in  a re a  w h e n  th e  v a r ia t io n  o f  d e n s i ty  o f  th e  g a s  a c ro ss  su c h  a  se c tio n  is u n i ty  p e r  

c e n tim . o f  le n g th .

I t  is so m e tim e s  m o re  c o n v e n ie n t to  r e g a r d  k  a s  r e p r e s e n t in g  t h e  n u m b e r  o f  cub . 

c e n tim s . o f  th e  g a s, m e a s u re d  a t  th e  te m p e r a tu r e  o f  th e  e x p e r im e n t ,  w h ic h  w ill p a s s  

a c ro ss  a  se c tio n  o f  1 s q u a re  c en tim . in  a re a  w h e n  th e  fa ll  o f  p re s s u re  is 1 a tm o 

s p h e re  in  1 c e n tim . T h e  tw o  e x p re ss io n s  a re  id e n t ic a l  i f  g , th e  a c c e le ra tio n  d u e  

to  g r a v i ty ,  is c o n s ta n t .

Lo s c h mid t  d e te rm in e d  th e  v a lu e  o f  k  in  # fo r a  c o n s id e ra b le  n u m b e r

o f p a ir s  o f  g a ses . H e  fo u n d  t h a t  th e  d if fu s iv ity  co effic ien t w as  in  a ll  cases  a p p ro x i

m a te ly  in v e rs e ly  p ro p o r t io n a l  to  th e  g e o m e tr ic a l  m e a n s  o f  t h e  m o le c u la r  w e ig h ts , 

w h e n  th e  g a se s  w e re  u n d e r  o n e  a tm o s p h e re  o f  p re s s u re , so  t h a t  i f  w e  d e n o te  th e  

m o le c u la r  w e ig h ts  o f  th e  c o n s t i tu e n t  g a se s  o f  a n y  p a ir  b y  m x, m.2, t h e n  k° ( f  'm  .

*  Lo s c h mid t  e x p r e s s e d  k  in  s 4 u a ie  m e t l ' u n it s ,  s o  th a t  h is  v a lu e s  r e p r e s e n t  th e  n u m b e r  o f c u b ic
h o u r

m e tr e s  o f th e  g a s  a t  0° C . a n d  7 6 0  m il l im s . p r e ss u r e  w h ic h  w o u ld  p a s s  p e r  h o u r  a c r o ss  a  s e c t io n  o f  

1 s q u a r e  m e tr e  o f  a re a  w h e n  th e  g r a d ie n t  o f  d e n s i t y  v a r ie s  b y  1 a tm o s p h e r e  in  a  l e n g t h  o f  1 m e tr e . T o  

c o n v e r t  Lo s c hmid t ’s  v a lu e s  in t o  o r d in a r y  C .G .S . u n it s  th e y  m u s t  b e m u lt ip l ie d  b y  2 -7 7 .
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is n e a r ly  c o n s ta n t  i f  t h e  g a s e s  h a v e  n o  c h e m ic a l a c t io n  o n  e a c h  o th e r . T h is  la w  is in  

h a rm o n y  w i th  t h e  k in e t ic  th e o r y ,  fro m  w h ic h  in  fa c t  i t  is  d e d u c ib le .

k  w a s  a lso  fo u n d  b y  Lo s c h mid t  to  v a r y  in v e rs e ly  a s  t h e  p re s s u re  p  o f  t h e  in te r -  

d if fu s in g  g a se s , a n d  d i r e c t ly  a s  t h e  s q u a re  o f  t h e  a b so lu te  t e m p e r a tu r e ,  so t h a t

k°  =  k
760 

P  ’

w h e re  k°  r e p r e s e n ts  t h e  d if fu s iv ity  a t  0° C. a n d  7 6 0  m illim s. b a r . ; a n d  T °  a n d  T  t h e  

t e m p e r a tu r e s  o n  t h e  a b s o lu te  sc a le .#

F o r  t h e  c o m b in a tio n  c a rb o n  d io x id e  +  a ir ,  w h ic h  is  t h e  im p o r ta n t  o n e  fo r  o u r  

p u rp o se , Lo s c h mid t  fo u n d  k° =  T 4 2 3 .

W h e th e r  k  a s  o rd in a r i ly  d e fin e d  is a  t r u e  p h y s ic a l  c o n s ta n t ,  o r is  s u b je c t  to  v a r i a 

t io n  w i th  t h e  r a t io  o f  t h e  m ix tu r e  o f  t h e  in te rd if fu s in g  g a se s , h a s  o c c u p ie d  t h e  

a t t e n t i o n  o f  s e v e ra l  p h y s ic is ts ,  a n d  is a  s u b je c t  o f  c o n s id e ra b le  im p o r ta n c e  in  t h e  

p r e s e n t  in q u ir y ,  w h e re  w e  a re  d e a l in g  w i th  t h e  d if fu siv e  flow  o f  a tm o s p h e r ic  c a rb o n  

d io x id e  w h o se  d i lu t io n  is e x c e s s iv e ly  g r e a t .

O. E . Ma y e r , in  h is  ‘ K in e t ic  T h e o ry  o f  G a s e s ,’ in  d e d u c in g  t h e  th e o r e t ic a l  fo rm u la  

o f  d iffu s io n  fro m  th e  k in e t ic  c o n s id e ra tio n s  o f  Ma x w e l l  a n d  St e f a n , sh o w e d  t h a t  

w h i ls t  th e o r y  is in  a c c o rd a n c e  w i th  o b s e rv a t io n  in  so fa r  a s  t h e  in f lu e n c e  o f  t e m p e r a 

tu r e  a n d  p re s s u re  o f  t h e  m ix tu r e  a re  c o n c e rn e d , th e  fo rm u la  a lso  le a d s  to  t h e  c o n 

c lu s io n  t h a t  t h e  v a lu e  o f  k  s h o u ld  v a ry  w i th  t h e  n u m b e r  o f  t h e  m o le cu le s  o f  o n e  o r  

th e  o th e r  k in d  o f  g a s  in  u n i t  v o lu m e  o f t h e  m ix tu r e ,  a n d  t h a t  k  “ th e re fo re  a s su m e s  

a  d if fe re n t  v a lu e  a t  e v e ry  d if fe re n t  p la c e  in  t h e  m ix tu r e  t h a t  is b e in g  fo rm e d  b y  th e  

d iffu sio n ,” a n d  t h a t  t h e  o b se rv e d  co eff ic ien ts  w ill n o t  p e r f e c t ly  a g re e  i f  t h e y  a re  

d e d u c e d  fro m  o b s e rv a tio n s  m a d e  w ith  u n e q u a l  r a t io s  o f  m ix tu re .

T h is  im p o r ta n t  p ro b le m  h a s  b e e n  a t t a c k e d  e x p e r im e n ta l ly  b y  W a it z , v o n  Ob e e - 

M A Y E I l,  a n d  W lN K E L M A N N .

W a it z  ( ‘ A n n . P h y s .  C h e m .,’ 17 (1 8 8 2 ), 2 0 1 ), in  w o rk in g  w i th  c a rb o n  d io x id e  a n d  

a i r  d e te rm in e d  t h e  e x te n t  o f  th e  m ix in g  o f  t h e  tw o  g a se s  in  v a r io u s  p a r t s  o f  th e  

co lu m n  b y  m e a n s  o f  a  J a m in ’s in te r fe re n c e  re f r a c to m e te r ,  a n d  fo u n d  t h a t  t h e  v a lu e s  

o f  k  s e n s ib ly  in c re a s e d  w ith  th e  r a t io  o f  t h e  m ix tu re .  H e  o b ta in e d  th e  fo llo w in g  

r e s u l ts  a t  d if fe re n t  h e ig h ts  o f  t h e  co lu m n .

k 0 -12887, -13107 , k 3 -1 3 3 26 , k d *13660

v o n  Ob e r m a y e r  ( ‘ W ie n . A k a d . B e r .,’ vol. 85 (A b th e il . 2), pp . 147 a n d  7 4 8 ;  

ib id . , vol. 87, p. 188) h a v in g  fo u n d  v a lu e s  fo r  th e  co effic ien ts  o f  d iffu sio n  w h ic h  

d iffe red  fro m  Lo s c h mid t ’s m o re  th a n  c o u ld  h e  a c c o u n te d  fo r b y  e r ro rs  o f  o b se rv a tio n , 

r e p e a te d  th e  e x p e r im e n ts  w ith  a  n e w  fo rm  o f  a p p a r a tu s  s u g g e s te d  b y  St e f a n ’s  w o rk  

on th e  d if fu s iv ity  o f  t h e  v a p o u rs  o f  liq u id s. H e  fo u n d  t h a t  k  in c re a s e d  so m e w h a t

*  T h e  te m p e r a tu r e  v a r ia n t  (T ° /T ) '2 is  a lm o s t  s t r ic t ly  c o r r e c t  fo r  th e  c a r b o n  d io x id e  a n d  a ir , b u t  

V. Obe r ma y e r  h a s  fo u n d  th a t  th e  e x p o n e n t  fo r  m o s t  o th e r  g a s e s  d iffer s  w id e ly  fr o m  2. ‘ W ie n . A k a d .  

B e r ., ’ 1 8 8 0 , v o l .  81  (A b th e il .  2 ) ,  p . 1 1 0 2 .
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w ith  th e  d u r a t io n  o f  t h e  e x p e r im e n t ,  so t h a t  h e re  a g a in  a n  in c re a s e d  r a t io  o f  m ix tu r e  

o f  th e  g a se s  r e s u l te d  in  a  s l ig h t  b u t  se n s ib le  v a r ia t io n  o f  th e  co effic ien t in  t h e  sa m e  

d ir e c tio n  a s  in d ic a te d  b y  W a it z ’s  e x p e r im e n ts .

v o n  0 b e r m a y e r ’s  v a lu e s  fo r  c a rb o n  d io x id e  a n d  a ir , g iv e n  in  t h e  se co n d  p a p e r

c i te d  ab o v e , a n d  re d u c e d  to  C .G .S . u n i ts ,  a re  a s  fo llo w s :— #

D u r a t io n  o f  d iffu s io n . k°.

10 m i n u t e s .......................................... *1299

15 „ ..................... .....  . . -1320

4 0 — 45 „  *1337

1 h o u r ................................................ '1 3 4 8

I n  a ll  a t t e m p t s  h i th e r to  m a d e  to  d e te r m in e  th e  in te r d if f u s iv i ty  o f  g a se s , th e s e  

w e re  in i t ia l ly  a t  e q u a l pressure, a n d  th e re fo re  c o n ta in e d  a n  e q u a l  n u m b e r  o f  m o

cu le s in  e q u a l  v o lu m es, so t h a t  th e  o n e  g a s  h a d  to  d iffu se  a g a in s t  a n  e q u a l a n d  

o p p o s ite  flow  o f  th e  o th e r . T h is  is a  to ta l ly  d i s t in c t  s e t  o f  c o n d it io n s  fro m  th o s e  o f  

th e  p ro b le m  b e fo re  u s, w h e re  w e  r e q u ir e  to  in v e s t ig a te  th e  r a t e  o f  th e  d iffu s iv e  flow  

o f  c a rb o n  d io x id e  o f  v e ry  lo w  in i t ia l  p re s s u re  d o w n  a  s ta t io n a r y  c o lu m n  o f  a i r  o n  i ts  

w a y  to  a n  a b s o rb e n t  su rfa ce . T h e  n e w  c o n d itio n s , a re  in  fa c t  p r a c t ic a l ly  th e  sa m e  a s 

th o s e  re fe r re d  to  b y  H a u s m a n in g e r  a n d  b y  O. E . Ma y e r  (see  Ma y e r ’s  ‘ K in e t ic  

T h e o ry  o f  G a se s ,’ E n g l, ed .,  1 899 , p. 2 6 7 ), w h o  s t a t e  t h a t  in  o rd e r  to  m o re  fu l ly  

e lu c id a te  th e  th e o r y  o f  d iffu sio n  w e  r e q u ir e  to  d e te rm in e  t h e  v a lu e  o f  k  in  g a se o u s  

m ix tu r e s  c o n ta in in g  o n ly  sm a ll m asse s o f  o n e  o f  t h e  c o n s t i tu e n ts .

L e t  u s , in  th e  f ir s t  in s ta n c e , im a g in e  a  v e r t ic a l  c y lin d e r  filled  w ith  o r d in a r y  a i r  a t  

a  p e r fe c t ly  u n ifo rm  te m p e r a tu r e  a n d  o f  e x a c t ly  t h e  sa m e  co m p o s itio n  a s  t h a t  o f  th e  

o u ts id e  a tm o s p h e re , th e  l e n g th  o f  th e  c y lin d e r  b e in g  su c h  a s  to  c au se  n o  a p p re c ia b le  

d iffe ren c e  in  th e  d e n s i ty  o f  t h e  a i r  co lu m n . I f  w e  r e g a r d  a n y  p la n e  s u r fa c e  w ith in  

th e  e n c lo se d  a i r  i t  fo llow s fro m  th e  k in e t ic  th e o r y  t h a t  in  a  g iv e n  t im e  th e  sa m e  

a v e ra g e  n u m b e r  o f  c a rb o n  d io x id e  m o lecu le s  w ill c ro ss  th is  p la n e  in  o p p o s ite  d ire c 

t io n s , a n d  th e r e  w ill, c o n se q u e n tly , be  n o  c h a n g e  in  th e  a v e ra g e  d is t r ib u t io n  o f  th e  

g a se s  th r o u g h o u t  th e  c y lin d e r .

N o w  le t  u s  im a g in e  t h a t  t h e  b o t to m  o f  th e  c y lin d e r  is s u d d e n ly  m a d e  c a p a b le  ot 

a b s o rb in g  c a rb o n  d io x id e . T h e  m o le cu le s  o f  t h e  g a s  w h ic h  n o w  s t r ik e  th e  b o t to m  o f  

th e  c y lin d e r  d u r in g  th e  f ir s t  v e ry  sm a ll  in te r v a l  o f  t im e , w ill b e  w h o lly  o r  p a r t i a l ly  

t r a p p e d ,  a c c o rd in g  to  th e  m o re  o r  le ss  p e rfe c t  a b s o rp t iv e  p o w e r  o f  th e  su rfa c e , a n d  a  

v e ry  th in  s t r a tu m  o f  a ir ,  p a ra l le l  to  a n d  im m e d ia te ly  a b o v e  th e  a b s o rb in g  su rfa ce , 

w ill b ecom e p a r t ly  d e p le te d  o f  i t s  c a rb o n  d io x id e .

* T h e s e  s m a ll  d if fe r e n c e s  in  th e  v a lu e  o f  k° fo u n d  in  th e  s a m e  s e r ie s  o f  e x p

s l ig h t  v a r ia t io n  w ith  th e  r a t io  o f  m ix tu r e . B u t  fr o m  a  c o m p a r is o n  o f th e  a c tu a l  v a lu e s  o f  o b ta in e d  b y  

d if fe r e n t  o b s e r v e r s  i t  is  e v id e n t  th a t  th e y  h a v e  n o  r e a l  s ig n if ic a n c e  b e y o n d  th e  s e c o n d  d e c im a l p la c e .
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I f  w e  n o w  c o n s id e r  t h e  in te r c h a n g e  o f  c a rb o n  d io x id e  w h ic h  t a k e s  p la c e  b e tw e e n  

th is  p a r t i a l ly  d e p le te d  l a y e r  a n d  t h e  o n e  o f  e q u a l  th ic k n e s s  im m e d ia te ly  a b o v e  i t ,  i t  

is m a n ife s t  t h a t  in  a  g iv e n  in te r v a l  o f  t im e  a  la r g e r  n u m b e r  o f  C 0 2 m o le c u le s  m u s t  

p a ss  fro m  th e  h ig h e r  to  t h e  lo w e r  s t r a tu m  t h a n  fro m  th e  lo w e r  to  t h e  h ig h e r ,  t h e  

“ b a la n c e  o f  e x c h a n g e  ” b e in g  c o n s e q u e n tly  in  f a v o u r  o f  t h e  lo w e r la y e r . T h is  c o n 

d i t io n  w ill b e  r a p id ly  a n d  c o n tin u o u s ly  p r o p a g a te d  fro m  b e lo w  u p w a rd s ,  a n d , p r o 

v id in g  th e  a i r  im m e d ia te ly  o u ts id e  t h e  c y l in d e r  is m a in ta in e d  o f  u n ifo rm  c o m p o s itio n , 

a n d  t h e  a i r  w i th in  t h e  c y l in d e r  is p e r f e c t ly  f re e  fro m  c o n v e c tio n  a n d  th e r m a l  c u r r e n t s ,  

a  s ta t ic  c o n d it io n  w ill so o n  b e  e s ta b l is h e d  in  t h e  co lu m n . W h e n  th i s  h a s  b e e n  

a t t a i n e d  w e  m a y  r e g a r d  t h e  u n c o m p e n s a te d  b a la n c e s  o f  e x c h a n g e  b e tw e e n  a n y  

c o n tig u o u s  la y e r s  in  t h e  c y lin d e r  a s  c o n s t i tu t in g  a  s te a d y  j i n x  o r  d r i f t  o f  c a rb o n  

d io x id e  in  t h e  d i r e c tio n  o f  t h e  a x is  o f  th e  c y l in d e r  fro m  th e  o u te r  a i r  to  t h e  a b s o rb e n t  

su rfa c e .

B y  a d o p t in g  a  s im p le  m e n ta l  d e v ic e  o f  th i s  k in d  w e  c a n  a v o id  t h e  n e c e s s i ty  o f  c o n 

s t a n t l y  r e f e r r in g  a ll  th e  o b se rv e d  fa c ts  to  t h e  k in e t ic  e x c h a n g e  o f  p a r t ic le s  b e tw e e n  

t h e  c o n tig u o u s  la y e r s  o f  th e  g a se s , a n d  so e n o rm o u s ly  s im p lify  a  s t u d y  o f  t h e  

p h e n o m e n a  o f  s t a t i c  d iffu sio n , w h ic h  n o w  b eco m e c a p a b le  o f  s im p le  m a th e m a t ic a l  

t r e a tm e n t  s im ila r  to  t h a t  e m p lo y e d  fo r  in v e s t ig a t in g  t h e  “ flow  ” o f  h e a t  in  a  b a r  

a f te r  t h e  'p e r m a n e n t  s ta te  h a s  b e e n  re a c h e d , o r  t h e  “ flow  ” o f  e le c t r ic i ty  b e tw e e n  a n y  

tw o  re g io n s  o f  a  c o n d u c to r  m a in ta in e d  a t  a  c o n s ta n t  d iffe ren c e  o f  p o te n t ia l .

W h e n  s ta t i c  d iffu sio n  is e s ta b l is h e d  u n d e r  th e  c o n d it io n s  m e n tio n e d  ab o v e , th e  

fo llo w in g  s ta te m e n ts  w ill h o ld  g o o d  :—

(1 ) T h e  sam e  q u a n t i t y  (m ass)  o f  c a rb o n  d io x id e  w ill p a s s  th r o u g h  e v e ry  c ross-

se c tio n  o f  th e  c o lu m n  in  a  g iv e n  tim e .

(2 ) T h e  q u a n t i t y  (m ass) o f  th e  g a s  flo w in g  d o w n  c o lu m n s  o f  e q u a l l e n g th  a n d

e q u a l c ro ss -sec tio n , in  e q u a l t im e s , w ill b e  d i r e c t ly  p ro p o r t io n a l  to  th e  

d iffe ren ce  o f  th e  p a r t i a l  p re s s u re s  o f  t h e  c a rb o n  d io x id e  a t  t h e  m o u th  o f  th e  

c y lin d e r  a n d  im m e d ia te ly  a b o v e  th e  a b s o rb in g  su rface . T h is  c a n  b e  v e rif ie d  

b y  e x p e r im e n t.

(3 ) F o r  e q u a l d if fe ren ces o f  p a r t i a l  p re s s u re  o f  c a rb o n  d io x id e  a t  t h e  tw o  e n d s  o f

th e  co lu m n  th e  flow  w ill be  in v e rs e ly  p ro p o r t io n a l  to  t h e  le n g th  o f  t h e  

c o lu m n ,*  w h e n  a ll  o th e r  c o n d itio n s  a re  t h e  sam e. T h is  d e d u c tio n  can  a lso  

b e  e x p e r im e n ta l ly  v e rif ie d , a s  w ill be  sh o w n  l a t e r  on.

(4 ) W h e n  th e  a re a  o f  th e  a b s o rb in g  su rfa c e  is th e  sam e  a s  t h a t  o f  th e  c ro ss -sec tio n

o f  th e  co lu m n , t h e  a m o u n t  o f  g a s  a b so rb e d  w ill b e  p ro p o r t io n a l  to  t h a t  a re a , 

a n d  a lso  to  th e  time , p ro v id e d  th e  a b s o rb e n t  is a  p e rfe c t  on

a b so rb in g  p o w e r v a r ie s  d i r e c t ly  w i th  th e  p re s s u re  o f  t h e  c a rb o n  d io x id e  a t  

th e  l im it in g  su rfa c e  o f  th e  g a s  a n d  th e  a b so rb e n t.

*  I t  is  a s sum ed  th a t  th e  c om p o s it io n  o f  th e  a ir  is  m a in ta in e d  c o n s ta n t  b y  a  s lo w  s tr e a m  f lo w in g  a c r o s s  

th e  m o u th  o f th e  c y l in d e r . I f  th e  o u te r  a ir  is  perfectly still a  s m a ll  c o r r e c t io n  h a s  to  b e  a p p lie d  to  th e  

le n g th  o f  th e  c o lu m n , th e  n a tu r e  o f  w h ic h  w il l  b e  e x p la in e d  la te r  o n .
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T h e  fo llo w in g  is t h e  g e n e ra l  e x p re ss io n  fo r  s u c h  a  c o n d it io n  o f  s ta t i c  d iffu sio n  a s  w e 

a re  c o n s id e r in g , w h e re  Q  r e p r e s e n ts  t h e  a m o u n t  o f  c a rb o n  d io x id e  flo w in g  d o w n  th e  

c y lin d e r  to w a rd s  t h e  a b s o rp t iv e  su rfa c e , A  t h e  a re a  o f  t h e  c ro ss -se c tio n , L  th e  le n g th  

o f  th e  co lu m n , t  t h e  tim e , a n d  p  a n d  p 1 t h e  d

d io x id e  in  th e  o u te r  a i r  a n d  a t  t h e  su rfa c e  o f  t h e  a b s o rb e n t  re s p e c tiv e ly .

Q  =  /cp- “ ? ! A  . t,

k  b e in g  t h e  d if fu s iv ity  c o n s ta n t  o f  c a rb o n  d io x id e  a n d  a ir.

~  — is t h e  “ g r a d ie n t  o f  d e n s i ty  ” o r  “  c o n c e n tra tio n  g r a d ie n t  ” o f  t h e  c a rb o n  d io x id e ,

a n d  th i s  m u s t  b e  c o n s ta n t  fo r u n i t  th ic k n e s s  o f  a n y  tw o  c o n tig u o u s  la y e r s  t a k e n  a t  

r i g h t  a n g le s  to  t h e  a x is  o f  t h e  c y lin d e r .

W h e n  w e a re  d e a l in g  w i th  a  p e r fe c t  absot h e  d e n s i ty  p l 

su r fa c e  o f  t h e  a b s o rb in g  la y e r  is ze ro ,and th e  g r a d ie n t  o f  d e

I f  w e  ta k e  r  to  r e p r e s e n t  th i s  v a lu e  fo r a  la y e r  o f  u n i t  th ic k n e s s , th e n  fo r u n i t  a re a  

a n d  u n i t  t im e ,

Q  =  hr.

T h a t  is to  sa y , th e  m ass o f  c a rb o n  d io x id e  a b so rb e d  b y  u n i t  a re a  o f  th e  a b s o rb in g  

su rfa c e  in  u n i t  o f  t im e  is r e p r e s e n te d  b y  a  c o n s ta n t  X g r a d ie n t  o f  d e n s i ty .#

W e  a re  n o t  a w a re  t h a t  a n y  a t t e m p t  h a s  h i th e r to  b e e n  m a d e  to  in v e s t ig a te  th e  

d if fu s iv ity  o f  a  g a s  b y  t h e  s ta t i c  m e th o d , b u t  th is  is n o t  s u r p r is in g ,  s in ce  th e  

c o n d itio n s  r e n d e r in g  su c h  a n  in v e s t ig a t io n  p o ss ib le  a re  o f  c o m p a ra t iv e ly  r a r e  

o c cu rren c e , a s  i t  is n e c e s sa ry  fo r o n e  o f  th e  g a se s  to  b e  p r e s e n t  in  t h e  m ix tu r e  

in  a  sm a ll p ro p o r t io n  o n ly , a n d  to  fin d  a n  a b s o rb e n t  w h ic h  w ill b o th  r a p id ly  re m o v e  

th e  r a r e r  c o n s t i tu e n t  a n d  a d m it  o f  i ts  s u b s e q u e n t  d e te rm in a tio n .

B u t  a l th o u g h  th is  p a r t i c u la r  k in d  o f  g a se o u s  d iffu sio n , w h ic h  is o n e  in  c o n s ta n t  

o p e ra t io n  in  n a tu r e ,  h a s  n o t  b e e n  d e a l t  w i th  e x p e r im e n ta l ly ,  t h e  e x a c t ly  c o n v e rse  

p ro b le m  o f  t h e  b e h a v io u r  o f  th e  v a p o u r  e sc a p in g  fro m  a n  e v a p o ra t iv e  su rfa c e  o f  

l iq u id  h a s  re c e iv e d  a  c e r ta in  a m o u n t  o f  a t t e n t io n  fro m  m a th e m a tic a l  p h y s ic is ts .

St e f a n  in  1873 ( ‘ W ie n . A k a d . B e r .,’ vol. 68 (1 8 7 3 ), 3 8 5 ) w as t h e  f ir s t  to  in v e s t i 

g a te  e x p e r im e n ta l ly  a n d  th e o re t ic a l ly  t h e  r a t e  o f  e v a p o ra tio n  o f  a  l iq u id  in  a  tu b e  

w h o se  o p en  e n d  is in  free  c o m m u n ic a tio n  w ith  th e  o u te r  a ir ,  a n d  h e  d e m o n s tr a te d  

t h a t  t h e  th e o r y  o f  th e  d iffu sio n  o f  g a se s  is s t r i c t ly  a p p lic a b le  to  a  case  o f  th is  k in d .

St e f a n ’s  e x p e r im e n ts  w e re  m a d e  w i th  e th e r  e v a p o ra t in g  in to  free  a ir  fro m  tu b e s  *

*  S in c e  e q u a l m a ss e s  o f ca r b o n  d io x id e  m u s t  p a s s  e v e r y  c r o s s -s e c t io n  o f  su c h  a  c y l in d e r  in  e q u a l t im e s , 

a n d  th e  d e n s it y  o f  t h e  g a s  d im in is h e s  u n ifo r m ly  fr o m  la y e r  to  la y e r  a s  w e  g o  d o w n w a r d s  in  a r ith m e t ic a l  

p r o g r e s s io n , i t  fo l lo w s  th a t  th e  velocity o f  the molecular o f  th e  ca r b o n  d io x id e  m

i t s  d e n s it y . T h e  v e lo c i t y  h e r e  r e fe r r e d  to  is  o f  c o u r s e  th a t  o f th e  u n c o m p e n s a te d  r e s u lt a n t  m o v e m e n t  

o f  th e  m o le c u le s  a lo n g  t h e  l in e  o f  d if fu s iv e  f lo w , a g a in s t  th e  r e s is ta n c e  e x e r t e d  b y  th e  a ir  m o le c u le s .
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h a v in g  a  d ia m e te r  o f  '6 4  m illim . a n d  6 ’1 6 m illim s. H e  s u m m a r is e s  h is  r e s u l t s  a s  

f o l lo w s :—

G A S E S  A N D  L IQ U ID S , E T C ., I N  P L A N T S . 2 3 3

(1 )  W h e n  th e  s te a d y  c o n d it io n  h a s  b e en  e s ta b l is h e d , t h e  r a t e  o f  e v a p o ra t io n  is

in v e rs e ly  p ro p o r t io n a l  to  t h e  d is ta n c e  o f  t h e  s u r fa c e  o f  t h e  l iq u id  fro m  t h e  

o p e n  e n d  o f  t h e  tu b e , p ro v id in g , in  su c h  tu b e s  a s  h e  u se d , t h i s  d is ta n c e  is 

n o t  le ss  t h a n  10 m illim s.

(2 ) T h e  r a t e  of e v a p o ra t io n  is in d e p e n d e n t  o f  t h e  d ia m e te r  o f  t h e  tu b e  ; t h a t  is

to  sa y , e v a p o ra t io n  is d i r e c t ly  p ro p o r t io n a l  to  t h e  a r e a  o f  t h e  l iq u id  su rfa c e  

ex p o se d .

(3 )  T h e  r a t e  o f  e v a p o ra t io n  in c re a s e s  w ith  t h e  t e m p e r a tu r e ,  a n d  is p ro p o r t io n a l  to

th e  lo g a r i th m  o f  a  f ra c t io n  w h o se  n u m e r a to r  is t h e  a tm o s p h e r ic  p re s s u re  a t  

t h e  t im e  o f  th e  e x p e r im e n t ,  a n d  w h o se  d e n o m in a to r  is t h is  sa m e  a i r  p re s s u re  

d im in is h e d  b y  t h e  m a x im u m  p re s s u re  o f  t h e  v a p o u r . T h is  v a lu e  is

r e p re s e n te d  b y  lo g w h e re  P  is t h e  a tm o s p h e r ic  p re s s u re , a n d

th e  m a x im u m  v a p o u r  p re s s u re  c o rre s p o n d in g  to  th e  t e m p e r a tu r e  o f  

o b se rv a tio n .

I n  a  l a t e r  p a p e r  ( ; W ie n . A k a d . B e r . ,’ vol. 83 (1 8 8 1 ), A b th e il .  2, p. 6 1 3 ), to  w h ic h  

w e  s h a ll  a g a in  h a v e  o ccasio n  to  re fe r , St e f a n  sh o w s t h a t  t h e  th e o r y  o f  g a se o u s  

d iffu s io n  o f  g a se s  is s t r i c t ly  a p p lic a b le  in  su c h  a  case  a s  ab o v e , i f  t h e  l iq u id  h a s  a  

p la n e  su rfa ce , a n d  t h e  p a r t i a l  p re s s u re  o f  th e  v a p o u r  is id e n t ic a l  a t  a ll  p o in ts  o f  th e  

c ro s s -se c tio n  o f  t h e  o p e n  e n d  o f  th e  tu b e . W h e n  th e  s ta t i c  c o n d itio n  is a t t a in e d ,  

t h e  sam e  a m o u n t  o f  v a p o u r  p a sse s  t h r o u g h  e a c h  c ro ss -sec tio n  o f  th e  tu b e  in  u n i t  

t im e , a n d  th is  a m o u n t  is p ro p o r t io n a l  to  th e  a re a  o f  c ro ss-sec tio n . H e  e x p re s s e s  th e  

r a t e  o f  e v a p o ra tio n  b y  t h e  g e n e ra l  fo rm u la

v  =  / > s -

P  -  v "

T -  A ’

w h e re  V  is th e  a m o u n t  o f  l iq u id  e v a p o ra te d  in  u n i t  t im e  fro m  a  u n i t  a re a  o f  th e  

l iq u id  su rfa c e  ; P  th e  c o m b in ed  p re s s u re  o f  th e  g a s  a n d  v a p o u r, w h ic h  is t h e  sam e  in s id e  

a n d  o u ts id e  t h e  tu b e  ; p an d  p "  th e  p a r t i a l  p re s s u re  o f  th e  v a p o u r  a t  t h e

th e  l iq u id  a n d  a t  th e  fre e  e n d  o f  th e  tu b e  re s p e c tiv e ly  ; a n d  t h e  d is ta n c e  o f  th e  

su rfa c e  o f  th e  l iq u id  fro m  th e  o p e n  e n d  o f  th e  tu b e .

T h e  p r in c ip le s  la id  d o w n  b y  St e f a n  w e re  a p p lie d  b y  W in k e l m a n n  fo r d e te r m in 

in g  th e  d iffu siv e  co effic ien ts  o f  v a p o u rs  in  d if fe re n t  g ases , a n d  h e  d e sc r ib e d  h is  

r e s u l ts  in  d e ta i l  in  a  se rie s  o f  p a p e rs  fro m  1884  to  1886. ( l W ie d . A n n .,’ vol. 22 

(1 8 8 4 ), p. 1 ;  ib id . , vol. 23 , p. 2 0 3 ;  ibid.,vol. 26 (1 8 8 5 ) , 

(1 8 8 6 ), p . 4 7 9 .)

T h e  s ta t ic  d iffu sio n  o f  so lu b le  s u b s ta n c e s  th r o u g h  th e i r  l iq u id  s o lv e n ts  w as  in v e s 

t ig a te d  b y  P ic k  in  1855 ( ‘ P o g g . A n n .,’ vol. 94, p. 59, a n d  ‘ P h il . M a g .’ (4), vol. 10,

V O L .  C X C I I I ,  2 H
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p. 3 0), w h o  sh o w ed  fo r th e  f ir s t  t im e  t h a t  t h e  form ulae o f  F o u r ie r  fo r t h e  s te a d y  

c o n d u c tio n  o f  h e a t  in so lid  c o n d u c to rs  a re  a p p lic a b le  to  d iffu sio n  p h e n o m e n a .

T h ese  re s u l ts ,  a n d  a lso  th o s e  o f  Gr a h a m , h a v e  b e e n  m in u te ly  d isc u sse d  b y  St e f a n  

fro m  th e  m a th e m a tic a l  s t a n d p o in t  ( ‘ W ie n . A k a d . B e r .,’ vol. 78 [2 ], 9 5 7 ;  ib id . , 

vol. 79 [2 ], 161).

T h e  in i t ia l  s ta g e s  o f  th e  a s s im ila tio n  of c a rb o n  b y  g re e n  p la n ts  m u s t  d e p e n d  in. t h e  

f ir s t  in s ta n c e  on  t h e  p u re ly  p h y s ic a l  p ro ce ss  o f  s ta tic  , n o  m a t t e r  w h e th e r  w e

re g a rd  th is  p ro c ess  a s  b e in g  c a r r ie d  on  e x c lu s iv e ly  b y  t h e  le a f  s to m a ta ,  o r  in  p a r t  b y  

th e  s to m a ta  a n d  in  p a r t  b y  o sm o sis t h r o u g h  th e  c u tic le  a n d  e p id e rm . W e  h a v e  

a lr e a d y  se en  t h a t  th e r e  a re  re a so n s , b o th  e x p e r im e n ta l  a n d  th e o re tic a l ,  fo r r e g a r d in g  

th e  in te rd if fu s iv i ty  o f  c a rb o n  d io x id e  a n d  a i r  a s  v a ry in g  w i th  th e  r a t io  o f  m ix tu r e  of 

th e  tw o  g a se s  ; a n d  sin ce  t h e  n a tu r a l  p ro ce sses  m u s t  n e c e s sa r ily  b e  c a r r ie d  on  w ith  

a  r a t io  o f  m ix tu r e  o f  c a rb o n  d io x id e  a n d  a i r  fa r  re m o v e d  fro m  a n y  ra t io s  o f  m ix tu r e  

h i th e r to  in v e s t ig a te d , i t  b eco m es a  m a t t e r  o f  c o n s id e ra b le  im p o r ta n c e  to  a s c e r ta in  

i f  th e  d if fu s iv ity  o f  c a rb o n  d io x id e , in  t h e  h ig h  s t a t e  o f  d i lu t io n  in  w h ic h  i t  o ccu rs  in  

th e  a tm o s p h e re , d e p a r ts  m a te r ia l ly  fro m  th e  v a lu e  o rd in a r i ly  a s s ig n e d  to  it. W e  

h a v e  a t t e m p te d  to  a n s w e r  th is  q u e s tio n  e x p e r im e n ta l ly  b y  e m p lo y in g  a  p ro ce ss  o f  

free  s ta t i c  d iffu sio n  d o w n  tu b e s  o f  d e f in ite  d im e n s io n s  w h ich  w e re  so a r r a n g e d  a s  to  

b e  a b s o rp t iv e  a t  o n e  en d .

B e fo re  w e  c o u ld  h o p e  to  a t t a in  to  a n y  re a so n a b le  d e g re e  o f  su cce ss  in  th is  

d ire c tio n , i t  w a s n e c e ssa ry  to  s a t is fy  th e  fo llo w in g  c o n d itio n s  o f  e x p e r im e n t  :—

(1 ) W e  m u s t  h a v e  a t  t h e  b o t to m  o f  th e  d iffu sio n  tu b e  e i th e r  a  p e r fe c t  a b s o rb e r

o f  c a rb o n  d io x id e , t h a t  is to  sa y , o n e  w h ich  w ill m a in ta in  a  zero  p re s s u re  

im m e d ia te ly  a b o v e  i t ,  so t h a t  t h e  v e lo c ity  o f  flow  a lo n g  th e  tu b e  is a t  a  

m a x im u m , a n d  is o n ly  l im ite d  b y  th e  “ r e s i s t a n c e ” o f  t h e  a i r  co lu m n  ; o r , 

i f  th e  a b s o rb e n t  is n o t  a  p e r fe c t  o ne , w e  m u s t  k n o w  su ff ic ie n tly  a b o u t  i ts  

p o w e rs  in  th is  d ire c tio n  to  be a b le  to  d e te rm in e  th e  p a r t i a l  p re s s u re  o f  th e  

c a rb o n  d io x id e  in  th e  im m e d ia te  n e ig h b o u rh o o d  o f  i t s  su rface .

(2 )  W e  m u s t  h a v e  som e e x tr e m e ly  a c c u ra te  m e th o d  fo r d e te rm in in g  t h e  a b so rb e d

c a rb o n  d io x id e .

(3 ) T h e  d iffu sio n  tu b e  m u s t  be k e p t  p e rfe c t ly  free  fro m  c o n v e c tio n  c u r re n ts .

(4 ) W e  m u s t  k n o w  v e ry  a c c u ra te ly  th e  m e a n  p re s s u re  o f  th e  c a rb o n  d io x id e  in

th e  o u te r  a i r  d u r in g  th e  e x p e r im e n t.

W i th  r e g a rd  to  ( l ) w e h a v e  fo u n d  t h a t  a  n o rm a l s o lu tio n  o f  so d iu m  h y d ro x id e  

m a y  b e  e m p lo y e d  a s  a n  a b s o rb in g  m e d iu m  u n d e r  c e r ta in  sp e c ia l c o n d itio n s .

O u r  e x p e r im e n ts  on  th e  a b s o rb in g  p o w e r w h ic h  su c h  so lu tio n s  e x e rc ise  on a  s tre a m  

o f  a ir  r a p id ly  m o v in g  o v e r  i ts  su rfa c e  a re  d e sc r ib e d  in  A p p e n d ix  I. to  th is  p a p e r , 

a n d  th e  r e s u l ts  a re  su c h  a s  to  s u g g e s t  t h a t  e v e n  in  d iffu sio n  tu b e s  o f  c o n s id e ra b le  

le n g th , th e  a b s o rp tio n  m a y  p ro b a b ly  n o t  k eep  p ace  w ith  th e  d iffu siv e  flow  i f  th e
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a re a  o f  s u r fa c e  e x p o se d  b y  t h e  l iq u id  is o n ly  e q u a l  to  t h a t  o f  t h e  c ro s s -s e c tio n  o f  th e  

tu b e .

W e  c a n , h o w e v e r , re m o v e  th i s  o b je c tio n  b y  c o n s id e ra b ly  e n la r g in g  t h e  d iffu s io n  

tu b e  a t  t h e  b o t to m , so  t h a t  t h e  s u r fa c e  o f  th e  e x p o s e d  s o lu t io n  is c o n s id e ra b ly  g r e a t e r  

t h a n  i t s  a r e a  o f  c ro s s -s e c tio n , a n d  so  in c re a s e  th e  p o w e r  o f  a b s o rp t io n  u n t i l  t h e  

m a x im u m  r a t e  o f  d iffu s iv e  flow  o f  th e  c a rb o n  d io x id e  d o w n  th e  tu b e  is a t t a in e d .  T h e  

m o s t c o n v e n ie n t  m e th o d  fo r  c a r r y in g  th i s  o u t  is to  a t t a c h  to  t h e  b o t to m  o f  th e  

d iffu s io n  tu b e  a  s p e c ia lly  c o n s t r u c te d  f lask , h a v in g  a  n e c k  o f  a b o u t  7 '0 c e n tim s . in  

le n g th ,  a n d  o f  e x a c t ly  t h e  sa m e  d ia m e te r  a s  t h a t  o f  t h e  d iffu s io n  tu b e , a b o u t  

2 c e n tim s . T h e  s o lu t io n  o f  c a u s t ic  so d a  is p la c e d  in  th e  f lask , a n d  e x p o se s  a  s u r fa c e  

o f  f ro m  2 0 to  25 t im e s  t h e  a re a  o f  t h e  n e c k  o f  t h e  tu b e . T h e  r e s u l t  o f  th i s  a r r a n g e 

m e n t  is to  re d u c e  th e  p a r t i a l  p re s s u re  o f  t h e  c a rb o n  d io x id e  in  t h e  a i r  o f  t h e  f la sk  to  

so lo w  a  p o in t  a s  to  e n s u re  a  s te a d y  flow  o f  t h e  g a s  d o w n  th e  tu b e  a t  a  r a t e  w h ic h  

is o id y  l im i te d  b y  i t s  d if fu s iv ity . T h u s  t h e  e ffe c t is th e  sa m e  a s w o u ld . b e  in d u c e d  

b y  t h e  p re s e n c e  o f  a  p e r f e c t ly  a b s o rb e n t  su r fa c e  a t  t h e  b o t to m  o f  a  s t r a ig h t - s id e d  

tu b e  h a v in g  a  l e n g th  e q u a l  to  t h a t  o f  t h e  d iffu sio n  tu b e ,  p l u s  a  c e r ta in  c o rre c tio n  d u e  

to  t h e  flask .

I f  th e  v a lu e  o f  k  is a l r e a d y  k n o w n , th i s  c o rre c t io n  fo r  t h e  flask , w h ic h  w e m a y  

te r m  i ts  “ s t r a ig h t - tu b e  e q u iv a le n t ,” m a y  b e  d e te r m in e d  b y  n o t in g  t h e  a m o u n t  o f  

c a rb o n  d io x id e  a b so rb e d  u n d e r  k n o w n  c o n d it io n s  b y  t h e  f lask  w i th o u t  a n y  tu b e  

a t ta c h e d .  I f  w e  d e n o te  t h e  s t r a ig h t - tu b e  e q u iv a le n t  b y  th e  a m o u n t  o f  t h e  g a s  

p a s s in g  1 s q u a re  c e n tim . o f  t h e  c ro s s -se c tio n  o f  t h e  n e c k  in  u n i t  t im e  b y  Q , a n d  t h e  

d e n s i ty  o f  th e  C Q 2 in  th e  o u te r  a i r  b y  p , t h e n

G A S E S  A N D  L IQ U ID S , E T C ,  IN  P L A N T S . 2 3 5

B u t  in  th e  case  b e fo re  u s, k  a n d  x  a re  b o th  u n k n o w n , so t h a t  w e  m u s t  p ro c e e d  in  a  

d if fe re n t  m a n n e r .

T w o  e x a c t ly  s im ila r  f la sk s  a re  ta k e n ,  c o n ta in in g  e q u a l v o lu m e s  o f  th e  a b s o rp t iv e  

so lu tio n , a n d  to  th e  n e c k  o f  on e  o f  th e s e  is a t t a c h e d  a  tu b e  o f  k n o w n  le n g th  a n d  o f  

th e  sam e  d ia m e te r  a s  th e  n e ck , th e  o th e r  flask  re m a in in g  a s  i t  w a s . T h e  a m o u n t  o f  

c a rb o n  d io x id e  a b so rb e d  fro m  th e  a i r  in  a  g iv e n  t im e  is n o te d  in  e a c h  case , th e  c o n d i

t io n s  o f  e x p o s u re  b e in g  s im ila r . I f  Q  d e n o te s  t h e  q u a n t i ty  a b so rb e d  b y  th e  flask  

a lo n e , Q T th e  a m o u n t  a b so rb e d  in  th e  case  w h e re  th e  tu b e  is a t t a c h e d ,  a n d  L  t h e  

l e n g th  o f  th e  tu b e , th e n  th e  s t r a ig h t - tu b e  e q u iv a le n t  o f  th e  flask , x , is d e te rm in a b le  

fro m  th e  e q u a tio n

Q i(L  -f  x)

■" =  Q ■ *

*  In  o r d e r  to  r e d u c e  th e  d if f ic u lt ie s  d u e  to  c o n v e c t io n  c u r r e n ts ,  w e  h a v e  g e n e r a lly  d e te r m in e d  th e  

s tr a ig h t - t u b e  e q u iv a le n t  fr o m  tw o  s im u lta n e o u s  e x p e r im e n ts  m a d e  w ith  a  lo n g  a n d  a  s h o r t tu b e  a t t a c h e d  

to  th e  fla sk  a n d  b e n t  a t  r ig h t  a n g le s ,  th u s  a v o id in g  th e  u se  o f th e  o p en  fla sk .

2  H  2
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W lie n  t h e  s t r a ig h t - tu b e  e q u iv a le n t  o f  a  flask  is o nce d e te rm in e d , th is  v a lu e  ca n  

a lw a y s  b e  a p p lie d  a s  a  c o rre c tio n  fo r  th e  l e n g th  o f  t h e  a t t a c h e d  d iffu sio n  tu b e . W ith  

t h e  p a r t i c u la r  fo rm  o f  flask  w e  h a v e  u s e d  t h e  c o rre c tio n , d e te rm in e d  fro m  th e  a v e ra g e  

o f  a  la rg e  n u m b e r  o f  e x p e r im e n ts ,  c lo se ly  a p p ro x im a te s  to  th e  le n g th  o f  t h e  n eck . 

T h e  re a so n  fo r  th is  w ill be  m o re  a p p a r e n t  l a t e r  on.

(2 ) S in c e  t h e  a c tu a l  a m o u n ts  o f  c a rb o n  d io x id e  w h ic h  h a v e  to  b e  e s t im a te d  in  th e  

a b s o rb e n t  l iq u id  a re  n e c e s sa r ily  sm a ll, th e  sxiccess o f  a n y  m e th o d  o f  d iffu sio n  o f  th is  

k in d  m u s t  la rg e ly  d e p e n d  on  th e  d e g re e  o f  a c c u ra c y  w ith  w h ic h  su c h  d e te rm in a t io n s  

c a n  b e  m ad e . T h is  h a s  b e e n  a  s u b je c t  fo r  lo n g  a n d  la b o rio u s  in v e s tig a t io n , a n d  in  

A p p e n d ix  I I .  to  th is  p a p e r  w e  h a v e  d e sc r ib e d  in  d e ta i l  a  m e th o d  w h ic h  a d m its  o f  a n y  

re q u ir e d  re f in e m e n t o f  a c c u ra c y  in  th i s  d ire c tio n . I t  is o n e  w h ic h  h a s  t h e  g r e a t  

a d v a n ta g e  o f  b e in g  in d e p e n d e n t  o f  a n y  d e te r m in a t io n  o f  th e  to ta l  a c id  e q u iv a le n t  o t 

th e  a lk a li ,  e i th e r  a t  th e  b e g in n in g  o r  e n d  o f  t h e  p ro ce ss , so  t h a t  th e r e  a re  n o  c u m u 

la t iv e  a n d  o th e r  so u rc e s  o f  e r ro r  su c h  a s  th e r e  a re  w h e n  w e h a v e  to  d e te rm in e  a  sm a ll 

d iffe ren ce  b e tw e e n  tw o  la rg e  v a lu e s.

(3 ) A s m ig h t  b e  e x p e c te d  w h e n  e x p e r im e n ts  o n  d iffu sio n  h a v e  to  b e  c a r r ie d  on 

u n d e r  th e  p re s c r ib e d  c o n d itio n s  fo r  a  c o n s id e ra b le  t im e  (o f te n  a m o u n t in g  to  se v e ra l 

d a y s  o r  e v e n  w eek s), o ne  o f  th e  p r in c ip a l  d iff ic u lties  e n c o u n te re d  is t h a t  d u e  to  c o n 

v e c tio n  c u r r e n ts  in  th e  d iffu sio n  tu b e . I t  w ill b e  re a d i ly  se en  t h a t  th is  d iff ic u lty  

in c re a se s  w i th  t h e  l e n g th  o f  th e  tu b e , fo r s in ce  t h e  d iffu sio n  flow  to w a rd s  th e  a b s o rb e n t  

su rfa c e , a n d  c o n s e q u e n tly  th e  a m o u n t  o f  C 0 2 a b so rb e d  in  a  g iv e n  tim e , v a r ie s  in v e rs e ly  

a s  t h e  l e n g th  o f  th e  tu b e , a  g iv e n  a m o u n t  o f  co n v ec tio n  w ill in tro d u c e  a  m u c h  la rg e r  

p e rc e n ta g e  e r ro r  in  t h e  d e te rm in a t io n  o f  k  m a d e  w i th  lo n g  th a n  w i th  s h o r t  tu b e s . 

T h e  p o ss ib le  in flu en ce  o f  co n v ec tio n  in  a  tu b e  o f  100 c en tim s . in  l e n g th  a n d  2 cen tim s . 

in  d ia m e te r  w ill be  se en  fro m  th e  fo llo w in g  c o n s id e ra tio n s . I n  su c h  a  tu b e ,  a s su m in g  

Lo s c h mid t ’s v a lu e  fo r  k  to  be  c o rre c t, th e  a m o u n t  o f  c a rb o n  d io x id e  w h ic h  co u ld  

re a c h  th e  a b s o rp t iv e  s u rfa c e  a t  th e  b o t to m  o f  th e  tu b e  b y  s ta t i c  d iffu sio n  fro m  a n  

a tm o s p h e re  c o n ta in in g  th e  n o rm a l a m o u n t  o f  t h a t  g a s  w o u ld  b e  '0 0 4 8  cub. c en tim . p er 

h o u r , m e a s u re d  a t  0 ° C ., a n d  760 m i Him. b a r. N o w  th is  a m o u n t  c o u ld  a lso  b e  su p p lie d  

to  th e  a b s o rb e n t  b y  a  c u r r e n t  o f  a i r  c ir c u la t in g  fro m  to p  to  b o t to m  o f  t h e  tu b e  a t  a  

r a t e  o f  o n ly  a  l i t t le  m o re  th a n  2 '0  m illim s. p e r  m in u te ;  so t h a t  a  c o n v e c tio n  c u r r e n t  

o f  th is  lo w  v e lo c ity  o f  flow  w o u ld  r e s u l t  in  d o u b lin g  th e  a p p a r e n t  v a lu e  o f  th e  

co effic ien t o f  th e  d iffusio n.

I n  o rd e r  to  a v o id  so u rc e s  o f  e r ro r  o f  th is  k in d , th e  e x p e r im e n ts  w e re  c a r r ie d  o n  in  

a  ro o m  w h ic h  w as m a in ta in e d  a t  a  v e ry  c o n s ta n t  te m p e r a tu re ,  e v e ry  p re c a u tio n  

b e in g  ta k e n  to  k e e p  t h e  a i r  a s  s t i l l  a s  p o s s ib le ; a n d  i t  w as  a lso  fo u n d  n e c e s sa ry  to  

re d u c e  th e  d ia m e te r  o f  th e  tu b e s  to  a b o u t  2 c en tim s . W h e n  s t r a ig h t  u p r ig h t  

d iffu sio n  tu b e s  a re  u se d , th e r e  is a lw a y s  so m e r isk  o f  s lo w  c u r r e n ts  b e in g  p ro d u c e d  b y  

s l ig h t  d iffe ren ces o f  te m p e r a tu r e  in  th e  co lu m n  in d u c e d  b y  th e  e v a p o ra t io n  o f  l iq u id  

a t  th e  b o tto m  o f  th e  tu b e , a n d  b e s id e s  th is ,  su c h  a n  a r r a n g e m e n t  se em e d  o p en  to  

a n o th e r  o b je c tio n  to  w h ich  re fe re n c e  m u s t  be m ad e . D u r in g  t h e  s ta t ic  d iffu sio n  o f
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th e  c a rb o n  d io x id e , t h e  a m o u n t  o f  th i s  g a s  d e c re a s e s  p ro g re s s iv e ly  fro m  th e  m o u th  o f  

t h e  tu b e  to  t h e  a b s o rb in g  su r fa c e , a n d  i t  d id  n o t  se em  im p ro b a b le  t h a t ,  n o t w i th 

s ta n d in g  t h e  v e r y  lo w  in i t i a l  p r e s s u r e  o f  t h e  g a s , t h i s  d im in u t io n  in  d e n s i ty  fro m  th e  

to p  to  t h e  b o t to m  m ig h t ,  u n d e r  t h e  a c t io n  o f  g r a v i ty ,  r e s u l t  in  a  su ff ic ie n t a m o u n t  o f  

in s ta b i l i ty  in  t h e  c o lu m n  o f  t h e  d if fu s in g  g a s  to  p ro d u c e  a  g r e a t e r  flow  to w a rd s  t h e  

a b s o rb e n t  t h a n  is d u e  to  d iffu s io n  o n ly . C o m p a ra t iv e  e x p e r im e n ts  m a d e  w i th  u p r ig h t  

tu b e s  a n d  w i th  a  tu b e  b e n t  v e r t ic a l ly  d o w n w a rd s , a n d  c o n ta in in g  t h e  a b s o rb e n t  l iq u id  

in  t h e  s h o r te r  lim b , in d ic a te d  t h a t  a n y  e r r o r  in tr o d u c e d  b y  in s t a b i l i t y  o f  t h e  co lu m n  

m u s t  b e  v e ry  sm a ll. I n  a ll  o u r  l a t e r  e x p e r im e n ts  w e  h a v e  m a d e  u se  o f  h o r iz o n ta l  

d iffu s io n  tu b e s  c o n n e c te d  w i th  t h e  a b s o rb in g  f la sk s  b y  s h o r t  r ig h t - a n g le d  b en d s . W i th  

th i s  a r r a n g e m e n t  th e r e  is m u c h  le ss  r i s k  o f  d is tu rb a n c e ,  e i th e r  fro m  o r d in a r y  c o n v e c 

t io n  c u r r e n ts  o r  fro m  a n y  p o ss ib le  in s ta b i l i ty  o f  t h e  d if fu s in g  c o lu m n  o f  g a s  su c h  a s  

m ig h t  a r is e  in  a  v e r t ic a l  tu b e .

(4 )  F o r  a  d e te r m in a t io n  o f  t h e  p a r t i a l  p re s s u re  o f  t h e  c a rb o n  d io x id e  in  t h e  o u te r  

a tm o s p h e re  d u r in g  th e  e x p e r im e n ts ,  la rg e  a n d  a c c u r a te ly  m e a s u re d  v o lu m e s  o f  a i r  

w e re  a s p i r a te d  th r o u g h  a  IL e ise t a p p a r a tu s  c o n ta in in g  a  s o lu t io n  o f  c a u s t ic  so d a , in  

w h ic h  t h e  a b so rb e d  g a s  w a s  a f te r w a r d s  e s t im a te d . A  fu ll d e s c r ip t io n  o f  th i s  p ro ce ss , 

w h ic h  w e  h a v e  e m p lo y e d  v e ry  e x te n s iv e ly  in  o u r  w o rk  on  jf la n t  a s s im ila tio n , w ill And 

i ts  p la c e  in  a  s u b s e q u e n t  c o m m u n ic a tio n .

D e te r m in a t io n  o f  th e  Dijffusivityof A tm o s p h e r ic  C a rb o n  D io x id e  b y  S t a t i c  D i f fu s i

d o w n  T u b e s  to w a r d s  a n  A b s o r p t iv e  S u r fa c e .

W h e n  s t r a ig h t  c y lin d r ic a l  tu b e s  o f  d if fe re n t  le n g th s  a re  m a d e  a b s o rb e n t  o f  c a rb o n  

d io x id e  a t  th e  b o t to m  b y  so lu tio n s  o f  c a u s t ic  so d a , i t  m a y  b e  sh o w n  t h a t ,  fo r  e q u a l 

p re s s u re s  o f  t h e  g a s  in  th e  o u te r  a ir , t h e  r a t e  o f  flow  o f  t h e  c a rb o n  d io x id e  a c ro ss  

u n i t  a re a  o f  c ro s s -se c tio n  is in v e rs e ly  p ro p o r t io n a l  to  th e  l e n g th  o f  th e  tu b e s .

I n  o rd e r  to  v e r ify  th is  tw o  d iffu sio n  tu b e s , h a v in g  th e  d im e n s io n s  g iv e n  be lo w , a n d  

c o n s tru c te d  in  a  v e ry  s im ila r  m a n n e r  to  b u r e t te s ,  w e re  A iled th r o u g h  sid e  tu b e s  u p  to  a  

c e r ta in  m a rk , w h o se  d is ta n c e  fro m  th e  m o u th  o f  th e  tu b e  w a s a c c u ra te ly  k n o w n , w ith  

a  n o rm a l s o lu tio n  o f  so d iu m  h y d ro x id e , in  w h ic h  th e  a m o u n t  o f  p r e - e x is t in g  c a rb o n a te  

h a d  b e e n  d e te rm in e d  b y  th e  d o u b le  t i t r a t i o n  p ro ce ss  o f  A p p e n d ix  I I .

A t  t h e  close o f  th e  e x p e r im e n t  th e  tu b e s  w e re  e m p tie d  w ith  a ll  d u e  p re c a u tio n s , 

a n d  th e  c a rb o n a te  a g a in  d e te rm in e d  b y  th e  sam e  p ro c e ss .# T h e  e x p e r im e n ts  w e re  

c a r r ie d  o n in  a  ro o m  m a in ta in e d  a t  a  u n ifo rm  te m p e r a tu r e  a n d  w ith  a ll  p o ss ib le  

p re c a u tio n s  to  a v o id  co n v e c tio n . T h e  r e s u l ts  a re  g iv e n  b e lo w  :—  *

*  I t  m u s t  b e  u n d e r s to o d  th a t  in  a l l th e s e  a n d  s u b s e q u e n t  e x p e r im e n ts  e x t r e m e  p r e c a u t io n s  w e r e  ta k e n  

to  p r e v e n t  a n y  a c c e s s  o f  a tm o s p h e r ic  CO> to  th e  a lk a lin e  s o lu t io n  e x c e p t  s u c h  

d if fu s io n  p ro ce ss . I t  is  u n n e c e s s a r y  to  s p e c ify  w h a t  t h e  p r e c a u t io n s  w e r e  in  o r d e r  to  a v o id  a b s o r p t io n  

d u r in g  th e  tr a n s fe r e n c e  o f  th e  l iq u id , s in c e  t h e y  a re  su c h  a s  w o u ld  s u g g e s t  th e m s e lv e s  to  a n y o n e  w o r k in g  

o n  su c h  a  s u b je c t .
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Ta b l e  I.

T u b e . L e n g t h .
D ia m 

e te r .

A r e a  o f  

cr o ss -  

s e c t io n .

D u r a t io n  

o f  e x 

p e r im e n t  

in

h o u r s .

C O , in  

a ir , 

p a r ts  

p e r

1 0 ,0 0 0 .

C O , d if fu s e d .

R a t io s  o f  

C O , d if 

fu s e d  p er  

u n i t  a r e a  

o f c r o s s-  

s e c t io n .

I n v e r s e  

r a t io s  o f  

l e n g t h s  

o f  tu b e s .

T o ta l  in  

cu b .

c e n t im s .  

a t  0  a n d  

7 6 0  m il l im s .

P e r  sq . 

c e n t im .  

p e r  h o u r  

Qv°.

! 8

c e n t im e .

1 0 9 - 7 5

3 9 - 9

c e n t i m s .

2 - 3 5

2 - 3 7

sq . c e n t i m s .

4 - 3 3 7

4 - 4 1 1

4 0 4 - 8

4 0 4 - 4

3 - 2 7

3 - 2 7

3 - 9 7 0

9 - 6 1 6

c u b . c e n t i n is .  

• 0 0 2 2 6  

• 0 0 5 3 8

1 - 0 0

2 - 3 8

1 - 0 0

2 - 7 *

A n o th e r  e x p e r im e n t  on  s im ila r  lin e s  g a v e  t h e  fo llo w in g  re s u lts .  N o . (3 ) w a s m a d e  

w ith  a  tu b e  b e n t  v e r t ic a l ly  d o w n w a rd s , w h i ls t  (4 ) a n d  (5 ) w e re  u p r ig h t  tu b e s  -

(3 ) 5 9 - 3 2 - 3 5 4 - 3 3 7 4 7 7  1 3 - 3 9 6 - 4 4 8 • 0 0 3 1 1 6 1 - 0 0 1 - 0 0

(4 1 2 0 - 3 2 - 3 5 4 - 3 3 7 4 7 9 - 9 3 - 3 9 3 - 0 0 6 • 0 0 1 4 4 4 0 - 4 6 0 - 4 9

(4 4 0 - 0 2 - 3 7 4 - 4 1 1 4 7 7 - 5 3 - 3 9 1 0 - 6 2 5 • 0 0 5 0 4 4 1 - 6 2 1 - 4 8

T h e se  e x p e r im e n ts , in d ic a t in g  a s  th e y  d o  a  v a r ia t io n  in  t h e  d iffu s iv e  flow  w h ic h  is 

in v e rs e ly  p ro p o r t io n a l  to  t h e  l e n g th  o f  th e  co lu m n , d e m o n s tr a te  th e  a c c u ra c y  o f  th e  

g e n e ra l  e x p re ss io n  a lr e a d y  g iv e n  fo r  th e  s t a t i c  d iffu sio n  o f  a  g a s  d o w n  a  tu b e  (see 

p . 2 3 2 ) .

i \ — Hp ~~ • £
H  ~  L

T h e y  a lso  sh o w  t h a t  th e  v a lu e  o f  p t, th e  d e n s i ty  o f  th e  c a rb o n  d io x id e  a t  th e  

im m e d ia te  su rfa c e  o f  t h e  a b s o rb e n t , m u s t  e i th e r  b e  c o rre sp o n d in g  to  p e rfe c t

a b s o rp t io n , o r i f  p, h a s  a  se n s ib le  v a lu e , th is ,  to o , m u s t  v a r y  in v e rs e ly  w i th  th e  le n g th  

o f  t h e  co lu m n .

T h e  e x p e r im e n ts  d e sc r ib e d  in  A p p e n d ix  I. on  th e  a b s o rp t io n  o f  a lk a lin e  su rfa c e s  

e x p o se d  to  a  m o v in g  c u r r e n t  o f  a ir ,  sh o w  t h a t  u n d e r  th o s e  p a r t i c u la r  c o n d itio n s  

a b s o rp tio n  a n d  d e n s i ty  o f  C 0 2 a re  p ro p o r tio n a l,  so t h a t  t h e r e  is so m e p ro b a b il i ty  t h a t  

in  th e s e  tu b e  e x p e r im e n ts  a  s im ila r  r e la t io n  m a y  e x is t  w h ic h  w o u ld  a c c o u n t for th e  

d iffu s iv e  flow  b e in g  in  t h e  in v e rs e  p ro p o r t io n  o f  th e  le n g th  o f  co lu m n , e v e n  i f  th e  

a b s o rp t io n  w e re  n o t  p e rfe c t.

I f  th e  a b s o rp tio n  o f  th e  a lk a lin e  so lu tio n  is im p e rfe c t  p x w ill  h a v e  a  se n s ib le  v a lu e , 

a n d  u n d e r  th e s e  c irc u m s ta n c e s  th e  v a lu e  o f  h  w ill  h e  lo w er th a n  i t  sh o u ld  he , w h e n  

a ll  o th e r  e r ro rs  in c id e n t  to  t h e  m e th o d  a re  a v o id ed .

E x p e r im e n ts  (3 ), (4), a n d  (5) in  th e  la s t  ta b le  m a y  be  u se d  fo r o b ta in in g  a  f irs t 

a p p ro x im a tio n  to  h  fo r a tm o sp h e r ic  C 0 2.
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G A S E S  A N D  L IQ U ID S , E T C ., IN  P L A N T S . 2 3 9

T h e  m e a n  t e m p e r a tu r e  o f  t h e  a i r  o f  t h e  ro o m  d u r in g  t h e  20 d a y s  th e  e x p e r im e n ts  

la s te d  w a s 6 ° '6  C ., a n d  t h e  m e a n  h e ig h t  o f  t h e  b a ro m e te r  7 5 8 '8  m illim s ., w h ils t  t h e  

m e a n  c o n te n t  o f  C 0 3 w a s  3 '3 9  p a r t s  p e r  1 0 ,0 0 0 .

T h e  d if fu s iv ity , 7o°, o f  t h e  a tm o s p h e r ic  c a rb o n  d io x id e  a t  0° C ., in  C .G .S . u n i ts ,  is 

o b ta in e d  fro m  th e  e q u a t io n  :—

_  Q v  . L . 760 /T* 2 

A: “  3600 p . p  ' I t -y ’

in  w h ic h

Q v  — th e  n u m b e r  o f  cub . c e n tim s . o f  C 0 3, m e a s u r e d  a t  th e  m e a n  te m p e r a tu r e  a nd , 

'p r e s su re  o f  th e  experiment, w h ic h  p a sse s  a c r

c ro s s -se c tio n  o f  t h e  tu b e  in  o ne  h o u r,  

p  =  t h e  v o lu m e  o f  C 0 3 c o n ta in e d  in  u n i t  v o lu m e  o f  a ir .

L  =  t h e  l e n g th  o f  t h e  tu b e  in  c e n tim s .

T° =  t h e  zero  o f  a b s o lu te  t e m p e r a tu re .

T  =  t h e  m e a n  t e m p e r a tu r e  d u r in g  t h e  e x p e r im e n t ,  e x p re s s e d  on t h e  a b s o lu te  

scale .

p  =  t h e  m e a n  b a ro m e tr ic  p re s s u re  in  m illim s. o f  m e rc u ry .

T h e  fo llo w in g  a re  th e  a c tu a l  v a lu e s  o f  k°  g iv e n  b y  E x p e r im e n ts  (3 ), (4 ), a n d  (5 )—

Qi’. r .

( 3 ) *003196 •155

( 4 ) *001478 •145

( 5 ) *005174 T 6 9

M e an  . . -156

I n  a n o th e r  e x p e r im e n t  w i th  a  v e r t ic a l  tu b e  o f  3 9 ‘9 c e n tim s . in  l e n g th  a n d  2 ‘37 

c en tim s . d ia m e te r  d iffu sio n  w a s c a r r ie d  on  fo r 404*4 h o u rs , in  a n  a tm o s p h e re  w i th  a  

m e a n  C 0 3 c o n te n t  o f  3*27 p a r t s  p e r  1 0 ,0 0 0 , th e  m e a n  te m p e r a tu r e  b e in g  12°*8 C.

T h is  g a v e  t h e  fo llo w in g  v a lu e s  :—

(6) Q v  =  *00563 

h° =  *174

T h e  c o n d itio n s  o f  u n s ta b le  e q u il ib r iu m  a lr e a d y  re fe r re d  to  m a y  to  so m e s l ig h t  e x te n t  

a ffe c t E x p e r im e n ts  (4 ), (5 ), a n d  (6 ), s in ce  th e y  w e re  m a d e  w ith  v e r t ic a l  tu b e s , b u t  th e  

sam e  o b je c tio n  d o es  n o t  a p p ly  to  (3 ), in  w h ic h  th e  tu b e  fo r t h e  g r e a te r  p a r t  o f  i ts  

le n g th  w as  b e n t  d o w n w a rd s . A ll th e  r e s u l ts  w o u ld , h o w e v e r, b e  a ffe c te d  i f  t h e  

a b s o rp tio n  w e re  n o t  p e rfe c t , fo r th e n  th e  v a lu e  o f  p, a t  th e  su rfa c e  o f  th e  l iq u id  

w o u ld  b e  a p p re c ia b le , a n d  th e  flow  o f  c a rb o n  d io x id e  d o w n  th e  tu b e  w o u ld  n o t  a t t a in  

i ts  m a x im u m  v a lu e , w h ic h  is c o n d it io n e d  b y  i ts  d iffu s iv ity .

I n  th e  n e x t  se rie s  o f  e x p e r im e n ts  w e  a t t e m p te d  to  m e e t th e s e  o b je c tio n s  b y  u s in g  

h o r izo n ta l  d iffu sio n  tu b e s  w h ic h  w e re  c o n n e c te d  w ith  flask s e x p o s in g  a  su rfa c e  o f  th e
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.a lk a lin e  so lu tio n  fro m  20 to  25 t im e s  g r e a te r  th a n  t h e  a re a  o f  c ro ss -se c tio n  o f  th e  

tu b e , a s  d e sc r ib e d  on  p. 23 5. I n  th i s  m a n n e r  w e  h a v e  g o o d  re a so n  to  b e lie v e  t h a t  

p ra c t ic a l ly  p e r f e c t  a b s o rp t io n  is e n s u re d , a n d  t h e  a m o u n t  o f  flow  o f  t h e  C 0 3 is 

l im ite d  m e re ly  b y  i ts  d if fu s iv ity .

T h e  a b s o rp t io n  f la sk s each  c o n ta in e d  2 0 0  c e n tim s . o f  a  4 '2 4  p e r  c e n t, so lu tio n  o f  

c a u s tic  so d a , in  w h ic h  th e  a m o u n t  o f  c a rb o n a te  a t  t h e  c o m m e n c e m e n t o f  e ac h  e x p e r i

m e n t  w as  m o s t a c c u ra te ly  k n o w n , a n d  th e  h o r iz o n ta l  d iffu sio n  tu b e s  w e re  c o n n e c te d  

w i th  th e i r  n e c k s  th r o u g h  s h o r t  b e n d s . E a c h  e x p e r im e n t  la s te d  fro m  tw o  to  th r e e  

w e ek s , a n d  w a s  c a r r ie d  o n  in  a  ro o m  w ith  a  n o r th e r n  a s p e c t ,  s p e c ia lly  s e t  a s id e  fo r

th e  p u rp o se , a n d  w h e re  th e r e  w a s b u t  l i t t l e  v a r ia t io n  o f  t e m p e r a tu r e ,  a n d  a n  a lm o s t
•  ^

p e r f e c t  free d o m  from  a ir  c u r re n ts .

A ll t h e  e x tr e m e  p re c a u tio n s  w e re  t a k e n  w h ic h  h a d  b e e n  s u g g e s te d  b y  se v e ra l  

m o n th s  o f  p re l im in a ry  w o rk , t h e  la b o r io u s  p a r t  o f  th e  p ro c e ss  c o n s is t in g  in  th e  

f r e q u e n t  d e te rm in a t io n s  o f  t h e  c a rb o n  d io x id e  in  th e  a i r  o f  t h e  ro o m , w h ic h  w e re  

n e c e s s a ry  in  o rd e r  to  o b ta in  a n  a c c u ra te  e s t im a te  o f  th e  m e a n  te n s io n  o f  t h a t  g a s  

t h r o u g h o u t  th e  e x p e r im e n t . T h is  w a s  e ffe c te d  b y  d r a w in g  a  s lo w  c u r r e n t  o f  a i r  fro m  

th e  im m e d ia te  n e ig h b o u rh o o d  o f  th e  a p p a r a tu s  th r o u g h  a  T feise t to w e r  p la c e d  in  a n  

a d jo in in g  a p a r tm e n t .  A  m u c h  m o re  r e a d y  w a y  o f  a s c e r ta in in g  th e  m e a n  c o n te n t  o f  

th e  COo o f  th e  a i r  in  e x p e r im e n ts  o f  th i s  k in d , w h ic h  la s t  a  c o n s id e ra b le  t im e , is to  

d e te rm in e  t h e  a c tu a l  a m o u n t  o f  C ( h  a b so rb e d  fro m  th e  s t i l l  a i r  o f  th e  ro o m  d u r in g  

th e  w h o le  p e rio d  b y  a n  o p en  flask  e x p o s in g  a  c o n s id e ra b le  su rfa c e  o f  c a u s tic  so d a  

so lu tio n , a n d  p la c e d  a lo n g s id e  t h e  d iffu sio n  a p p a ra tu s .  I f  th e  r a t e  o f  th e  d if fu siv e  

flow  in to  t h e  flask  fo r  a  d e f in ite  p a r t i a l  p re s s u re  o f  C 0 3 lia s  o nce b e e n  a c c u ra te ly  

a s c e r ta in e d , su ch  a  s im p le  p iece  o f  a p p a r a tu s  e n a b le s  u s to  d e te rm in e  w i th  co n 

s id e ra b le  a c c u ra c y  th e  m e a n  p re s s u re  o f  th e  g a s  d u r in g  a  lo n g  p e r io d  o f  ex p o su re . 

I t  w as  o n ly  to w a rd s  th e  c lose o f  th e  e x p e r im e n ts  w e  a re  n o w  d e s c r ib in g  t h a t  w e  fe lt  

su ffic ie n t co n fid en ce  in  th is  m e th o d  to  re c o m m e n d  i ts  a p p lic a tio n , a n d  h i th e r to  w e  

h a v e  o n ly  u se d  i t  a s  a  ch ec k  on  d ir e c t  d e te rm in a t io n s  m a d e  w ith  th e  E e is e t  

a p p a ra tu s .

I n  th e  fo llo w in g  T ab le  w e g iv e  th e  r e s u l ts  o f  a ll o u r  d e te rm in a t io n s  o f  th e  d if fu s iv ity  

o f  a tm o s p h e r ic  c a rb o n  d io x id e  w ith  th e  h o r iz o n ta l  tu b e s . T h e  s t r a ig h t - tu b e  e q u i

v a le n t  o f  th e  flask s  w a s in  a ll  cases 7 c e n tim s ., w h ic h  h a s  b een  a d d e d  to  th e  le n g th s  

o f  th e  d iffu sio n  tu b e s .
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Ta b l e  I I .

N o .

D u r a t io n

o f

e x p e r i 

m e n t  in  

h o u r s .

L e n g t h  o f  

tu b e

in  c e n t im s .  

c o r r e c te d .

D ia m e t e r .

c e n t im s .

T o t a l  C 0 2 

d if fu se d , cu b . 

c e n t im s . a t  

0° C . a n d  

7 6 0  m i l l im s .

C oo d if fu s e d  

p e r  sq . c e n t im .  

p e r  h o u r  

m e a s u r e d  a t  

te m p e r a tu r e  

a n d  p r e ss u r e  o f  

e x p e r im e n t  

Q  vt.

M e a n  

te m p e r a 

tu r e , C .

M e a n

b a r o 

m e te r .

1

M e a n  

C 0 2 

c o n t e n t  

o f  a ir , 

par t s  p e r  

1 0 ,0 0 0 .

F .

(G) 5 0 0 - 9 1 8 - 0 2 - 3 2 2 3 - 8 9 • 0 1 1 7 5
7 ° .  7 7 5 1 - 2 3 - 7 0 •1 5 1

( 7 ) 5 0 1 - 0 7 5 - 0 2 - 3 2 6 - 3 3 •0 0 3 1 1 7 ° * 7 7 5 1 - 2 3 - 7 0 • 1 6 7

(8 ) 5 0 1 - 0 1 8 - 0 2 - 3 2 2 0 - 8 8 • 0 1 0 3 6 9 ° - 1 7 6 3 - 4 3 - 6 1 • 1 3 3

(9 ) 3 8 4 - 0 2 0 - 1 2 - 2 8 1 4 - 9 1 • 0 0 9 8 9 1 3 ° - 3 7 6 6 - 3 3 - 3 9 • 1 4 6

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

( 1 1 ) 3 8 4 - 8 3 6 - 6 2 - 2 3 8 - 8 1 • 0 0 6 0 9 1 3 ° - 3 7 6 6 - 3 3 - 3 9 •1 6 4

( 1 2 ) 3 8 6 - 4 3 7 - 3 2 - 2 0 7 - 9 1 • 0 0 5 5 9 1 3 ° ' 3 7 6 6 - 3 3 - 3 9 • 1 5 4

M e a r l F  . . •1 5 7

T h e  e le v e n  d if fe re n t  e x p e r im e n ts  w h ic h  w e  h a v e  m a d e  on th e  s t a t i c  d iffu sio n  o f  th e  

h ig h ly  d i lu te  c a rb o n  d io x id e  o f  t h e  a tm o s p h e re  in  w h a t  is p ra c t ic a l ly  a  s ta t io n a r y  

co lu m n  o f  a i r  g iv e  a  m e a n  v a lu e  fo r k °  of  T 5 8 , e x p re

v a lu e s  o b ta in e d  b y  p re v io u s  o b se rv e rs  fo r  th e  in te r d if f u s iv i ty  o f  C 0 2 a n d  a i r  fo r m u ch  

h ig h e r  ra t io s  o f  m ix tu r e ,  a n d  w ith  t h e  g a se s  a t  e q u a l te n s io n , a re  a s  fo llow s :—

F .

Lo s c h m id t ................................................................ *142

v o n  Ob e r m a y e r ..................................................... '135

W a i t z ..................................................................... 151— T58

W a it z , r e c a lc u la te d  b y  v o n  Ob e r m a y e r  . . . '131— '137

In  th e  la s t-m e n t io n e d  e x p e r im e n ts  th e  g a se s  w e re  p e r fe c t ly  , w h ic h  w a s n o t  th e  

case  in  o u r  o w n  e x p e r im e n ts , a n d  i t  n o w  re m a in s  to  b e  seen  h o w  fa r  th is  fa c t  is l ik e ly  

to  a ffe c t o u r  re s u lts .

T h e  in te rd if fu s iv i ty  o f  C 0 2 a n d  w a te r  v a p o u r  m a y  b e  c a lc u la te d  fro m  th e  g e n e ra l  

fo rm u la  k° ( \ / m i . w 2) =  a  c o n s t a n t ; w h e re  m l a n d  m 2 d e n o te  th e  m o le cu la r  w e ig h ts

o f  th e  d iffu s in g  g a ses . W h e n  k  is e x p re s s e d  in  C .G .S . u n i ts  th e  c o n s ta n t  h a s  a  v a lu e  

o f  2 '5 2 7 , so t h a t  th e  in te rd if fu s iv i ty  o f  C 0 2 a n d  w a te r  v a p o u r  w ill be e x p re s s e d  b y

2-527 

\ / 2 2  x  0
'179.

T h is  co rre sp o n d s  e x a c t ly  w ith  th e  v a lu e  d e d u c e d  b y  W in k e l m a n n  fro m  St e f a n ’s 

k in e tic  fo rm u la , b u t  th e  e x p e r im e n ta l  v a lu e  fo u n d  b y  W in k e l m a n n  fo r th e  s ta t ic  

e v a p o ra tio n  o f  w a te r  in  tu b e s  o p e n in g  o u t  in to  a  c o n s ta n t ly  re n e w e d  a tm o s p h e re  o f  

C 0 2 w as k° =  '1 3 0  to  '1 33 .

VOL. c x c m .— b . 2 i
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2 4 2 D R . H . T. B R O W N  A N D  M R. F . E S C O M B E  O N  S T A T IC  D IF F U S IO N  O F

I n  o rd e r  to  o b ta in  so m e id ea  o f  t h e  p o ss ib le  e ffe c t on  o u r  r e s u l ts  o f  th e  p re s e n c e  of 

a q u e o u s  v a p o u r  in  th e  c o lu m n  o f  a ir , w e  h a v e  a s su m e d  th e  lo w e r e x p e r im e n ta l  v a lu e  to  

b e  c o rre c t, a n d  h a v e  f u r th e r  a s su m e d  t h a t  in  on e  o f  o u r  d iffu sio n  tu b e s  o f  50 c e n t im s . 

in  l e n g th  t h e  a ir  im m e d ia te ly  o v e r  th e  a b s o rb in g  l iq u id  is s a tu r a t e d  w i th  w a te r  

v a p o u r , t h e  t e m p e r a tu r e  b e in g  I 5 ° C . ,  a n d  t h a t  t h e  o u te r  a ir  is p e r f e c t ly  d ry . T h is  

is o f  co u rse  a n  e x tr e m e  case  to  ta k e .

U n d e r  th e s e  c o n d it io n s  th e  a v e ra g e  p re s s u re  o f  th e  a q u e o u s  v a p o u r  in  t h e  tu b e  

w ill h e  ’0 0 8 3  o f  a n  a tm o s p h e re , a n d  t h e  p re s s u re  o f  t h e  a i r  i t s e l f  ‘9 917 . I f  w e  t a k e  

o u r  m e a n  v a lu e  o f  '1 5 8  fo r  t h e  d if fu s iv ity  o f  th e  C 0 2, th e  c o rre c te d  v a lu e  x  fo r  d r y  a i r  

w ill h e  g iv e n  b y  th e  e q u a t io n

•9 9 l7 x  +  ( '0 0 8 3  X '1 3 0 )  =  *158,

h e n c e  x  —  T 5 8 3 .

I t  is c le a r , th e re fo re , t h a t  w e  can  e n t i r e ly  n e g le c t  th e  p re se n c e  o f  a q u e o u s  v a p o u r  

in  o u r  e x p e r im e n ts .

I t  m u s t  h e  b o rn e  in  m in d  t h a t  t h e  fo re g o in g  e x p e r im e n ts  o n  th e  s t a t i c  d iffu sio n  o f  

c a rb o n  d io x id e  w e re  n o t  u n d e r ta k e n  fo r  th e  p u rp o se  o f  e s ta b l is h in g  e x a c t  p h y s ic a l  

c o n s ta n ts ,  b u t  in  o rd e r  to  a s c e r ta in  i f  t h e  h ig h  d e g re e  o f  d i lu t io n  o f  t h a t  g a s  a s  i t  

o ccu rs  in  th e  a tm o s p h e re  is fo llo w ed  b y  a n y  a l t e r a t io n  in  i ts  co effic ien t o f  d iffu sio n  o f  

su ffic ie n t m a g n i tu d e  to  b e  t a k e n  in to  a c c o u n t in  t h e  s tu d y  o f  t h e  n a tu r a l  p ro ce sses  o f  

g a se o u s  e x c h a n g e  in  th e  a s s im ila t in g  o rg a n s  o f  p la n ts . W i th o u t  sp ec ia l e n q u ir ie s , 

w e  d id  n o t  fee l ju s t i f ie d  in  a p p ly in g  to  su c h  cases th e  c o n s ta n ts  o f  d if fu s iv ity  w h ic h  

h a d  b e en  d e te rm in e d  on r a t io s  o f  m ix tu r e  a n d  b y  e x p e r im e n ta l  m e th o d s  o f  d iffu sio n  

so w id e ly  d if fe re n t  fro m  th o s e  w h ic h  o ccu r in  n a tu re .

O u r  g e n e ra l  r e s u l ts  in d ic a te  t h a t  n o  a p p re c ia b le  e r ro r  is l ik e ly  to  be in tro d u c e d  

in to  th e  s tu d y  o f  su c h  n a tu r a l  p ro cesse s b y  e m p lo y in g  t h e  c o m m o n ly  re c e iv e d  v a lu e s  

o f  k  fo r  c a rb o n  d io x id e  a n d  a i r ; a t  th e  sam e  t im e  th e  v a lu e s  w e  h a v e  o b ta in e d  fo r  th e  

d if fu s iv ity  o f  a tm o s p h e r ic  c a rb o n  d io x id e  b y  th is  p a r t i c u la r  s ta t i c  m e th o d  sh o w  som e 

d e p a r tu r e  fro m  th o s e  o b ta in e d  fo r v e ry  d if fe re n t  r a t io s  o f  m ix tu r e  b y  Lo s c h mid t , 

W a it z , a n d  v o n  Ob e r m a y e r ,

I t  is t r u e  t h a t  th e  d iffe ren ce  b e tw e e n  o u r  v a lu e  a n d  Lo s c h m id t ’s  is n o t  m u ch  

g r e a te r  th a n  t h a t  e x is t in g  b e tw e e n  th e  d e te rm in a t io n s  o f  Lo s c h mid t  a n d  th o s e  o f  

W a it z  a s  re c a lc u la te d  b y  v o n  Ob e r m a y e r , b u t  i t  is in  a  d ire c tio n  c o n tr a r y  to  t h a t  

in d ic a te d  b y  th e  l a te s t  d e v e lo p m e n t o f  th e  k in e t ic  th e o r y  o f  d iffu sio n  b y  O. E . Me y e r , 

w h ic h  le a d s  u s  to  e x p e c t  fo r v e ry  d i lu te  C 0 2 a  so m e w h a t lo w er v a lu e  fo r  k  t h a n  w e 

a c tu a l ly  find. T h is  d isc re p a n c y  m a y  be  d u e  to  re s id u a l  e r ro rs  in h e r e n t  to  th e  m e th o d  

o f  tu b e  d iffu sio n , a n d  w e  h a v e  c o n se q u e n tly  d e v ise d  a n o th e r  s ta t ic a l  m e th o d  w h ic h  is 

p a r t ic u la r ly  a p p lic a b le  to  a tm o sp h e r ic  C 0 2. T h is  w ill b e  fo u n d  d e sc r ib e d  in  a  s u b 

s e q u e n t  se c tio n  o f  th e  p a p e r , s in ce  i t  c a n n o t b e  p ro p e r ly  d isc u sse d  u n t i l  w e  h a v e  

c o n s id e re d  th e  o b se rv a tio n s  w h ic h  g ra d u a l ly  le d  u p  to  it.
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G A S E S  A N D  L IQ U ID S , E T C ., I N  P L A N T S . 2 4 3

S ta t i c  D i f fu s io n  th r o u g h  A p e r tu r e s  a  S e p tu m .

W h e n  a  c o n d it io n  o f  s t a t i c  e q u il ib r iu m  h a s  b e e n  e s ta b l is h e d  in  a  d if fu s in g  c o lu m n  

o f  g a s , v a p o u r ,  o r  s o lu te , a s  t h e  ca se  m a y  b e , t h e  a m o u n t  o f  d iffu sio n , u n d e r  l ik e  

c o n d it io n s , is p ro p o r t io n a l  to  t h e  s e c tio n a l  a r e a  o f  t h e  co lu m n , t h e  case  b e in g  e x a c t ly  

a n a lo g o u s  to  t h e  s te a d y  flow  o f  h e a t  in  a  c o n d u c to r .

W e  h a v e  fo u n d , h o w e v e r , t h a t  i f  w e  p a r t i a l ly  o b s t r u c t  t h e  m o u th  o f  t h e  d if fu sio n  

t u b e  w i th  a  s e p tu m  h a v in g  a  c ir c u la r  a p e r tu r e ,  o r  i f  w e  in te rp o s e  su c h  a  s e p tu m  

a n y  w h e re  in  t h e  lin e  o f  flow , d iffu sio n  is m o d if ied  in  a  r e m a r k a b le  a n d  u n e x p e c te d  

m a n n e r .

I n  o u r  e a r ly  e x p e r im e n ts  o n  th i s  s u b je c t  w e  a t t e m p te d  to  in v e s t ig a te  th i s  p ro b le m  

b y  c o v e r in g  d ish e s , c o n ta in in g  a b s o r b e n t  s o lu t io n s  o f  c a u s t ic  so d a , w i th  t h in  g la s s  o r  

m e ta l  d isc s  h a v in g  c e n tr a l  a p e r tu r e s  o f  v a r io u s  s izes, a n d  a s c e r ta in in g  fro m  th e  

a m o u n t  o f  c a rb o n  d io x id e  a b s o rb e d  t h e  r e la t iv e  v e lo c ity  w i th  w h ic h  d iffu sio n  ta k e s  

p la c e  p e r  u n i t  a r e a  o f  t h e  a p e r tu r e /*

T h e se  f i r s t  a t t e m p t s  w e re  n e c e s s a r ily  v e ry  c ru d e , a n d  t h e  r e s u l t s  w e re  m u c h  i n t e r 

fe re d  w ith  b y  c o n v e c tio n  c u r r e n ts ,  b u t  th e y  w e re  su ff ic ie n t to  in d ic a te  t h a t  a f t e r  th e  

a p e r tu r e  in  t h e  c o v e r  h a d  b e e n  re d u c e d  to  a  c e r ta in  p o in t ,  t h e  c a rb o n  d io x id e  p a s s in g  

th r o u g h  u n i t  a r e a  o f  a p e r tu r e  in  a  g iv e n  t im e  sh o w e d  a  m a rk e d  , w h ic h  co u ld

n o t  b e  s a t is f a c to r i ly  a c c o u n te d  fo r  b y  t h e  m e re  d iffe ren c e  in  th e  g r a d ie n t  o f  th e  

p a r t i a l  p re s s u re s  o f  th e  g a s  in s id e  a n d  o u ts id e  th e  c o v e re d  d ish .

T h is  le d  us. to  in v e s t ig a te  th e  in f lu e n c e  o f  a  p e r f o r a te d  d ia p h r a g m  on  t h e  d iffu s io n  

o f  a tm o s p h e r ic  C 0 2 d o w n  a  c o lu m n  o f  a i r  in  w h ic h  th e  flow  w a s  a t  a  m a x im u m , t h a t  

is to  sa y , o n ly  l im ite d  b y  th e  co effic ien t o f  d iffu sio n  o f  th e  g a s.

T h e  in te r e s t in g  fa c t  w as th e n  b r o u g h t  to  l ig h t  t h a t  a s  t h e  e n d  o f  th e  tu b e  w as 

r e s t r i c te d  th e  d iffu siv e  flow  p e r  u n i t  a r e a  a p e r tu r e  r a p id ly  in c re a se d , a n d  t h a t  

w h e n  th e  c e n t r a l  h o le  h a d  b een  d im in is h e d  b e y o n d  a  c e r ta in  s iz e  r e la t iv e  to  th e  c ross- 

se c tio n  o f  t h e  co lu m n , th e  a m o u n t  o f  g a s  w h ic h  p a s se d  b eca m e  p ro p o r t io n a l  to  th e  

l in e a r  d im e n s io n s  o f  th e  a p e r tu r e s .

T h is  is w ell sh o w n  in th e  fo llo w in g  e x p e r im e n ts  :—

A  se rie s  o f  s im ila r  f la t -b o tto m e d  flask s w a s ta k e n , h a v in g  n e c k s  a b o u t  7 c e n tim s . 

lo n g  a n d  a b o u t  23 m illim s. d ia m e te r  a t  th e  m o u th . W h e n  2 00  cub . c en tim s . o f  a  

n o rm a l c a u s tic  so d a  so lu tio n  w a s in tro d u c e d , th e  su rfa c e  o f  th e  a b s o rb in g  liq u id , w h ic h  

w as a b o u t  10 c e n tim s . in  d ia m e te r , m a in ta in e d  th e  p re s s u re  o f  th e  c a rb o n  d io x id e  in  

t h e  a i r  o f  t h e  f lask  a t  so low  a  p o in t  a s  to  in d u c e  w h a t  w a s p ra c t ic a l ly  a  m a x im u m  

d iffu siv e  flow  d o w n  th e  tu b e  fo rm in g  th e  n eck . W h e n  su c h  a  flask  w a s e x p o se d  to  

c o m p a ra tiv e ly  s t i l l  a ir , c o n ta in in g  th e  n o rm a l a m o u n t  o f  C 0 2, a  v e ry  s te a d y  a n d  

u n ifo rm  a b s o rp tio n  to o k  p lac e  a t  th e  r a t e  o f  a b o u t  '25  cub. c en tim . o f  th e  g a s  p e r  

h o u r.

*  A  b r ie f  d e sc r ip t io n  o f  th e s e  e a r lie r  e x p e r im e n ts  w il l  b e  fo u n d  in  th e  P r e s id e n t ia l  A d d r e s s  to  S e c t io n  B  

o f th e  B r it is h  A s s o c ia t io n , D o v e r  M e e t in g , 1 8 9 9 .

2 f 2

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

4
 A

u
g
u
st

 2
0
2
2
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T h e  p e r fo ra te d  s e p ta  w h ich  w e re  u se d  fo r  p a r t i a l ly  c lo s in g  th e  o p e n in g s  o f  so m e  o f  

t h e  f la sk s h a d  to  h e  d isp o se d  in  su c h  a  m a n n e r  a s  to  a v o id  a ll  p o s s ib i l i ty  o f  a n y  C O , 

g a in in g  access to  t h e  a b s o rb e n t  e x c e p t  th r o u g h  th e  a p e r tu r e  o f  k n o w n  d im e n s io n s , 

a n d  i t  w a s t h e  m o re  n e c e s s a ry  to  t a k e  e x tr e m e  p re c a u t io n s  in  th i s  re s p e c t  s in c e  t h e  

d u r a t io n  o f  som e o f  t h e  e x p e r im e n ts  w ith  sm a ll  a p e r tu r e s  h a d  to  b e  e x te n d e d  o v e r  

s e v e ra l w e e k s  in  o rd e r  to  o b ta in  a  su ff ic ie n tly  la rg e  a m o u n t  o f  a b s o rp t io n  fo r  a c c u ra te  

t i t r a t io n .  I n  th i s  p a r t i c u la r  in s ta n c e  th e  fo llo w in g  p la n  w a s  a d o p te d , a l th o u g h  in  

s u b s e q u e n t  e x p e r im e n ts  a  m u c h  s im p le r  o n e  w a s fo u n d  to  b e  su ff ic ie n t :—

T h e  n e c k  o f  t h e  flask  p a s se d  th r o u g h  th e  b o t to m  o f  a  sm a ll g la s s  c u p  to  w h ic h  i t  

w as c e m e n te d , th e  sh a llo w  a n n u la r  sp a c e  th u s  fo rm e d  b e in g  f illed  w i th  m e rc u ry . A  

f la t -b o tto m e d  th in  n ic k e l c ru c ib le  w a s  th e n  in v e r te d  o v e r  t h e  m o u th  o f  th e  flask , th e  

e d g e s  o f  th is  m e ta l  th im b le  d ip p in g  in to  th e  m e rc u ry  in  t h e  cu p , w h ic h  th u s  fo rm ed  

a  p e r fe c t  sea l. T h e  b o t to m  o f  t h e  th im b le  w a s p e r fo ra te d  w ith  a  w ell c u t  circular- 

h o le  o f  a n y  d e s ire d  size.

W h e n  th e  m e ta l  th im b le  w as im p e r fo r a te  i t  w a s  fo u n d  t h a t  t h e  a lk a lin e  liq u id  in  

th e  flask  c o u ld  re m a in  fo r  s e v e ra l  w e e k s  w i th o u t  u n d e rg o in g  a n y  c h a n g e  in  th e  

o r ig in a l  a m o u n t  o f  c a rb o n a te  i t  c o n ta in e d .*

T h e  flask s  w e re  a ll  c h a rg e d  a t  th e  sa m e  t im e  w ith  a  g iv e n  a m o u n t  o f  th e  c a u s tic  

so d a  so lu tio n , a f te r  d isp la c in g  t h e  a i r  in  th e m  w ith  a i r  a r t i f ic ia l ly  f re e d  fro m  carb o n  

d io x id e , a n d  th e y  w e re  a f te r w a r d s  s u b m it te d  to  id e n t ic a l  c o n d it io n s  d u r in g  th e  d if fu 

sio n  p ro c ess , th e  o p e n  f lask  w ith  w h ic h  th e  c o m p a riso n s  w e re  m a d e  b e in g  re p la c e d  

th r e e  o r  fo u r  t im e s  in  th e  co u rse  o f  th e  e x p e r im e n t ,  so as  to  a v o id  a n y  u n d u e  

c a rb o n a t in g  o f  th e  a lk a li .

A  s u m m a ry  o f  th e  r e s u l ts  is h e re  g iv e n  :—

Ta b l e  I I I .

N o .

D ia m e te r

o f

a p e r tu r e , t

T im e

o f  d if fu s io n  

in  h o u r s .

T o ta l  C O , 

d iffu s ed .

C O ,

d if fu s ed  p er  

h o u r .

C O , d iffu s ed  

p e r  sq . 

c e n t im . o f  

a p e r tu r e  p er  

h o u r .

R a t io

o f

areas o f

a p e r tu r e s .

R a t io

o f  diameters

o f

a p e r tu r e s .

R a t io  o f  

C O ,

| d iffu s ed  

in  u n i t  

1 t im e .

1

(1 )

m i ll im s .

2 2 - 7

c u b . c e n t im s . ! c u b . c e n t i m s .

• 2 3 8 0 • 0 5 8 8 1 - 0 0 1 0 0

1

1 0 0

(2 ) 1 2 - 0 6 4 7 6 - 5 4 4 - 2 2 • 0 9 2 8 0 • 0 8 1 2 •2 8 5 3 • 3 9

(3) 1 2 - 0 6 4 7 7 - 1 4 8 - 5 7 • 1 0 1 8 0 •0 8 9 1 •2 8 5 3 • 4 2

(4) 5 - 8 6 4 7 8 - 8 2 6 - 6 1 • 0 5 5 5 8 • 2 0 7 4 • 0 6 6 • 2 5 • 2 3

(5 ) 6 - 0 3 6 4 3 - 1 4 0 - 2 1 • 0 6 2 5 2 • 2 1 8 6 •0 7 • 2 6 • 2 6

(6 ) 3 - 2 3 3 8 6 3 - 0 3 4 - 4 1 • 0 3 9 8 8 • 4 8 5 5 • 0 2 3 • 1 4 • 1 6

(7 ) 3 - 2 1 6 8 6 3 - 8 3 4 - 3 0 •0 3 9 7 1 • 4 8 5 2 •0 2 0 • 1 4 • 1 6

(8) 2 - 0 0 1 0 0 7 - 8 2 4 - 1 6 •0 2 3 9 7 • 7 6 2 9 •0 0 7 0 8 8 • 1 0

(9 ) 2 - 1 1 7 1 0 0 7 - 3 2 6 - 2 8 • 0 2 6 0 8 • 8 2 5 3 • 0 0 8 0 9 3

1

• 1 0

* A  v e r y  c a r e fu l  s e r ie s  o f  t e s t  e x p e r im e n ts  w a s  m a d e , w h ic h  s h o w e d  t h a t  th e  lo n g -c o n t in u e d  c o n ta c t  o f  

th e  a lk a lin e  s o lu t io n  w ith  th e  g la s s  h a d  n o  in f lu e n c e  o n  th e  fin a l  d e te r m in a t io n  o f  t h e  C O , b y  th e  d o u b le  

t i t r a t io n  m e th o d  d e s c r ib e d  la te r  o n .

t  T h e  m e a s u r e m e n t  o f th e  a p e r tu r e s  w a s  k in d ly  u n d e r ta k e n  b y  S ir  W i l l ia m  Abn e y , w h o  a p p lie d  h is  

s p e c ia l  o p t ic a l  m e th o d  fo r  th is  p u r p o se .
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I t  w ill b e  n o t ic e d , o n  c o m p a r in g  t h e  th r e e  l a s t  c o lu m n s  o f  t h e  ta b le ,  t h a t ,  w i th  th e  

e x c e p tio n  o f  N o s . (2 )  a n d  (3 ), w h e re  t h e  d ia m e te r  o f  t h e  a p e r tu r e  w a s  m o re  t h a n  

o n e -h a lf  o f  t h a t  o f  t h e  u n r e s t r i c te d  o p e n in g  o f  t h e  f lask , t h e  r a t e s  o f  d if fu s io n  fo llo w  

v e ry  c lo se ly  th e  r a t io s  o f  th e  d ia m e te r s  

in d e e d  fro m  th e  r a t io s  o f  t h e  a re a s . I n  t h e  e x c e p tio n a l  c ase s (2 )  a n d  (3 )  t h e  r a t e  o f  

d iffu s io n  lies  a lm o s t  e x a c t ly  h a lf -w a y  b e tw e e n  t h e  d ia m e te r  a n d  a re a  ra t io s . W e  

s h a l l  see  l a t e r  o n  t h e  e x p la n a t io n  o f  th is .

T h is  sa m e  a p p a r a tu s  c a n  a lso  b e  u se d  to  d e m o n s tr a te  t h e  r e la t iv e  r a t e s  o f  d iffu s io n  

o f  a q u e o u s  v a p o u r  t h r o u g h  s im ila r  a p e r tu r e s .  I t  is o n ly  n e c e s s a ry  to  re p la c e  th e  

c a u s t ic  so d a  s o lu tio n  w i th  s t r o n g  s u lp h u r ic  a c id , a n d  to  w e ig h  t h e  f la sk s  fro m  t im e  to  

t im e , a f t e r  e x p o s in g  th e m  to  t h e  in flu e n ce  o f  t h e  a tm o s p h e re .  S in c e  i t  is  o n ly  co m 

p a r a t iv e  r e s u l ts  w h ic h  a re  a im e d  a t ,  a n y  v a r ia t io n  in  t h e  m o is tu re  o f  th e  a i r  d u r in g  

t h e  e x p e r im e n t  d o es n o t  m a t t e r  s in c e  i t  a ffe c ts  a ll  t h e  f la sk s  e q u a lly . T h e  fo llo w in g  

r e s u l ts  w e re  so o b ta in e d  w i th  a p e r tu r e s  o f  2 ’1 17, 3 ’2 3 3 , a n d  5*84 m illim s. d i a m e t e r :—

T a b l e  I V

N o .
D ia m e te r  o f  

a p e r tu r e .

A q u e o u s  v a p o u r  

d if fu s e d  in  5  d a y s .

A q u e o u s  v a p o u r  

d if fu s e d  in  1 0  d a y s .

A q u e o u s  v a p o u r  

d if fu s ed  in  16  d a y s .

m i l l i m s . g r a m m e s . g r a m m e s . g r a m m e s .

(1 ) 2 - 1 1 7 • 1 3 5 •3 0 5 • 5 3 5

(2 ) 3 - 2 3 3 • 2 0 9 • 4 7 5 • 8 0 6

(3 ) 5 - 8 4 0 • 3 2 2 • 7 1 5 1 - 2 2 0

I n  th e  n e x t  ta b le  a re  g iv e n  t h e  ra t io s  o f  th e  a m o u n ts  o f  a q u e o u s  v a p o u r  d if fu se d  

in  e q u a l t im e s , a n d , fo r co m p a riso n , th e  ra t io s  o f  b o th  th e  a re a s  a n d  th e  d ia m e te rs  

o f  th e  a p e r tu r e .  I t  w ill  h e  n o tic e d  t h a t  th e  a m o u n t  o f  d iffu sio n  is a g a in  c o n tro lle d  

b y  t h e  l in e a r  d im e n s io n s  o f  th e  a p e r tu r e s  a n d  n o t  b y  th e i r  a re a s .

T a b l e  Y .

N o .
R a t io s  o f  

f ir s t  w e ig h in g s .

R a t io s  o f  

s e c o n d  w e ig h in g s .

R a t io s  o f  

th ir d  w e ig h in g s .

R a t io s  o f  areas 

o f  a p e r tu r e s .

R a t io s  o f  

diam eters  o f  

a p e r tu r e s .

(1 ) 1 - 0 0 1 - 0 0 1 - 0 0 1 - 0 0 1 - 0 0

1 (2 ) 1 - 5 5 1 - 5 5 1 - 5 0 2 - 3 1 - 5 2

(3 ) 2 - 3 8 2 - 5 4 2 - 2 8 7 - 6 2 - 7 5

H i th e r to  w e  h a v e  b een  c o n s id e r in g  in s ta n c e s  o f  in w a rd  s ta t i c  d iffu sio n  to w a rd s  

a n  a b s o rp tiv e  su rfa ce , h u t  e x a c t ly  th e  sam e  effe c t c an  h e  p ro d u c e d  b y  th e  o u tw a rd  

d iffu sio n  o f  a  v a p o u r  th r o u g h  a n  a p e r tu r e  in  a  s e p tu m  w h e n  th e r e  is a  c o n s ta n t  

d iffe ren ce  m a in ta in e d  b e tw e e n  th e  p a r t ia l  p re s su re  of th e  v a p o u r  in s id e  a n d
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o u ts id e  th e  v e sse l c o n ta in in g  th e  liq u id . T h is  is in d ic a te d  b y  t h e  fo llo w in g  

e x p e r im e n t s :—

S m a ll g la s s  c y lin d e rs  filled  w ith  w a te r  to  a b o u t  J c e n tim . o f  th e  to p  w e re  c lo sed  

w ith  z in c  d isc s  o f  a b o u t  '5 m illim . in  th ic k n e s s  w i th  c e n tr a l  a p e r tu r e s  o f  k n o w n  size, 

a n d  w e re  p la c e d  in  a  la rg e  e x s ic c a to r  o v e r s u lp h u r ic  ac id , w h ic h  w as  p u t  in  a  ro o m  

w h e re  th e  t e m p e r a tu r e  w a s c o n s ta n t .  T h e  a m o u n t  o f  l iq u id  w h ic h  e v a p o ra te d  

th r o u g h  th e  a p e r tu r e s  w a s e s t im a te d  fro m  t im e  to  t im e  b y  w e ig h in g  t h e  c y lin d e rs . 

T h e  r e s u l ts  a re  t a b u la t e d  b e lo w

Ta b l e  VI.

N o .
D ia m e te r  o f  

a p e r tu r e .

E v a p o r a t io n  in  f ir s t  

p e r io d  o f  5  d a y s .

E v a p o r a t io n  in  s e c o n d  

p e r io d  o f  7 d a y s .

E v a p o r a t io n  in  th ir d  

p e r io d  o f  6  d a y s .

m ill im s . g r a m m e s . g r a m m e s . g r a m m e s .

(1 ) 2 - 4 • 1 3 7 0 • 2 1 0 0 • 1 7 3 5

(2 ) 4 - 9 • 3 2 3 0 • 4 8 4 5 • 4 4 9 0

Ta b l e  V I I .— G iv in g  R a tio s  o f  E v a p o ra t io n  in  t h e  a b o v e  E x p e r im e n ts .

N o .

R a t io s  o f  

e v a p o r a t io n  in

R a t io s  o f  

e v a p o r a t io n  in

1

R a t io s  o f  

e v a p o r a t io n  in
R a t io s  o f  areas 

o f  a p e r tu r e s .

1

R a t io s  o f

diameters  o f

f ir s t  p e r io d . s e c o n d  p e r io d th ir d  p e r io d . a p e r tu r e s .

(1 ) 1 - 0 0 1 - 0 0 1 - 0 0 1 - 0 0 1 - 0 0

(2 ) 2 3 5 2 - 3 0 2 - 5 8 4 - 1 6 2 - 0 4

I t  is seen  t h a t  th e  a m o u n ts  o f  l iq u id  e v a p o ra te d  u n d e r  th e s e  c o n d itio n s  in  e q u a l 

t im e s , a re  in  no  w a y  p ro p o r tio n a l  to  th e  re s p e c tiv e  a re a s  o f  t h e  a p e r tu r e s ,  b u t  

a p p ro x im a te  to  th e  ra t io s  o f  th e i r  l in e a r  d im e n sio n s .  T h

case  w o u ld  h a v e  b een  m u ch  c lo ser h a d  a  th in n e r  d isc  o f  m e ta l  b e en  u s e d  a s  th e  

s e p tu m .

F ro m  th e  w e ll-k n o w n  fa c t  t h a t  t h e  law s o f  d iffu sio n  o f  s u b s ta n c e s  in  so lu tio n  a re  

th e  sam e  a s  th o s e  fo r th e  d iffu sio n  o f  g a se s  a n d  v a p o u rs , i t  m ig h t  be  re a so n a b ly  

e x p e c te d  t h a t  th e  “ d ia m e te r  l a w ” w o u ld  a lso  hold* g o o d , fo r 's o /utes.

I n  o rd e r  to  d e m o n s tr a te  th is ,  i t  is n e c e ssa ry  in  th e  f i r s t  in s ta n c e  to  a d o p t  som e 

p la n  b y  w h ic h  th e  m o b ility  o f  th e  so lv e n t m a y  b e  so fa r  re d u c e d  a s  to  a llo w  th e  

s ta t i c  c o n d itio n , o r  a n  a p p ro x im a tio n  to w a rd s  i t ,  to  be  e s ta b lis h e d , w i th o u t  i n t e r 

fe r in g  Avith th e  n a tu r a l  g r a d ie n t  o f  d e n s i ty  o f  th e  so lu te  b y  c u r r e n ts  in  th e  liq u id . 

T h is  can  b e acc o m p lish e d  b y  u s in g  a  s o lu tio n  o f  th e  s u b s ta n c e  to  w h ic h  a b o u t  5 p e r  

c e n t , o f  g e la t in e  h a s  b e en  a d d e d .#

*  S e v e r a l  o b s e r v e r s  h a v e  p r e v io u s ly  u s e d  g e la t in e  o r  a g a r -a g a r  in  d if fu s io n  e x p e r im e n ts ,  a n d  h a v e  fo u n d  

t h a t  t h e  r a p id it y  o f  d iffu s io n  is  p r a c t ic a l ly  th e  s a m e  a s  w ith  w a te r  o n ly .
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A  s o lu t io n  c o n ta in in g  5 p e r  c e n t ,  o f  g e la t in e  a n d  4 p e r  c e n t ,  o f  s o d iu m  c h lo r id e  

w a s  r u n  w h i ls t  w a rm  in to  f la t - b o t to m e d , c y lin d r ic a l,  t in n e d  v e sse ls , e a c h  w i th  a  sm a ll  

c irc u la r  a p e r tu r e  b o re d  in  t h e  b o t to m , t h e  f la t  m a rg in  a r o u n d  th e  h o le  h a v in g  a  

b r e a d th  a t  le a s t  fiv e o r  s ix  t im e s  t h e  d ia m e te r  o f  t h e  a p e r tu r e .  W h e n  th e  m ix tu r e  

h a d  s e t  t h e  lo w e r p a r t  o f  t h e  v e sse l w a s ’ f re e d  fro m  g e la t in e ,  w h ic h  w a s  th e n  c a re 

fu lly  c u t  f lu sh  w i th  t h e  h o le . T h e  c y lin d e rs  w e re  s u s p e n d e d  in  w a te r ,  w h ic h  w a s  

k e p t  c o n s ta n t ly  s t i r r e d ,  a n d  w a s  su ff ic ie n tly  la rg e  in  v o lu m e  to  m a in ta in  t h e  d e n s i ty  

o f  t h e  d if fu s in g  s a l t  a t  t h e  l im i t in g  s u rfa c e  o f  t h e  g e la t in e  a n d  w a te r  p r a c t ic a l ly  a t  

z e ro , a n d  t h e  d iffu se d  so d iu m  c h lo r id e  w a s  fro m  t im e  to  t im e  d e te r m in e d  in  t h e  u s u a l  

m a n n e r  w i th  a  s t a n d a r d  s o lu tio n  o f  s i lv e r  n i t r a te .

T h e  fo llo w in g  is a n  e x a m p le  o f  su c h  a n  e x p e r i m e n t :—

Ta b l e  V I I I . — A f t e r  a b o u t  23 H o u r s ’ D iffu sio n .

N o .

D ia m e te r  o f  

a p e r tu r e  

fo r  d if fu s io n .

H o u r s .
T o ta l  N a C l  

d if fu s e d .

N a C l

d if fu s e d  p e r  

h o u r .

R a t io s  o f  

areas o f  

a p e r tu r e s .

R a t io s  o f  

diam eters  o f  

a p e r t u r e s .

R a t io s  o f  

N a C l  

d iffu s ed .

(1 )

m i l l  i 1)1 8 .

3 - 0 2 3 - 0

g r a m m e s .

• 0 4 3 8

g r a m m e s .

• 0 0 1 9 0 1 - 0 1 0 0 1 0 0

(2 ) 6 - 3 2 2 - 7 •1 0 4 7 •0 0 4 6 1 4 - 1 2 1 0 2 - 3 9

(3) 1 2 - 8 2 2 - 4 • 2 5 0 3 • 0 1 1 1 6 1 8 - 1 4 - 2 6 5 - 7 1

Ta b l e  I X .— A f te r  a  f u r th e r  D iffu sio n  o f  a b o u t  24  H o u r s  in  a  f re s h  A m o u n t

o f  W a te r .

N o .

D ia m e te r  o f  

a p e r tu r e  

fo r  d iffu s io n .

H o u r s .
T o ta l  N a C l  

d iffu se d .

N a C l

d if fu s e d  p er  

h o u r .

R a t io s  o f  

areas o f  

a p e r tu r e s .

R a t io s  o f  

diameters  o f  

a p e r tu r e s .

R a t io s  o f  

N a C l  

d iffu se d .

1 (1 )

m ill im s .

3 - 0 2 2 - 8

g r a m m e s .

• 0 4 2 0

g r a m m e s .

• 0 0 1 8 4 1 - 0 1 0 0 1 0 0

(2 ) • 6 - 3 2 2 - 1 • 0 9 3 0 • 0 0 4 2 0 4 1 2 1 0 2 * 3 3

(3) 1 2 - 8 2 3 - 0 • 2 0 4 0 • 0 0 8 8 6 1 8 - 1 4 * 2 6 4 * 8 8

T h e se  r e s u l ts  sh o w  t h a t  w h e n  a  fa ir ly  s ta t ic  c o n d itio n  is a t t a in e d ,  t h e  r a te s  o f  

d iffu sio n  o f  t h e  s a l ts  c o rre sp o n d  c lo se ly  to  th e  d ia m e te r s  o f  th e  a p e r tu re s ,  a n d  a re  

v e ry  fa r  re m o v e d  fro m  th e  ra t io s  o f  th e  a re as .

I f  in s te a d  o f  c a r ry in g  on  th e  d iffu sio n  th r o u g h  a p e r tu r e s  in  a  d ia p h ra g m  w e 

em p lo y  s t r a ig h t - s id e d  c y lin d e rs  o r  tu b e s , a llo w in g  th e  w a te r  to  com e in to  c o n ta c t  

w ith  th e  e n t i r e  c ro ss -sec tio n  o f  th e  co lu m n  o f  s a l te d  g e la tin e , th e  r e s u l t  is a l to g e th e r  

d iffe ren t. I n  su ch  a  case , as  is sh o w n  b y  t h e  e x p e r im e n t  n e x t  q u o te d , th e  r a t e  o f  

d iffu sio n  is p ro p o r tio n a l  to  t h e  a re a  o f  th e  c ro ss-sec tio n  ex p o sed , n o t  to  i t s  d ia m e te r ,
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ju s t  a s  i t  is in  g a se o u s  d iffu sio n  u n d e r  a n a lo g o u s  c o n d itio n s , o r  in  th e  e v a p o ra t io n  o f  

l iq u id s  in  tu b e s ,  a s  sh o w n  b y  St e f a n  a n d  b y  W in k e l m a n n .

D iffu sio n  fro m  th e  o p e n  e n d  o f  tu b e s  o f  d if fe re n t  d ia m e te r s  c o n ta in in g  s a l te d  

g e la t in e  :—

Ta b l e  X .— A f t e r  21 H o u r s ’ D iffu sio n .

N o .
D ia m e te r  o f  

tu b e .
N a C l d if fu s ed .

R a t io s  o f  

d iameters o f  

tu b e s .

R a t io s  o f  

o f tu b e s .

R a t io s  o f  N a C l  

d if fu s ed .

(1 )

m ill im s .

3 0 - 2 5

g r a m m e s .

• 5 7 8 5 1 - 9 3 - 9 3-G

(2 ) 1 5 - 2 5 • 1 5 7 9 1 0 1 - 0 1 - 0

Ta b l e  X I .— A f t e r  a  S e c o n d  P e r io d  o f  2 0 '8  H o u rs .

N o .
D ia m e te r  o f  

tu b e .
N a C l  d iffu s ed .

R a t io s  o f  

d ia m e te r s  o f  

tu b e s .

R a t io s  o f  a re a s  

o f  tu b e s .

R a t io s  o f  N a C l  

d if fu s ed .

(1 )

m i l l im s .

3 0 - 2 5

g r a m m e s .

• 2 6 2 6 1 - 9 3 - 9 3 - 5 6

(2 ) 1 5 - 2 5 • 0 7 3 7 1 - 0 1 - 0 1 - 0 0

I t  w o u ld  b e  a n  e a sy  m a t t e r  to  g iv e  m a n y  m o re  e x a m p le s  o f  th e  r e m a r k a b le  a n d  

u n e x p e c te d  e ffec t p ro d u c e d  on a  s ta t ic  flow  o f  d iffu s in g  g a s, v a p o u r , o r  s o lu te , w h e n  

w e in te rp o s e  a  d ia p h ra g m  p ie rc e d  w ith  a  s in g le  c irc u la r  a p e r tu r e  o f  k n o w n  

d im e n sio n s, b u t  su ffic ien t p ro o f  lia s  a lre a d y  b e en  g iv e n  t h a t  t h e  m a g n i tu d e  of 

th e  e ffe c t is d e p e n d e n t  on  th e  l in e a r  d im e n s io n s  o f  th e  a p e r tu r e .  I t  fo llow s o f  

c o u rse  fro m  th is ,  t h a t  t h e  v e lo c ity  o f  th e  flow  th r o u g h  u n i t  a re a  o f  su c h  a n  

a p e r tu r e  m u s t  v a ry  in v e rs e ly  a s  t h e  d ia m e te r ,  a n d  i t  c o n s e q u e n tly  b eca m e  a 

m a t t e r  o f  e x tr e m e  in te r e s t  to  in v e s t ig a te  th e  in flu e n ce  o f  a  d ia p h ra g m  p e r fo ra te d  

w ith  m a n y  sm a ll  h o les , s in ce  on e  w o u ld  be  led  to  a n t ic ip a te  t h a t ,  u n d e r  id ea l 

c o n d itio n s , a  se le c tio n  o f  th e  r i g h t  n u m b e r , size, a n d  d is t r ib u t io n  o f  th e  a p e r tu r e s  

o u g h t  to  r e s u l t  in  c a u s in g  b u t  l i t t l e  o b s tru c tio n  in  th e  d iffu s iv e  flow , a l th o u g h  

th e  co m b in ed  a re a  o f  t h e  a p e r tu r e s  m ig h t  o n ly  r e p r e s e n t  a  c o m p a ra tiv e ly  sm all 

p e rc e n ta g e  o f  t h a t  o f  th e  o b s t r u c t in g  se p tu m .

B efo re  p ro c e e d in g  to  d e sc r ib e  o u r  e x p e r im e n ts  in  th is  d ire c tio n , i t  w ill, h o w e v e r, 

b e  c o n v e n ie n t to  a s c e r ta in  h ow  w e can  re a s o n a b ly  e x p la in  th e  p h e n o m e n a  so  fa r  

o b se rv ed .

I n  o u r  e a r l ie r  e x p e r im e n ts '5̂ on  th e  d iffu sio n  o f  a tm o s p h e r ic  c a rb o n  d io x id e  th r o u g h  

v a ry in g  a p e r tu r e s  in  th e  co v er o f  a  d ish  w h ic h  w as  p a r t i a l ly  filled  w ith  a n  absorb*

*  S e e  P r e s id e n t ia l  A d d r e s s  to  S e c t io n  B , B r i t is h  A s s o c ia t io n , D o v e r  M e e t in g , 1 8 9 9 .
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in g  a lk a l in e  s o lu t io n , t h e  f a c t  t h a t  t h e  v e lo c ity  o f  d iffu s io n  p e r  u n i t  a r e a  in c re a s e d  

a s  t h e  a p e r tu r e  w a s  d im in is h e d  d id  n o t  e x c i te  a n y  s u rp r is e ,  s in c e  i t  w a s  c le a r  t h a t  

t h e  g r a d ie n t  o f  d e n s i ty  o f  t h e  C 0 2 o f  t h e  o u te r  a tm o s p h e re ,  a n d  o f  t h e  a i r  a b o v e  

t h e  a b s o rb e n t ,  w a s  n e c e s s a r ily  a n  in c re a s in g  o n e , a  s t a t e  o f  t h in g s  w h ic h  w o u ld  

n a tu r a l l y  r e s u l t  in  a  s o m e w h a t  in c re a s e d  flow . W h e n ,  h o w e v e r , t h e  a r e a  o f  t h e  

a p e r tu r e  w a s  m a d e  v e ry  sm a ll c o m p a re d  w i th  t h a t  o f  t h e  a b s o rb in g  su rfa c e , a n d  t h e  

p a r t i a l  p re s s u re  o f  t h e  C 0 2 in  t h e  a i r  o f  t h e  d is h  h a d  c o n s e q u e n t ly  b e e n  r e d u c e d  

a lm o s t  to  a  v a n is h in g  q u a n t i ty ,  i t  w a s  fo u n d  t h a t  a  f u r t h e r  d im in u t io n  in  t h e  s iz e  

o f  t h e  h o le  w a s  s t i l l  a t t e n d e d  w i th  a  v e r y  m a r k e d  in c re a s e  in  t h e  r a t e  o f  flow  p e r  

u n i t  a re a , a n d  t h a t  t h i s  in c re a s e  w a s  f a r  la r g e r  t h a n  c o u ld  b e  re a s o n a b ly  a c c o u n te d  

fo r  b y  a n y  o r d in a r y  d iffe re n c e s  o f  d e n s i ty  g r a d ie n t  in  t h e  C 0 2.

I t  b e c a m e  s t i l l  m o re  im p o ss ib le  to  r e g a r d  th i s  a s  a  su ff ic ie n t e x p la n a t io n ,  w h e n  

f u r th e r  in v e s t ig a t io n  w i th  im p ro v e d  m e th o d s  a n d  a p p a r a tu s  h a d  b r o u g h t  o u t  t h e  

“  d ia m e te r  la w ,” a n d  i t  w a s  d isc o v e re d  t h a t  t h e  e ffe c t c o u ld  a lso  b e  p ro d u c e d  in  a  

s t a t i c  flow  w h ic h  h a d  a t t a in e d  a  m a x im u m  v e lo c ity  c o n s is te n t  w i th  t h e  d i f fu s iv ity  o f  

t h e  s u b s ta n c e .

I t  is to  D r. J .  La r mo r  t h a t  w e  o w e a  m o s t f r u i t f u l  s u g g e s t io n  w h ic h  h a s  r e s u l te d  

in  a  c o m p le te  a n d  s a t is f a c to r y  e x p la n a t io n  o f  t h e  p h e n o m e n a , a n d  w e  m u s t  h e re  t a k e  

t h e  o p p o r tu n i ty  o f  e x p re s s in g  o u r  th a n k s ,  n o t  o n ly  fo r th i s  s u g g e s t io n , b u t  fo r m u c h  

h e lp  a n d  g u id a n c e  w h ic h  D r. La r mo r  h a s  fro m  t im e  to  t im e  g iv e n  u s  d u r in g  th is  

r e s e a rc h , a n d  w i th o u t  w h ic h  i t  w o u ld  p ro b a b ly  n o t  h a v e  a d v a n c e d  b e y o n d  a n  

e m p ir ic a l  s ta g e .

L e t  u s  in  t h e  f i r s t  p la c e  c o n s id e r  t h e  s im p le  case  o f  a  c irc u la r  d isc , c a p a b le  o f  

a b s o rb in g  c a rb o n  d io x id e , a n d  f re e ly  e x p o se d  to  t h e  a ir ,  t h e  d isc  b e in g  s u r ro u n d e d  

w ith  a  r im  in  t h e  sa m e  p la n e , a n d  o f  a  w id th  th r e e  o r  fo u r  t im e s  i ts  d ia m e te r .

I f  th e  a i r  a b o v e  t h e  d isc  is 'p e r fe c tly  s t i l l ,  th e  c o n v e rg e n t  s t r e a m s  o f  c a rb o n  d io x id e  

w ill c re ep  th r o u g h  th e  a ir  to w a rd s  t h e  d isc , e s ta b l is h in g  a  s te a d y  g r a d ie n t  o f  d e n s i ty ,  

a n d  th is  c re ep  w ill b e  a  flu x  p e rp e n d ic u la r  to  t h e  lin e s  o f  e q u a l d e n s i ty ,  w h ic h  w ill 

t h u s  fo rm  c u rv e d  su rfa ce s , o r  “  s h e lls ,” s u r ro u n d in g  t h e  d isc  a n d  t e r m in a t in g  in  

t h e  rim .

T h e  p ro b le m  is m a th e m a tic a l ly  th e  sam e  a s t h a t  p re s e n te d  b y  t h e  e le c tr ic  fie ld  in  

t h e  n e ig h b o u rh o o d  o f  a  c o n d u c to r  e m b e d d e d  in  a  s u r ro u n d in g  n o n -c o n d u c tin g  su rfa ce , 

a n d  h a v in g  t h e  sa m e  sh a p e  a n d  d im e n s io n s  a s  th e  a b s o rb e n t  d isc. T h e  c u rv e d  

su rfa c e s  o r  “ sh e lls  ” o f  t h e  g a s  o f  e q u a l d e n s i ty  a re , in  fa c t, t h e  e x a c t  a n a lo g u e s  o f  

t h e  s im ila r ly  c u rv e d  su rfa c e s  o f  e q u ip o te n t ia l  a b o v e  th e  e le c tr if ie d  d isc , w h ils t  

t h e  c o n v e rg in g  lin e s  o f  c re ep  o r  f lu x  o f  t h e  g a s  a re  t h e  a n a lo g u e s  o f  th e  l in e s  o r 

tu b e s  o f  fo r c e ,  w h ic h  b e n d  ro u n d  in to  th e  d isc  a s  th e y  a p p ro a c h  it.

B y  th e  a id  o f  th is  e le c t r o s ta t ic  a n a lo g y  w e c a n  e x p la in  w h y  th e  flow  o f  th e  

d iffu sin g  g a s  is  fo u n d  to  v a ry  w ith  th e  l in e a r  d im e n s io n s  o f  th e  a b s o rb in g  disc.

T h is  w ill b e  re n d e re d  e v id e n t  on  re fe r r in g  to  fig. 1 (p. 2 5 6 ), w h ic h  re p re s e n ts  

a  s y s te m  o f  “ sh e lls  ” o r zo n es o f  e q u a l d e n s i ty  a r r a n g e d  a t  su c h  d is ta n c e s  a s  to

VOL. CXCIII.— B. 2 K
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a p p ro x im a te ly  r e p r e s e n t  e q u a l d if fe ren c e s o f  p re s s u re  o f  th e  a tm o s p h e r ic  C 0 2, 

a n d  a lso  th e  lin e s  o f  flow  p e rp e n d ic u la r  to  th e m .*

T h ese  sh e lls  m u s t  v a r y  in  d e n s i ty  o u tw a rd s  fro m  zero  a t  th e  a b s o rb e n t  su rfa c e , 

i f  th is  is p e r fe c t ly  a b s o rb e n t , to  a  d e n s i ty  c o rre sp o n d in g  to  t h e  m a x im u m  p re s s u re  

o f  th e  c a rb o n  d io x id e  in  t h e  a tm o s p h e re ,  a  p o in t  w h ic h  th e o r e t ic a l ly  is a t  in f in ite  

d is ta n c e  fro m  th e  d isc , b u t  w h ic h  is  p r a c t ic a l ly  re a c h e d  a t  a  d is ta n c e  o f  five o r  s ix  

t im e s  i t s  d ia m e te r . I f  w e  h a d  tw o  su c h  f ig u re s  o f  d if fe re n t  s izes , d ra w n  to  r e la t iv e  

sca le , o n e  in  fa c t  t h e  m a g n if ie d  im a g e  o f  t h e  o th e r ,  a n y  c u rv e d  su rfa c e  c o rre sp o n d in g  

to  a  g iv e n  d e n s i ty  w o u ld  h e  fo u n d  a t  a c tu a l  d is ta n c e s  fro m  th e  d isc s  w h ic h  w o u ld  h e  

p ro p o r t io n a l  to  th e i r  d ia m e te rs . T h is , o f  co u rse , m e a n s  t h a t  t h e  g r a d ie n t  o f  d e n s i ty ,  

o n  t h e  m a g n i tu d e  o f  w h ic h  t h e  flow  in to  u n i t  a re a  d e p e n d s , m u s t  v a r y  in v e rs e ly  a s  

t h e  d ia m e te rs  o f  th e  d iscs , a  r e s u l t  su ffic ie n t to  a c c o u n t fo r a ll  t h e  o b se rv e d  fac ts .

T h e  case  o f  su c h  a n  a b s o rb e n t  d isc  a s  w e  h a v e  b e e n  c o n s id e r in g  is th e  e x a c t  

co n v e rse  o f  o n e  w h ic h  h a s  b e e n  th e o r e t ic a l ly  e x p lo re d  b y  St e f a n  ( ‘ W ie n . A k a d . B e r . ,’ 

1 8 81 , vol. 83, A b th e il . 2, p. 6 1 3 ), t h e  c o n d itio n s  o f  e v a p o ra t io n  fro m  a  c irc u la r  su rfa c e  

o f  liq u id . H e  a lso  m a k e s  u se  o f  th e  e le c t r o s ta t ic  a n a lo g y , a n d  t h e  r e s u l ts  o f  h is  

m a th e m a tic a l  a n a ly s is  sh o w  t h a t  t h e  a m o u n t  o f  e v a p o ra t io n  in  su c h  cases  is p ro p o r 

t io n a l  to  t h e  l in e a r  d im e n s io n s  o f  t h e  l iq u id  su rfa ce , a n d  n o t , a s  is  c o m m o n ly  su p p o se d , 

to  i t s  a re a . T h e  lin e s  o f  f lu x  o f  t h e  v a p o u r  p ro c e e d in g  fro m  th e  l iq u id  h e  fin d s  to  b e  

h y p e rb o la s , w h o se  foci lie  in  th e  b o u n d in g  e d g e  o f  t h e  c irc u la r  su rfa ce . T h e  c u rv e d  

su rfa c e s  o f  e q u a l p re s s u re  o f  th e  v a p o u r  o v e r ly in g  t h e  d isc  fo rm  a n  o r th o g o n a l  s y s te m  

o f  e llip so id s, a lso  h a v in g  th e i r  foci in  t h e  e d g e  o f  th e  d isc , a n d  sin ce  th e s e  e ll ip so id s  

com e c lo se r to g e th e r  a t  t h e  m a rg in  t h a n  th e y  d o  n e a re r  t h e  m id d le  o f  t h e  l iq u id  d isc  

(see  fig. 1), St e f a n  co n clu d es  t h a t  e v a p o ra t io n  p ro c e e d s  m o re  r a p id ly  fro m  th e  e d g e  

t h a n  fro m  th e  c e n tr e  o f  t h e  disc.

I t  m u s t  b e  re m e m b e re d  t h a t  t h is  w a s a  p u r e ly  m a th e m a tic a l  d e d u c tio n , w h ic h , a s  

fa r  a s  w e  k n o w , h a s  n e v e r  b e e n  e x p e r im e n ta l ly  v e rif ie d  in  t h e  fo rm  w h ic h  St e f a n  

g a v e  it . I t  is, h o w e v e r , in  c o m p le te  a g re e m e n t  w i th  t h e  re v e rs e  p h e n o m e n a  o f  

a b s o rp tio n  b y  a  c irc u la r  su rfa c e , a n d  w i th  m a n y  o th e r  fa c ts  re c o rd e d  in  th is  p a p e r .

Sr e s n e w s k y  ( ‘ B e ib l.,’ 7, p. 88 8, 1 8 8 3 ), in  so m e o b se rv a tio n s  o n  th e  e v a p o ra t io n  

o f  l iq u id  d ro p s , sh o w ed  t h a t  t h e  a m o u n t  o f  e v a p o ra t io n  o f  su c h  d ro p s  is p ro b a b ly  

p ro p o r t io n a l  to  t h e  c irc u m fe ren c e  a n d  n o t  to  th e  su p erfic ies .

W in k e l m a n n  ( ‘ W ie d . A n n . v o l .  3 (1 8 8 8 ) , 4 0 1 ) a t t a c k e d  e x p e r im e n ta l ly  t h a t  

p o r t io n  o f  th e  p ro b le m  r e la t in g  to  th e  d if fe re n tia l  e v a p o ra t io n  fro m  d if fe re n t  p o r t io n s  

o f  a  c irc u la r  free  su rfa c e  o f  l iq u id . H is  r e s u l ts ,  a l th o u g h  in d ic a t in g  a  la r g e r  a m o u n t  

o f  e v a p o ra t io n  fro m  th e  ed g e , d o  n o t  g iv e  a  n u m e r ic a l  c o rre sp o n d e n c e  w ith  St e f a n ’s  

p re d ic tio n s , b u t  th is  W in k e l m a n n  a t t r ib u t e s  r a th e r  to  t h e  in c o m p le te n e ss  o f  h is  

m e th o d  th a n  to  a n y th in g  f a u l ty  in  St e f a n ’s  d e d u c tio n s . O n  th is  q u e s tio n  w e  sh a ll  

h a v e  s o m e th in g  to  s a y  la te r .

*  S ee  Cl e r k  Ma x w e l l ’s  ‘ E le c tr ic i ty  a n d  M a g n e t is m ,’ v o l .  1, fig . 1 0 , o n  w h ic h  th e  c u r v e s  o f  e q u a l  

d e n s it y  g iv e n  in  o u r  f ig u r e s  a r e  b a s ed .
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T he form ula w h ich  St e f a n  d ed u ced  to  ex p ress  th e  am o u n t o f  ev ap o ra tio n  from  

circu la r liq u id  surface w as

M  =  4 X
P -

P -  p ' ’

a

w h e re  M  is  t h e  m a s s  o f  l iq u id  v a p o r is e d  in  a  g iv e n  t im e  ; Jc, t h e  co effic ien t o f  

d iffu s io n  o f  t h e  v a p o u r  ; a  t h e  r a d iu s  o f  t h e  l iq u id  d isc  ; P  t h e  a tm o s p h e r ic  p r e s s u r e ; 

p  a n d  p "  t h e  p re s s u re  o f  t h e  v a p o u r  a t  t h e  s u r fa c e  a n d  v e ry  f a r  a w a y  fro m  i t ,  

re s p e c t iv e ly .

T h is  fo rm u la  is p ra c t ic a l ly  id e n t ic a l  w i th  o n e  w h ic h  w a s  g iv e n  to  u s  b y  D r. La r mo r  

a s  a p p lic a b le  to  t h e  re v e r s e  p ro c e ss  o f  a b s o rp t io n  o f  a tm o s p h e r ic  C 0 3 b y  a  p e r f e c t ly  

a b s o rb in g  c irc u la r  d isc —

Q =  2

w h e re  Q  is  t h e  a m o u n t  a b s o rb e d  in  a  g iv e n  t i m e ; k  t h e  co eff ic ien t o f  d iffu s io n  o f  0 0 3 

in  a i r ; p  t h e  d e n s i ty  o f  t h e  a tm o s p h e r ic  C 0 3 a t  a  p o in t  v e ry  f a r  re m o v e d  fro m  th e  

d isc  ; a n d  D  th e  d ia m e te r  o f  t h e  d isc . T h e  fo rm u la  w a s  d e d u c e d  fro m  th e  k n o w n  

la w s  o f  t h e  d iffu s io n  o f  g a se s , a n d  t h e  e le c t r o s ta t ic  a n a lo g y  a b o v e  r e fe r r e d  to , w i th o u t  

a n y  k n o w le d g e  o f  St e f a n ’s  p re v io u s  w o rk , a n d  t h e  fo llo w in g  p ro o f  o f  i t  w a s  g iv e n , 

w h ic h  h a s  t h e  a d v a n ta g e  o v e r  St e f a n ’s  t h a t  i t  is in te l l ig ib le  to  t h e  n o n -  

m a th e m a tic ia n  :—

A bsorbing Disc.

G r a d ie n t  o f  d e n s it y  p  c o r r e s p o n d s  to  

A b s o r p t io n  — k  x  g r a d ie n t .

lc D
. ’. T o ta l  a b so r p t io n  =  —  . —  . p —

1 7r

Electrified  Disc.

G r a d ie n t  o f  p o t e n t ia l  (V ) .

D e n s i t y  o f  c h a r g e  =  x  g r a d ie n t

E le c tr ic  c a p a c i ty  =  — .
7T

T o ta l  c h a r g e  =  —  . V .

F o r  o n e  s id e  o n ly  o f  t h e  d isc  i t  is th e re fo re  2JcpD.

I n  a t t e m p t in g  to  v e r ify  th is  fo rm u la  e x p e r im e n ta l ly  b y  d e te r m in in g  th e  a m o u n t  

o f  a tm o s p h e r ic  c a rb o n  d io x id e  w h ic h  can  b e  a b so rb e d  b y  c irc u la r  su rfa c e s  o f  s o lu tio n s  

o f  c a u s tic  a lk a li  w e a re  a t  o nce  m e t  b y  tw o  d iff icu lties . I n  th e  f i r s t  p lac e  th e  

“ s h e l l s ” o f  e q u a l d e n s i ty ,  w h ic h  a c c o rd in g  to  th e  ab o v e  v iew  a re  fo rm ed  o v e r th e  

su rfa ce , m u s t  n e c e s sa r ily  b e  v e ry  u n s ta b le  a n d  s u b je c t  to  d isp e rsa l  b y  th e  s l ig h te s t  

c u r r e n t  o f  a ir , a n d  t h e  la rg e r  t h e  a b so rb in g  d isc  th e  less  s ta b le  th e  sh e lls  m u s t  

becom e. I n  th e  se co n d  p la ce  su c h  so lu tio n s , a l th o u g h  g o o d  a b so rb e rs  o f  C 0 3, a re  b y  

no  m e a n s  p e rfe c t  on es, a s  w ill b e  m o re  fu lly  sh o w n  in  th e  A p p e n d ix  to  th is  p a jje r  

d e a lin g  w i th  th e  b e h a v io u r  o f  so lu tio n s  o f  c a u s tic  a lk a li  to w a rd s  v e ry  d i lu te  c a rb o n  

d io x id e . T h e  q u a n t i t a t iv e  r e la t io n s  b e tw e e n  Q  a n d  k  in  th e  a b o v e  fo rm u la  d e p e n d  on 

th e  te n s io n  o f  th e  a b so rb e d  g a s  b e in g  zero  a t  t h e  l im itin g  su rfa c e  o f  th e  l iq u id  a n d

2 K 2
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th e  a ir , o r  a t  a n y  r a t e  h a v in g  a  d e f in ite  a n d  k n o w n  r e la t io n  to  t h e  m a x im u m  te n s io n  

o f  th e  g a s  in  t h e  o u te r  a ir .

B u t  a l th o u g h  a  fu ll  v e r if ic a tio n  c o u ld  n o t  re a s o n a b ly  b e  e x p e c te d  b y  th i s  m o d e  of 

e x p e r im e n t in g , i t  c e r ta in ly  d id  se em  p ro b a b le , i f  t h e  a b o v e  th e o r e t ic a l  v ie w s  w e re  

c o rre c t, t h a t  w e  s h o u ld  f in d  a b s o rp t io n  fo llo w in g  t h e  l in e a r  d im e n s io n s  o f  t h e  d isc s  

r a t h e r  th a n  th e i r  a re a s .*

W h e n  c irc u la r  d ish e s  c o n ta in in g  n o rm a l so d a  s o lu tio n  a re  e x p o se d  to  a i r  w h ic h  is 

k e p t  a s  s t i l l  a s  p o ss ib le , t h e  a b s o rp t io n  is p ro p o r t io n a l  to  t h e  a r e a s  e x p o se d  i f  t h e i r  

d ia m e te r s  e x c e e d  5 to  6 c e n t im s ., b u t  t h e  case  is  d if fe re n t  i f  sm a lle r  d isc s  a re  u se d , 

a n d  t h e  p ro p e r  fa c ili t ie s  a re  g iv e n  fo r  t h e  p ro d u c tio n  o f  s ta b le  d e n s i ty  “ sh e lls .”

S m a ll b u r e t te - l ik e  tu b e s  o f  k n o w n  c a p a c i ty ,  a n d  v a r y in g  fro m  5 to  40 m illim s. in  

d ia m e te r ,  a n d  fu rn is h e d  w ith  sm a ll g la s s  s to p c o c k s , w e re  a c c u ra te ly  f i t t e d  in to  b ra s s  

d isc s  a b o u t  10 c en tim s . in  d ia m e te r ,  in  su c h  a  m a n n e r  t h a t  t h e  g ro u n d  e d g e s  o f  th e  

tu b e  w e re  e x a c t ly  in  t h e  p la n e  o f  t h e  u p p e r  su rfa c e  o f  t h e  d isc , w h ic h  th u s  fo rm e d  a  

b ro a d  r im  ro u n d  th e  m o u th  o f  th e  tu b e .

T h e  a p p a r a tu s  h a v in g  b e e n  fix ed  w i th in  a  c u r ta in e d  rec e ss  o f  a  ro o m  s e t  a p a r t  fo r 

t h e  e x p e r im e n ts , th e  a ir  o f  w h ic h  c o u ld  b e  k e p t  v e ry  s t i l l ,  t h e  tu b e s  w e re  c o m p le te ly  

filled  w i th  a  4 p e r  c e n t, c a u s t ic  so d a  so lu tio n  in  w h ic h  th e  p r e - e x is t in g  c a rb o n a te  w as 

a c c u ra te ly  k n o w n . T h e  s o lu tio n  th u s  fo rm e d  a n  a b s o rb e n t  d isc  p r a c t ic a l ly  in  th e  

sa m e  p la n e  a s  th e  b ra s s  r im  a ro u n d  it. t  E v a p o r a t io n  w a s m a d e  g o o d  fro m  t im e  to  

t im e  b y  th e  f u r th e r  a d d it io n  o f  a  few  (m e a su re d )  d ro p s  o f  t h e  sam e  so lu tio n .

A t  th e  c lose o f  t h e  e x p e r im e n t ,  t h e  c a u s tic  so d a  w a s  d ra w n  off w i th  a ll  n e c e s sa ry  

p re c a u tio n s , a n d  t h e  c a rb o n  d io x id e  i t  h a d  a b s o rb e d  w a s  d e te rm in e d .

T h e  fo llo w in g  is a  ty p ic a l  e x a m p le  o f  t h e  r e s u l ts  so o b ta in e d  :—

Ta b l e  X I I .

( D u ra t io n  o f  e x p e r im e n t  a b o u t  24  h o u rs .)

D iam e te r

C 0 2 a b so r b e d  p e r  h o u r .

R a t io s  o f  

a re a s .

R a t io s  o f  

d ia m e te r s .

1

M e a n  r a t io s  

o f  a re a s  

a n d

d ia m e te r s .

R a t io s  o f

o f  l iq u id  

d is c .
F o u n d .

C a lc u la te d  

fr o m  fo r m u la .

C 0 2

a b s o r b e d .

mil l ims .

1 0 - 2 5

cub.  cen t ims .

• 1 7 6

cub.  c en t im s .

• 3 9 0 1 - 0 1 - 0 1 - 0 1 0

2 0 - 2 5 • 5 3 7 • 7 7 0 3 - 9 1 - 9 2 - 9 3 - 0

2 9 - 2 5 • 9 4 1 1 - 1 1 5 8 - 1 2 - 8 5 - 4 5 - 3

4 0 - 0 0

1

1 - 6 2 1 1 - 5 2 5

i

1 5 - 2 3 - 9 9 - 5 9 - 2

*  T h e  c a se  in  fa c t  w o u ld  b e  a n a lo g o u s  to  St e f a n ’s  e v a p o r a t io n  p r o b le m  r e v e r s e d , w h e n  t h e  p a r t ia l  

p r e s s u r e  p '  o f  th e  v a p o u r  a t  t h e  s u r fa c e  o f  th e  l iq u id  is  n o t  a t  i t s  m a x im u m  fo r  th e  te m p e r a tu r e  a n d  

p r e s su r e  o f  t h e  e x p e r im e n t ,  a n d  i t s  t r u e  v a lu e  is  u n k n o w n . A l l  o th e r  c o n d it io n s  b e in g  th e  sa m e , w e  

s h o u ld  s t i l l  e x p e c t  t h e  v a lu e  o f  M  to  v a r y  w ith  t h e  d ia m e te r s  o f  t h e  d is c s ,  b u t  t h e  v a lu e  o f  Jc w o u ld  n o t  b e  

d e t e r m in a b le .

t  I t  is  d e s ir a b le  to  s m e a r  t h e  e d g e  o f  t h e  tu b e  w it h  a  tr a c e  o f  v a s e l in e  to  p r e v e n t  c r e e p in g  o f  th e  

s o lu t io n  a n d  e f flo r e s c e n c e  o f  th e  so d a .
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I t  is se e n  fro m  th e  l a s t  tw o  c o lu m n s  t h a t  t h e  a m o u n ts  o f  CCh a b s o rb e d  in  e q u a l 

t im e s  a re  a lm o s t  e x a c t ly  p ro p o r t io n a l  to  t h e  m e a n  r a t io s  o f  th e  d ia m e te r s  a n d  a re a s . 

T h e  sa m e  r e s u l t  is a lso  sh o w n  b y  t h e  fo llo w in g  tw o  e x p e r im e n ts  :—

T a b l e  X I I I .

G A S E S  A N D  L IQ U ID S , E T C ., IN  P L A N T S . 2 5 3

( D u r a t io n  o f  e x p o s u re , 2 d a y s .)

D iam e te r

o f

l iq u id  d isc .

CCL a b so rb e d  

p e r  hour.

R a t io s  o f  

a r e a s .

R a t io s

o f  d ia m e te r s .

M e a n  r a t io s  

o f  a r e a s  

a n d  d ia m e te r s .

|

R a t io s  o f  

CO o a b so r b e d .

m i l l i m s .

5 - 0

c u b .  c e n t im s .

• 0 4 3 1 - 0 1 - 0 1 - 0 1 - 0

2 0 - 2 5 •4 3 1 1 6 - 4 4 - 0 1 0 - 2 1 0 - 0

5 - 0 •0 5 1 1 - 0 1 - 0 1 - 0 1 - 0

2 0 - 2 5 •5 4 2 1 6 - 4 4 - 0 1 0 - 2 1 0 - 6

I f  th e  a i r  a b o v e  t h e  d isc s  w e re  in  v e r y  s l ig h t  m o v e m e n t,  i

e x a c t ly  t h e  e ffec ts  o b se rv e d  ; t h a t  is to  sa y , w e  s h o u ld  e x p e c t  u n d e r  th e s e  c o n d it io n s  

to  f in d  t h e  r a t io s  o f  a b s o rp t io n  o f  t h e  c a rb o n  d io x id e  fa l l in g  so m e w h e re  in te r m e d ia te  

b e tw e e n  t h e  r a t io s  o f  t h e  a re a s  a n d  th o s e  o f  t h e  d ia m e te rs .

B y  t a k in g  f u r th e r  e x tr e m e  p re c a u t io n s  a g a in s t  t h i s  d is tu rb a n c e , a n d  b y  c o m p a r in g  

tw o  d isc s  o f  s m a ll  d ia m e te r ,  so  a s  to  f u r th e r  in c re a se  t h e  s t a b i l i ty  o f  t h e  “  sh e lls ,” w e  

f in a lly  o b ta in e d  th e  fo llo w in g  r e s u l t ,  w h ic h  a p p ro x im a te s  v e ry  m u c h  c lo ser  to  t h e  

“  d ia m e te r  la w .”

T a b l e  X IY .

(D u r a t io n  o f  e x p e r im e n t ,  4 3 — 44 h o u rs .)

D ia m e te r

o f

l iq u id  d is c .

C O 2  ab  

T o ta l .

>sorbed.

P e r  h o u r .

R a t io s  o f  

a r e a s .

R a t io s

o f  d ia m e te r s .

R a t io s  o f  

C O 2  a b s o r b e d .

millims.

5 - 0 1 - 9 7 4 • 0 4 4 1 - 0 1 - 0 1 - 0

1 0 - 2 5 4 - 8 9 0 •1 1 1 4 - 2 2 - 0 5 2 - 4 7

W e  th u s  see  t h a t  th e  o b se rv e d  d iffe ren ces in  th e  v e lo c ity  o f  th e  d iffu siv e  flow  o f  

a  s u b s ta n c e  th r o u g h  a p e r tu r e s  o f  v a r io u s  s izes in  a n  o b s t r u c t in g  d ia p h ra g m  a re  

e x a c t ly  p a ra lle le d  b y  s im ila r  d iffe ren ces in  s u i ta b le  a b s o rp t iv e  su rfa c e s , t h e  a m o u n t  

d iffu sed  o r  a b so rb e d  d e p e n d in g  o n  th e  l in e a r  d im e n s io n s  o f  th e  a p e r tu r e  o r  su rfa ce , a s  

th e  case  m a y  be. T h a t  th e r e  s h o u ld  b e  a  co m m o n  e x p la n a t io n  o f  tw o  su c h  s im ila r  

s e ts  o f  p h e n o m e n a  a p p e a rs  to  b e  a lm o s t c e r ta in , a n d  in  th e  case  o f  th e  a b s o rp tiv e  

su rfa ce  n o  e x p la n a t io n  a p p e a rs  p o ss ib le  o th e r  th a n  t h a t  a lr e a d y  g iv e n , a n d  p o s tu la t in g

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

4
 A

u
g
u
st

 2
0
2
2
 



2 5 4 D R . H . T . B R O W N  A N D  M R . F . E S C O M B E  O N  S T A T IC  D IF F U S IO N  O F

t h e  e x is te n c e  o f  a  s y s te m  o f  o v e r ly in g  e q u i-d e n s i ty  sh e lls  b r o u g h t  in to  e x is te n c e  

b y  th e  c o n v e rg in g  s t r e a m s  o f  th e  g a s  o n  th e i r  w a y  to  t h e  a b s o rb in g  su rfa ce .

T h e re  is, h o w e v e r , o n e  im p o r ta n t  d iffe ren c e  b e tw e e n  t h e  b e h a v io u r  o f  a b s o rb in g  

d iscs , a n d  o f  p e r fo ra tio n s  in  a  s e p tu m  d iv id in g  tw o  re g io n s  o f  d if fe re n t  d e n s i ty .  I n  

t h e  fo rm e r case , a s  w e  h a v e  j u s t  se en , t h e  a b s o rp t io n , a c c o rd in g  to  l in e a r  d im e n s io n s , 

is  e x tr e m e ly  s e n s i t iv e  to  a n y  d is tu r b a n c e  w h ic h  m a y  b e  s u p p o s e d  to  a ffe c t t h e  

s ta b i l i ty  o f  t h e  o v e r ly in g  “  s h e l ls ,” w h e re a s  in  t h e  case  o f  a  p e r f o r a te d  d ia p h ra g m , 

th r o u g h  w h ic h , fo r  in s ta n c e , a tm o s p h e r ic  c a rb o n  d io x id e  is d iffu s in g , n o  sp e c ia l p r e 

c a u tio n s  to  k e e p  t h e  o u te r  a i r  q u i te  s t i l l  a re  r e q u i s i t e ; in  fa c t, w e  m a y  o b ta in  g o o d  

in d ic a tio n s  o f  t h e  “  d ia m e te r  l a w ” u n d e r  th e s e  c o n d it io n s  fro m  a i r  w h ic h  is in  d i s t in c t  

m o v e m e n t, a  m o v e m e n t fa r  m o re  t h a n  su ffic ie n t to  sw e e p  a w a y  a n d  d e s t r o y  th e  

e fficacy o f  a n y  sh e lls  o v e r  a n  a b s o rb in g  a lk a lin e  s o lu tio n  o f  t h e  sa m e  sh a p e  a n d  

size.

I n  th e  case  o f  t h e  a b s o rb e n t  d isc , t h e  c o n v e rg e n t  h y p e rb o lic  l in e s  o f  f lu x  o f  th e  

c a rb o n  d io x id e  a ll  t e r m in a te  in  th e  su rfa c e  o f  t h e  d isc , a n d  n o rm a l to  i t ,  w h e re  t h e y  

a re  t r a p p e d  b y  t h e  a b s o rb e n t. (S ee  fig. 1, p. 2 5 6 .)  W i t h  t h e  p e r fo ra te d  d ia p h ra g m , on  

th e  o th e r  h a n d , th e  lin e s  o f  flow , w h ic h  a re  c o n v e rg e n t  a s  th e y  a p p ro a c h  th e  d isc , b e n d  

r o u n d  th e i r  foci, s i tu a te d  in  th e  e d g e s  o f  th e  d isc , a n d  fo rm  a  d iv e r g e n t  s y s te m  o n  th e  

o th e r  s ide . I f  th e  c h a m b e r  in to  w h ic h  th e y  p a s s  is a  p e r fe c t ly  a b s o rb e n t  o ne , a n d  is 

su ff ic ie n tly  la rg e , w e  s h a ll  h a v e  fo rm e d  on  t h e  in n e r  s id e  o f  th e  d ia p h ra g m  a  s y s te m  

o f  “  sh e lls  ” o f  e q u a l d e n s i ty  e x a c t ly  s im ila r  to  th o s e  o f  th e  o u t s i d e ; b u t  w i th  th e  

g r a d ie n t  o f  d e n s i ty  in  t h e  o p p o s ite  d ire c tio n , t h e  d e n s i ty  d e c re a s in g  fro m  th e  d ia 

p h ra g m  in w a rd s  (fig. 2). T h is  s y s te m  o f  in te r n a l  “ s h e lls ,” w h ic h  w e  m a y  d e s ig n a te  a s  

n e g a tiv e , w ill o f  c o u rse  b e  s h ie ld e d  fro m  th e  d i r e c t  a c t io n  o f  c u r r e n ts  in  t h e  o u te r  

a ir ,  i f  t h e  a p e r tu r e  is n o t  la rg e , a n d  th e y  w ill m a n ife s tly  b e  a s  e ffec tiv e  in  r e g u la t in g  

t h e  in flo w  a c c o rd in g  to  t h e  l in e a r  d im e n s io n s  o f  th e  a p e r tu r e  a s  th e  o u te r  o r  p o s it iv e  

sh e lls , w h i ls t  t h e y  a re  q u i te  in d e p e n d e n t  o f  t h e  l a t t e r ,  w h ic h  m a y  be  c o m p le te ly  

s w e p t  a w a y , w i th o u t  in te r f e r in g  w ith  t h e  “  d ia m e te r  la w .” #

T h is  v ie w  is p re fe c t ly  in  a cc o rd  w ith  t h e  fa c ts , a n d  i t  a lso  e x p la in s  w h y  in  E x p e r i 

m e n ts  2 a n d  3, T a b le  I I I . ,  p. 2 44 , t h e  a m o u n t  o f  d iffu sio n  w a s fo u n d  to  b e  i n t e r 

m e d ia te  b e tw e e n  th e  d ia m e te r  a n d  a re a  r a t io s  o f  th e  a p e r tu r e s ,  t h e  r im  o r m a rg in  o f  

t h e  a p e r tu r e  in  th e s e  cases n o t  b e in g  su ffic ie n tly  w id e  to  a llo w  a  c o m p le te  s y s te m  o f  

in te r n a l  sh e lls  to  b e  fo rm ed . *

*  I t  m u s t  b e  u n d e r s to o d  t h a t  w e  a re  o n ly  s p e a k in g  h e r e  o f  th e  relative  r a te s  o f  d if fu s io n  th r o u g h  

a p e r tu r e s  o f d if fe r e n t  s iz e s  a n d  u n d e r  s im ila r  c o n d it io n s . T h e  a c tu a l  r a te  o f  d if fu s io n  th r o u g h  a n  a p e r tu r e  

is ,  a s  w i l l  b e  s h o w n  la te r , m u c h  in f lu e n c e d  a c c o r d in g  to  w h e th e r  w e  h a v e  a  s in g le  o r  d o u b le  s y s te m  o f  

s h e lls .
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G A S E S  A N D  L IQ U ID S , E T C ., I N  P L A N T S . 2 5 5

E x p e r i m e n ta l  D e m o n s tr a t io n  o f  the  F o r m a t io n  o f  E l l i p s o i d a l  “  S h e lls  ” o f  E q u a l  

D e n s i ty  d u r in g  D i f fu s io n  th r o u g h  a n  A p e r tu r e  i n  a  D ia p h r a g m .

A ll t h e  p h e n o m e n a  o f  d iffu s io n  t h r o u g h  a p e r tu r e s  in  a  d ia p h r a g m , o r  in to  a n  

a b s o r b e n t  su rfa c e  s u r r o u n d e d  b y  a  b ro a d  r im , a d m i t  o f  a  c o m p le te  a n d  s a t is f a c to r y  

e x p la n a t io n  i f  w e  a s su m e  t h a t  t h e  c o n v e rg in g  o r  d iv e r g in g  lin e s  o f  flow  to  o r  f ro m  

th e  a p e r tu r e  o r  a b s o rb in g  su rfa c e  r e s u l t  in  t h e  p ro d u c t io n  o f  a  s y s te m  o f  “  sh e lls  ” o f  

e q u a l  d e n s i ty ,  w h ic h  lo c a lly  a l t e r  t h e  g r a d ie n t  in  t h e  im m e d ia te  n e ig h b o u rh o o d  o f  

t h e  s e p tu m .

T h e  p ro o f  o f  t h e  fo rm a tio n  o f  s u c h  “  s h e l ls  ” is, h o w e v e r , n o t  c o n fin e d  to  a  lin e  o f  

re a s o n in g  w h ic h  is p a r t l y  d e d u c t iv e  a n d  b a se d  o n  t h e  e le c t r o s ta t ic  a n a lo g y , fo r  w e  

h a v e  b e e n  a b le  to  o b ta in  a n  e x p e r im e n ta l  v e r if ic a tio n  o f  t h e i r  e x is te n c e . L iq u id  

d iffu sio n  in  g e la t in e  is a d m ir a b ly  s u i te d  fo r  th i s  p u rp o s e , t h e  d if fu s in g  s o lu te  b e in g  

e i th e r  a  c o lo u re d  s u b s ta n c e  o r  o n e  w h o se  p ro g re s s  o f  d iffu sio n  m a y  b e  o b se rv e d  b y  i ts  

r e a c t io n  w i th  a n o th e r  s u b s ta n c e  d iffu s in g  in  t h e  o p p o s ite  d ire c tio n .

I n  o u r  e x p e r im e n ts  w i th  c o lo u re d  s u b s ta n c e s  w e  h a v e  g e n e r a l ly  e m p lo y e d  a  "05 p e r  

c en t , s o lu tio n  o f  m e th y le n e  b lu e  in  5 p e r  c e n t ,  a q u e o u s  g e la t in e ,  t h e  d y e  b e in g  a llo w e d  

to  d iffu se  in to  a  c le a r  g e la t in e  s o lu t io n  o f  s im ila r  s t r e n g th .

W h e n  s tu d y in g  d iffu sio n  th r o u g h  a p e r tu r e s  in  a  d ia p h ra g m , a  la rg e  r e c ta n g u la r  

ce ll w i th  p la te -g la s s  s id e s  w a s  u se d , a n d  th i s  w a s  so c o n s t r u c te d  a s  to  b e  c a p a b le  o f  

b e in g  d iv id e d  h o r iz o n ta l ly  in to  tw o  p a r t i t io n s  b y  a  t h in  p la te  o f  c e llu lo id , t in - fo il , o r  

so m e o th e r  c o n v e n ie n t  s e p tu m . T h is  s e p tu m  w a s  p e r f o r a te d  w i th  a  h o le  o f  k n o w n  

d im e n s io n s , o n e  c o m p a r tm e n t  b e in g  f illed  w i th  c le a r  g e la t in e  a n d  th e  o th e r  w i th  

g e la t in e  a n d  d y e , th e  tw o  so lu tio n s  o n ly  b e in g  in  c o n ta c t  a c ro ss  t h e  p e rfo ra tio n .

I t  is e x tr e m e ly  in te r e s t in g  to  w a tc h  t h e  c h a n g in g  fo rm  o f  t h e  l im i t in g  su rfa c e  o f  

d y e  a n d  c o lo u r le ss  g e la t in e  u n d e r  th e s e  c irc u m s ta n c e s  a s  d iffu sio n  p ro g re s se s . I t s  

e ll ip so id a l sh a p e  is w e ll sh o w n , e sp e c ia lly  in  th e  v e ry  e a r ly  s ta g e s , t h e  m a jo r  a x e s  o f  

th e  e ll ip so id s  b e in g  in  th e  p la n e  o f  th e  s e p tu m , a n d  t h e i r  co m m o n  foci in  th e  e d g e s  

o f  th e  c irc u la r  hole. I t  is a lso  se en  t h a t  th e  su rfa c e s  o f  e q u a l d e n s i ty  a p p ro a c h  

n e a re r  to  e a c h  o th e r  a t  t h e  d ia p h ra g m  th a n  f a r th e r  a w a y  fro m  i t ,  th u s  a c c o u n tin g  

fo r  th e  m o re  r a p id  la te r a l  c re ep  o f  th e  d y e  a t  t h e  m a rg in  o f  t h e  hole. T h is  la s t -  

m e n tio n e d  fa c t  i l lu s t r a te s  e x p e r im e n ta l ly  th e  d e d u c tio n  o f  St e f a n , to  w h ic h  w e  h a v e  

a lr e a d y  c a lle d  a t t e n t io n ,  t h a t ,  in  th e  s t r i c t ly  a n a lo g o u s  p h e n o m e n o n  o f  e v a p o ra t io n  

fro m  a  c irc u la r  d isc , e v a p o ra t io n  is g r e a te r  a t  th e  e d g e s  o f  th e  d isc  t h a n  n e a r e r  th e  

c e n tre .

A s th e  d iffu sio n  p ro g re s se s  th e  sp h e ro id  o f  c o lo u re d  g e la t in e  a p p ro a c h e s  n e a re r  to  

th e  d im e n s io n s  o f  a  h e m isp h e re , w h ic h , h o w e v e r , i t  n e v e r  a c tu a l ly  rea ch es.

S u c h  e x p e r im e n ts , c o n d u c te d  s id e  b y  s id e  w ith  a p e r tu r e s  o f  d if fe re n t  sizes , c an  he  

m ad e  to  i l lu s t r a te  th e  “ d ia m e te r  la w  ” i f  th e  v o lu m es o f  th e  s p h e ro id s  p ro c e e d in g  

fro m  a p e r tu r e s  o f  d if fe re n t d ia m e te r  a re  c o m p a red  for e q u a l t im e s  o f  d iffusion . T h is  

is sh o w n  in  th e  fo llo w in g  ta b le  fo r tw o  s e ts  o f  m e a s u re m e n ts  :—
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T a b l e  X V .

D iam e te r  o f  

a p e r tu r e .

V o lu m e  o f  

s p h e r o id .

R a t io s  o f  a r e a s  

o f  a p e r tu r e s .

R a t io s  o f  

d ia m e te r s  o f  

a p e r tu r e s .

R a t io s  o f  

v o lu m e s  o f  

s p h e r o id s .

0 )

m i l l i i n s .

5 - 5

c u b .  c e n t i m s .

7 - 0 6 8 1 - 0 1 - 0 1 - 0

I (2 ) 1 2 - 0 1 4 - 3 6 5 4 - 7 6 2 - 1 8 2 - 0 3

( 3 ) 5 - 5 1 3 - 8 0 5 1 - 0 1 - 0 1 - 0

( 4 ) 1 2 - 0 3 3 - 7 1 6 4 - 7 6 2 - 1 8 2 - 4 4

T h e o re t ic a l C o n s id e r a tio n s  o f  the  E f fe c t  o f  th e  C o m b in e d  S y s te m s  o f  “  S h e lls  o f  

E q u a l  D e n s i ty  o n  D i f fu s io n  th ro u g h  A p e r tu r e s  a n d  T u b es .

I n  c o n s id e r in g  so m e w h a t in  d e ta i l  t h e  v a r io u s  cases  w h ic h  m a y  p r e s e n t  th e m s e lv e s  

in  p ra c t ic e , w e  w ill, in  t h e  f i r s t  p la ce , d e a l w i th  t h e  tw o  s in g le  s y s te m s  o f  sh e lls  

r e p r e s e n te d  in  figs. 1 a n d  2, w h ic h  a re  in  e v e ry  r e s p e c t  c o m p le m e n ta ry  to  o n e  a n o th e r .  

I n  fig. 1 w e  h a v e  a  r e p r e s e n ta t io n  o f  t h e  “  p o s it iv e  ” s h e lls  o v e r ly in g  a  p e r f e c t ly  

a b s o rb e n t  c irc u la r  s u r f a c e ; a n d  in  fig. 2 t h e  c o rre sp o n d in g  s y s te m  o f  “  n e g a t iv e  ”

sh e lls , su c h  a s  w o u ld  b e  p ro d u c e d  o n  th e  in n e r  s id e  of a  p e r fo ra te d  d ia p h ra g m  o p e n in g  

in to  a  la rg e  c h a m b e r  in  w h ic h  th e  d e n s i ty  o f  t h e  d iffu s in g  g a s  o r  s u b s ta n c e  is k e p t  

p ra c t ic a l ly  a t  ze ro , t h e  d e n s i ty  im m e d ia te ly  o u ts id e  t h e  d ia p h ra g m  b e in g  su p p o se d  to  

b e  k e p t  a t  a  m a x im u m  b y  a  c u r r e n t  o f  t h e  g a s  o r  l iq u id  m o v in g  w i th  su ffic ie n t 

v e lo c ity  in  a  h o r iz o n ta l  p la n e  to  p r e v e n t  e x te r n a l  sh e ll  fo rm a tio n . I n  t h e  f i r s t  case , 

fig. 1, th e  d e n s i ty  o f  th e  d iffu s in g  s u b s ta n c e  w ill v a ry  fro m  p , a t  a  re m o te  p o in t  ab o v e  

th e  d isc, to  zero  a t  t h e  su rfa c e  o f  th e  a b s o r b e n t ; w h i ls t  in  t h e  case  r e p r e s e n te d  in  

fig. 2, th e  d e n s i ty  is p  in  th e  p la n e  o f  th e  a p e r tu r e ,  b eco m in g  z e ro  re m o te  fro m  th e  

a p e r tu r e ,  in s id e  th e  v e sse l c o v e red  b y  th e  d ia p h ra g m . I f  p  h a s  t h e  sam e  v a lu e  in  each  

case , a n d  th e  d isc  a n d  a p e r tu r e  h a v e  th e  sam e  d im e n s io n s , t h e  sam e  m ass  o f  su b s ta n c e  

w ill d iffu se  ac ro ss  a n y  tw o  sh e lls  o f  t h e  tw o  sy s te m s  in  a  g iv e n  tim e .
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I f  t h e  s h e lls  w e re  h e m is p h e r ic a l ,  t h e  d e n s i ty  o f  a n y  tw o  s h e lls  o f  t h e  sa m e  s y s te m  

w o u ld  b e  in v e r s e ly  p ro p o r t io n a l  to  t h e i r  r a d i i ,  t h e  v e lo c ity  o f  d r i f t  v a r y in g  in v e r s e ly  

a s  t h e  s q u a re  o f  t h e  ra d ii . B u t  t h e  p ro je c tio n  o f  t h e  s h e lls  is e l l ip t ic a l ,  n o t  c irc u la r ,  

t h e  e llip se s  h a v in g  t h e i r  foci in  t h e  e d g e s  o f  t h e  c irc le  fo rm in g  t h e  a b s o r b e n t  d isc  

o r  p e rfo ra tio n . T h e s e  e llip se s  a re  n o t  o f  t h e  sa m e  s h a p e  a n d  b e co m e  p r a c t ic a l ly  

s e m ic irc u la r  a t  t h r e e  o r  fo u r  t im e s  t h e  d ia m e te r  o f  t h e  a p e r t u r e ; so  t h a t  a t  t h i s  

d is ta n c e  t h e  d iffe re n c e  in  d e n s i ty ,  p lu s  o r  m in u s , a c c o rd in g  to  w h e th e r  w e  a re  r e g a r d 

in g  t h e  p o s it iv e  o r  n e g a t iv e  sh e lls , w ill fo llo w  th e  la w  o f  t h e  r a d i i  o f  t h e  sh e lls , b u t  

th i s  w ill n o t  b e  so  a t  n e a r e r  d is ta n c e s .

T h e  fo rm u la  r e p r e s e n t in g  t h e  a m o u n t  o f  d iffu s io n  in  a  g iv e n  t im e  is  t h e  sa m e  in  

e a c h  case , v i z . :—

Q =  2

w h e re  Q , k, p  a n d  D  h a v e  t h e  sa m e  s ig n if ic a n c e  a s  o n  p. 25 1 .

I n  fig. 3 w e  h a v e  t h e  c o m b in a tio n  o f  s h e lls  o f  e q u a l  d e n s i ty ,  b o th  p o s i t iv e  a n d  

n e g a t iv e ,  su c h  a s  a r e  p ro d u c e d  o n  e i th e r  s id e  o f  a  p e r f o r a te d  d ia p h ra g m  o f  n o  se n s ib le  

th ic k n e s s , w h e n  th e r e  a re  n o  d i s tu r b in g  c u r r e n t s  o u ts id e .

e

Fig. 3

o

T h e  v a r ia t io n  in  d e n s i ty  o f  th e  o u te r  p o s it iv e  sh e lls  in  th is  c o m b in a tio n  w ill b e  fro m  

p  a t  a  r e m o te  d is ta n c e , to  p y a t  th e  a p e r tu r e  its e lf , w h ils t  th e  v a r ia t io n  in  th e  in n e r  

n e g a t iv e  sh e lls  w ill b e  fro m  p y a t  t h e  a p e r tu r e  to  zero  a t  som e d is ta n c e  fro m  it.

T h e  m a ss  o f  s u b s ta n c e  d if fu s in g  th r o u g h  th e  p o s it iv e  sh e lls  w ill h e  2 k  (p — p Y) D , 

w h ils t  t h a t  p a s s in g  th r o u g h  th e  in n e r  n e g a t iv e  sh e lls  w ill b e  r e p re s e n te d  b y

B u t  th e  a m o u n t  d iffu s in g  th r o u g h  eac h  s y s te m  in  a  g iv e n  t im e  is th e  sam e, so t h a t  

w e h a v e

2 k  (p —  P j ) D  =

h e n c e  p x =  \ p .

T h a t  is to  sa y , t h e  a b s o rp t iv e  p o w e r o f  th e  co m b in ed  s y s te m  o f  p o s it iv e  a n d  n e g a - 

v o l . c x c m .— b . 2 L
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t iv e  sh e lls  is o n ly  h a l f  t h a t  o f  th e  n e g a t iv e  sh e lls  a lo n e , w h e n  th e  d e n s i ty  im m e 

d ia te ly  o u ts id e  th e  a p e r tu r e  is k e p t  c o n s ta n t  a t  h y  a  m o v in g  c u r r e n t  o f  th e  

g a s  o r  l iq u id . T h is  is a  d e d u c t io n  o f  so m e m o m e n t w h ic h  lia s  c e r ta in  im p o r ta n t  

a p p lic a tio n s .

W e  w ill n o w  c o n s id e r  t h e  case  in  w h ic h  p o s i t iv e  sh e lls  a r e  fo rm e d  o v e r  a  tu b e  o r  

c y lin d e r , s u r ro u n d e d  b y  a  r im  a t  t h e  m o u th , s t a t i c  d iffu sio n  b e in g  s u p p o s e d  to  t a k e  

p lac e  d o w n  th e  tu b e ,  th e  b o t to m  o f  w h ic h  is p e r f e c t ly  a b s o rb e n t . (S ee  fig. 4 .)

e

T h e  d e n s i ty  a t  th e  im m e d ia te  m o u th  o f  th e  tu b e  b e in g  t a k e n  a t  b e in g  a g a in  

th e  d e n s i ty  a t  a  re m o te  p o in t,  th e  d iffu s io n  th r o u g h  th e  sh e ll  p a r t  o f  t h e  s y s te m  

e x te r n a l  to  th e  tu b e  w ill h e  2 k (p  — p ,)D , w h ils t  t h a t  in  t h e  tu b e  i t

se en  in  th e  e a r l ie r  p a r t  o f  th e  p a p e r , m u s t  be  r e p r e s e n te d  b y
kpl . A 

L ’
w h e re  A  is th e

a re a  o f  th e  c ro ss -sec tio n  o f  t h e  tu b e  a n d  L  i ts  le n g th .  W e  th u s  h a v e  th e  e q u a t io n

2 H p - * ) D  =  ,

in  w h ic h  p , is t h e  o n ly  u n k n o w n .

T h e  g e n e ra l  e ffec t o f  e x te r n a l  sh e lls  o f  th is  k in d  o n  tu b e  d iffu sio n  is to  s o m e w h a t 

in c re a se  th e  re s is ta n c e  o f  th e  c o lu m n  to  th e  d if fu siv e  f lo w ; in  o th e r  w o rd s , to  p r a c t i 

c a lly  in c re a se  th e  le n g th  o f  th e  co lu m n , so t h a t  in  i ts  s im p le s t  fo rm  th e  p ro b le m  

re so lv es  i t s e l f  in to  a  d e te r m in a t io n  o f  a  c e r ta in  c o rre c tio n  x ,  w h ic h , in  t h e  d o u b le  

s y s te m  o f  fig. 4, h a s  to  h e  a d d e d  to  th e  le n g th  o f  t h e  tu b e  L , so a s  to  o b ta in  t h e  sam e 

d iffu s iv e  flow  w h e n  th e  d e n s i ty  o f  th e  d iffu s in g  g a s  v a r ie s  fro m  p  a t  t h e  m o u th  

to  zero  a t  th e  b o t to m  o f  th e  tu b e .

F ro m  th e  e q u a t io n s

it  follows th a t  for a circular opening =  D, or *393 X d iam eter,
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I t  is i n te r e s t in g  to  n o te  t h a t  t h i s  c o r re c t io n  e x a c t ly  c o rre s p o n d s  w i th  t h e  lo w e r 

l im it  w h ic h  L o rd  R a y l e ig h  h a s  a s s ig n e d  to  t h e  r e s is ta n c e  fo r  n e c k s  o f  r e s o n a to r s  

in  t h e  fo rm  o f  c ir c u la r  c y lin d e rs  ( e P h i l .  T r a n s . /  vol. 161 (1 8 7 0 ) , 7 7 ), a n d  i t  a p p e a r s  

a lso  t h a t  H e l mh o l t z  fo u n d  th e  sa m e  q u a n t i t y  a s  a n  a p p ro x im a te  c o r re c t io n  to  b e  

a d d e d  to  t h e  l e n g th  o f  a n  o rg a n  p ip e . S in c e  t h e  e le c t r o s ta t ic  a n a lo g y  w a s  a lso  

e m p lo y e d  b y  L o rd  R a y l e ig h  in  h is  in v e s t ig a t io n s ,  i t  is  p e rh a p s  t h e  le ss  to  b e  

w o n d e re d  a t  t h a t  m e th o d s  so  a p p a r e n t ly  d if fe re n t  s h o u ld  le a d  to  t h e  sa m e  g e n e r a l  

r e s u l t .

I n  fig. 5 w e h a v e  a  case  o f  d iffu sio n  d o w n  a  tu b e  w h ic h  o p e n s  o u t  a t  t h e  

b o t to m  in to  a n  a b s o rp t iv e  c h a m b e r , t h e  d e n s i ty  a t  t h e  o p e n  m o u th  o f  t h e  tu b e  

b e in g  s u p p o s e d  to  b e  k e p t  c o n s ta n t  a t  p ,t h e  d e n

b e in g  p y. T liu s  w e  g e t  th e  e q u a t io n

2 f y ,D  =  ~  P l)A .
JL

I n  th is  case  th e  v a lu e  o f  p y c o rre sp o n d s  w i th  t h a t  fo r  fo r  e q

a n d  d ia m e te r s  w h e re  w e  h a v e  t h e  a r r a n g e m e n t  o f  fig. 4. T h e  c o rre c tio n  x  fo r th e  

le n g th  o f  t h e  tu b e  w ill  a g a in  b e  *393 X d ia m e te r .

e
e

W e  fin a lly  com e to  th e  case  g iv e n  in  fig. 6, in  w h ic h  w e h a v e  a  s e t  o f  sh e lls  a t  

e i th e r  e n d  o f  th e  tu b e , th e  fa ll o f  d e n s i ty  th r o u g h  th e  w h o le  sy s te m  b e in g  fro m  p  to  0. 

I n  th is  a r r a n g e m e n t  th e  d e n s i ty  a t  o n e  e n d  o f  th e  tu b e  m a y  b e  r e p re s e n te d  b y  

a n d  a t  th e  o th e r  e n d , w h e re  th e  d e n s i ty  is less, b y  p,2. T h is  g iv e s  u s  th e  fo llo w in g  

e q u a t io n s :—

(1 ) 2 k (p  -  P l)D  =  ,''<p' - - p*)A  (2)

(3) =  2kp.2D.

2 L 2
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F ro m  (1 ) a n d  (3 ) p.2 =  ( p  — p f  a n d  b y  s u b s t i tu t io

2 Up  -  f t )D  =  —

fro m  w h ic h  i t  c a n  b e  sh o w n  t h a t  t h e  c o rre c tio n  to  h e  a p p lie d  to  t h e  l e n g th  o f  a  

tu b e  o f  c irc u la r  c ro s s -se c tio n  is '7 8 6  t im e s  i t s 'd i a m e te r ,  t h a t  is to  sa y , 2 x , o r  d o u b le  

th e  c o rre c tio n  o f  t h a t  w h ic h  is r e q u ir e d  fo r  t h e  s y s te m  o f  fig. 4. S u c h  a  case  m a y  

th e re fo re  h e  d e a l t  w i th  v e ry  s im p ly  b y  c o n s id e r in g  t h e  c o m b in ed  a c t io n  o f  th e  

t r ip le  s y s te m  a s  th e  e q u iv a le n t  o f  a  tu b e  o f  th e  sa m e  d ia m e te r ,  h u t  o f  a  l e n g th  o f  

L  +  2aj, a n d  a t  th e  tw o  e n d s  o f  w h ic h  t h e  d e n s i ty  o f  t h e  d if fu s in g  s u b s ta n c e  is 

m a in ta in e d  a t  p  a n d  0  re s p e c t iv e ly  ; xbe in g  e q u a l to  '3 9 3  t im e

tu b e . T h e  r a t e  o f  d iffu s io n  w ill th u s  h e  r e p r e s e n te d  b y  t h e  e q u a t io n

n ___ kpA

^  ""  L +

D if fu s io n  th r o u g h  M u lti-P e r fo ra ta , S e p ta .

W e  h a v e  se en  h o w , b y  v a ry in g  t h e  s iz e  o f  a  c irc u la r  a p e r tu r e  in  a  d ia p h ra g m  

w h ic h  d iv id e s  tw o  re g io n s  o f  u n e q u a l  d e n s i ty ,  t h e  v e lo c ity  o f  t h e  d iffu s iv e  flow  

b e tw e e n  th e s e  tw o  re g io n s  is m a d e  to  v a r y  d i r e c t ly  a s  t h e  l in e a r  d im e n s io n s  o f  t h e  

a p e r tu r e ,  t h e  q u a n t i t y  o f  d iffu s in g  s u b s ta n c e  p a s s in g  p e r  u n i t  a r e a  o f  th e  a p e r tu r e  

c o n s e q u e n tly  in c re a s in g  in  th e  in v e rs e  r a t io  o f  t h e  d ia m e te rs . R e a s o n in g  fro m  th i s  

fa c t  w e  w e re  le d  to  a n t ic ip a te  t h a t  a  t h in  s e p tu m  m ig h t  b e  so p ie rc e d  w i th  a  n u m b e r  

o f  sm a ll  p e rfo ra tio n s , a r r a n g e d  a t  s u i ta b le  d is ta n c e s , t h a t  i t  w o u ld  e x e rc ise  b u t  a  

sm a ll  a m o u n t  o f  o b s tru c t io n  on  a  d if fu siv e  flow  u n d e r  fa v o u ra b le  c o n d itio n s , a l th o u g h  

th e  a g g re g a te  a re a  o f  th e  p e rfo ra tio n s  m ig h t  r e p r e s e n t  o n ly  a  sm a ll p e rc e n ta g e  o f  th e  

to t a l  a re a  o f  th e  s e p tu m .

O u r  e a r ly  a t t e m p ts  to  v e r ify  th is  d e d u c t io n  e x p e r im e n ta l ly  w e re  m a d e  b y  p e r 

fo r a t in g  w ith  a  fin e n e e d le  t h in  p iec es  o f  c a rd b o a rd , p re v io u s ly  r e n d e re d  im p e rv io u s  

b y  s a tu r a t io n  w ith  p a ra ff in , a n d  f ix in g  th e s e  o n  sm a ll g la s s  d ish e s  p a r t l y  filled  w ith  

c a u s t ic  so d a  so lu tio n . B y  c o m p a r in g  t h e  a m o u n t  o f  a tm o s p h e r ic  c a rb o n  d io x id e  

a b so rb e d  in  th i s  m a n n e r  w i th  t h a t  a b so rb e d  b y  o p e n  d ish e s  p la c e d  u n d e r  l ik e  c o n d i

tio n s , i t  w a s  a t  o n ce se en  t h a t  p e r fo ra te d  s e p ta  o f  th is  k in d  d o  p o ssess  a ll  th e  

re m a rk a b le  p ro p e r t ie s  w h ic h  w e  h a d  b e e n  le d  to  e x p e c t. B u t  t h e  m a te r ia l  o f  w h ic h  

th e s e  s e p ta  w a s m a d e  w as  o id y  s u i ta b le  fo r ro u g h  p re l im in a ry  w o rk , a n d  th e  m e th o d  

o f  p e rfo ra tio n  le f t  m u c h  to  b e  d e s ire d . W e  fin a lly  se le c te d  t h in  p h o to g ra p h ic  

c e llu lo id  a s  th e  b e s t  m a te r ia l  fo r th e  d ia p h ra g m s , u s in g  th e  o rd in a ry  ro lle r  K o d a k  

film , w h ic h  u s u a l ly  v a r ie s  in  th ic k n e s s  fro m  ' 0 8  to  T  m illim .# B y  a  se r ie s  o f  

p re l im in a ry  e x p e r im e n ts  w e  fo u n d  t h a t  t h is  film  in  i t s  im p e rfo ra te  s t a t e  is q u i te  

im p e rv io u s  to  a tm o s p h e r ic  c a rb o n  d io x id e .

*  M ic a  is  n o t  s u ita b le  fo r  th is  s p e c ia l  p u r p o s e , s in c e , o w in g  to  i t s  la m in a te d  s tr u c tu r e , i t  is  d if f ic u lt  to  

p u n c h  r e g u la r ly -s h a p e d  h o le s  in  i t  in  th e  m a n n e r  d e sc r ib e d  a b o v e .
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I n  o rd e r  to  p e r f o r a te  t h e  film  w i th  sm a ll h o le s  o f  a  u n ifo rm  siz e  a n d  d i s t r ib u t e d  in  

a  d e f in i te  m a n n e r ,  t h e  fo llo w in g  p la n  w a s  a d o p te d  :—

A  fin e  N o . 11 s e w in g  n e e d le  w a s  b r o k e n  e v e n ly  a c ro ss  t h e  m id d le , w h e re  i t s  

d ia m e te r  h a d  b e e n  m e a s u re d  u n d e r  t h e  m ic ro sc o p e , a n d  w a s  f ix e d  in  s u c h  a  m a n n e r  

a s  to  a d m i t  o f  i t s  b e in g  u s e d  a s  a  sm a ll p u n c h . A  p ie c e  o f  p a p e r  a c c u r a t e ly  r u le d  

in to  s q u a re s  o f  a  m il l im e tr e  w a s  t h e n  p la c e d  o n  a  sm o o th  s u r fa c e  o f  s o f t  le a d , a n d  

o v e r  t h i s  a g a in  w a s  la id  t h e  t r a n s p a r e n t  c e llu lo id  film , th r o u g h  w h ic h  t h e  h o le s  w e re  

p u n c h e d  w i th  t h e  b ro k e n  n e e d le  a t  a n y  d e s i r e d  d is ta n c e  fro m  e a c h  o th e r .  I n  t h i s  

m a n n e r  a  s e r ie s  o f  w e ll- c u t  r o u n d  h o le s  w a s  o b ta in e d , p e r fe c t ly  f re e  fro m  b u r r ,  

a n d  o f  a  u n ifo rm  d ia m e te r  o f  *380 m illim ., t h i s  b e in g  v e r if ie d  b y  m ic ro m e te r  

m e a s u re m e n t.

B e fo re  d e s c r ib in g  o u r  e x p e r im e n ts  o n  g a s e o u s  d iffu sio n , w e  w ill b r ie f ly  d r a w  

a t t e n t i o n  to  so m e p re l im in a ry  e x p e r im e n ts  o n  t h e  d iffu s io n  o f  c o lo u red  l iq u id s  t h r o u g h  

su c h  p e r f o r a te d  s e p ta ,  w h ic h  i l l u s t r a te  in  a  g e n e ra l  m a n n e r  t h e i r  r e m a r k a b le  

p ro p e r t ie s .

S e v e ra l  sm a ll g la s s  c y lin d e rs  a b o u t  33  m illim s. in  d ia m e te r  a n d  6 c e n t im s . h ig h  

w e re  c u t  in  h a lf , a n d  t h e  e d g e s  w e re  g r o u n d  fla t. T h e  lo w e r  h a l f  o f  e a c h  c y lin d e r  

w a s  filled  w i th  a  c le a r  s o lu t io n  o f  5 p e r  c e n t , g e la t in e ,  a n d  w h i ls t  t h i s  w a s  s t i l l  m o b ile  

t h e  m o u th  o f  th e  c y lin d e r  w a s  c lo sed  w i th  o n e  o f  t h e  p e r f o r a te d  d ia p h ra g m s . A f te r  

th e  s e t t i n g  o f  t h e  g e la t in e  a n d  t h e  re m o v a l o f  a n y  e x c e ss  w h ic h  h a d  e x u d e d  th r o u g h  

th e  p e r fo ra tio n s , t h e  o th e r  h a l f  o f  t h e  c y lin d e r  w a s  p la c e d  in  p o s itio n , a n d  t h e  sp a c e  

so fo rm e d  o v e r  t h e  s e p tu m  w a s  filled  w i th  a  s im ila r  s o lu tio n  o f  g e la t in e  to  w h ic h  h a d  

b e e n  a d d e d  *05 p e r  c e n t ,  o f  m e th y le n e  b lu e . T h e  e x te n t  o f  t h e  d iffu sio n  o f  th e  d y e  

in to  t h e  c le a r  g e la t in e  b e lo w  w a s  o b se rv e d  fro m  t im e  to  t im e , a n d  w a s  c o m p a re d  w i th  

t h e  d iffu s io n  in  a  c y lin d e r  p r e p a r e d  in  a  s im ila r  m a n n e r , b u t  w i th o u t  th e  in te r v e n t io n  

o f  a n y  d ia p h ra g m  b e tw e e n  t h e  c o lo u re d  a n d  u n c o lo u re d  g e la tin e .

T h e  n u m b e r , s ize , a n d  d i s t r ib u t io n  o f  h o le s  in  th e  th r e e  d ia p h ra g m s  w ill be  se e n  

o n  re fe re n c e  to  T a b le  X V I I .

T a b l e  X V I .— D is ta n c e  T ra v e rs e d  b y  D iffu s in g  D y e  in  C y lin d e rs  in  E q u a l  T im es.

T im e  in  h o u r s . W it h o u t  s e p tu m . S e p tu m  (1 ) . S e p tu m  (2 ) . S e p tu m  (3 ) .

m illim s . m il lim s . m il lim s. m il lim s .

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

2 3 1 5 * 0 1 5 * 0 1 3 * 5 —

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

T h e  r e la t iv e  le n g th s  o f  t h e  c o lu m n s  o f  d iffu se d  d y e  a re  n o t  in  th e m s e lv e s  a  m e a su re  

o f  th e  a m o u n t  o f  d iffu sio n , s in ce  th e  a v e ra g e  d e n s i ty  o f  th e  co lu m n  m a y  v a ry . I n  

c o m p a r in g  t h e  e x p e r im e n ts  m a d e  w ith  S e p tu m  (1 ) w i th  th o s e  w i th o u t  a n y  in te r v e n in g  

s e p tu m  i t  w as c le ar , h o w e v e r , fro m  th e  e x a c t  c o rre sp o n d e n ce  o f  th e  g r a d a t io n  o f
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co lo u r, a n d  o f  t h e  le n g th s ,  t h a t  t h e  in te r v e n t io n  o f  a  d ia p h ra g m  w h ic h  o n ly  p r e s e n te d  

a  c le a r  a re a  o f  a b o u t  11 p e r  c e n t, o f  t h a t  o f  t h e  c ro s s -se c tio n  o f  t h e  c o lu m n  h a d  n o t  

r e s u l te d  in  a n y  se n s ib le  o b s tru c t io n  o f  t h e  d iffu s iv e  flow . I n  th e  o th e r  in s ta n c e s , 

w h e re  th e  c le a r  a re a s  o f  t h e  d ia p h ra g m s  a m o u n te d  o n ly  to  2*82 a n d  1*25 p e r  c e n t ,  o f  

t h e  c ro ss -sec tio n , t h e  flow  h a d , i t  is t r u e ,  su ffe re d  so m e  o b s tru c tio n , b u t  t h e  a m o u n t  

o f  d iffu sio n  s t i l l  r e p r e s e n te d  a  la rg e  p ro p o r t io n  o f  t h a t  t a k in g  p la c e  in  t h e  o p e n  

c y lin d e r .#

W h e n  u s in g  th e s e  m u lt i - p e r f o r a te  c e llu lo id  d ia p h ra g m s  fo r  e x p e r im e n ts  on  t h e  

d iffu s io n  o f  a tm o s p h e r ic  c a rb o n  d io x id e  t h e y  w e re  fix ed , b y  m e a n s  o f  p a ra ff in  lu t in g ,  

o v e r t h e  o p en  e n d s  o f  s h o r t  g la s s  tu b e s  a b o u t  3*4 c e n tim s . in  d ia m e te r . T h e  lo w e r 

e n d s  o f  t h e  tu b e s  w e re  fu rn is h e d  w ith  a  s id e  tu b e  a n d  s to p -c o c k  fo r  r u n n in g  in  th e  

c a u s t ic  so d a  s o lu tio n  to  a n y  d e s ire d  h e ig h t ,  a n d  a lso  w i th  a  so m e w h a t lo n g  d e liv e ry  

tu b e ,  a s  in  a  b u r e t t e ,  fo r d ra w in g  o ff  th e  s o lu tio n  in to  t h e  t i t r a t i o n  v esse l.

T he follow ing ta b le  gives th e  full p a rtic u la rs  o f th e  six d iap h rag m s w hich w ere 

em ployed :—

Ta b l e  XVII.

(T h ic k n e s s  o f s e p tu m , OT m illim .)

N o .  o f s e p tu m .

D ia m e te r  o f  

e a c h  h o le  in  

m ill im s .

D is t a n c e  a p a r t  

in  m il l im s .

1

D is t a n c e  a p a r t  

in  te r m s  o f  

d ia m e te r s .

N u m b e r  o f  h o le s  

p e r  sq . c e n t im .  

o f s e p tu m .

i

P e r c e n t a g e  a r e a  ! 

o f  h o le s  o n  u n i t  

a r e a  o f  s e p tu m .

(1 ) • 3 8 0 1 - 0 2 - 6 3 1 0 0 - 0 0 1 1 - 3 4

(2 ) • 3 8 0 2 - 0 5 * 2 6 2 5 - 0 0 2 - 8 2

( 3 ) • 3 8 0 3 - 0 7 * 8 1 1 - 1 1 1 - 2 5

( 4 ) •3 8 0 4 - 0 1 0 - 5 2 6 - 2 5 • 7 0

( 5 ) •3 8 0 5 - 0 1 3 - 1 4 - 0 • 4 5

( 6 ) • 3 8 0 6 - 0 1 5 - 7 2 - 7 7 •3 1

T he ex p erim en ts  w ere carried  on in  s till a ir for periods o f from  one to  tw o days, 

th e  carbon dioxide w hich h ad  diffused th ro u g h  th e  d iap h rag m  b eing  th e n  d e te rm in ed  

b y  t i t r a t in g  th e  absorb ing  liquid, w hose surface w as a t  a defin ite d is tan ce  from  th e  

u n d er  side o f th e  o b stru c tin g  septum .

T h e  a m o u n ts  o f  C 0 2 w h ic h  h a d  d iffu sed  in  eac h  case  w e re  c o m p a re d  w ith  th e  

a m o u n ts  w h ic h  w o u ld  h a v e  d iffu sed  d o w n  th e  o p e n  tu b e  u n d e r  l ik e  c o n d it io n s , s u p 

p o s in g  n o  o b s t r u c t in g  s e p tu m  h a d  b e e n  p re s e n t . T h is  w a s c a lc u la te d  fro m  (1 ) th e  

k n o w n  d if fu s iv ity  o f  C 0 3 in  a i r  ; (2 ) th e  d im e n s io n s  o f  th e  tu b e s , a n d  (3 )  t h e  m e a n  

d e n s i ty  o f  th e  C 0 2 in  th e  a i r  o f  th e  room  d u r in g  th e  e x p e r im e n t. T h e  fo rm u la  u se d  

h a s  th e  g e n e ra l  e x p re ss io n

n  — IcpA  
^  “  L  +  x *

*  I t  w o u ld  b e  c o m p a r a t iv e ly  e a s y  to  m a k e  th o s e  e x p e r im e n ts  w i th  d if fu s in g  d y e s  m o r e  s t r ic t ly  

q u a n t i ta t iv e  b y  r e d is s o lv in g  th e  d if fu s a te  in  a  g iv e n  v o lu m e  o f  w a te r  a n d  d e t e r m in in g  th e  c o lo u r  in t e n 

s i t i e s  b y  m e a n s  o f  th e  t in t o m e t e r .
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a s  g iv e n  o n  p. 2 5 8 , c o rre s p o n d in g  to  t h e  c o n d it io n  o f  s in g le  “  s h e l l  ” fo rm a tio n  o v e r  a  

tu b e  h a v in g  a  b ro a d  r im  a t  i t s  m o u th , a s  in  fig. 4 .*

T h e  fo llo w in g  ta b le  g iv e s  t h e  s u m m a ry  o f  a  s e r ie s  o f  e x p e r im e n ts  m a d e  w i th  th e  

d ia p h ra g m s  d e s c r ib e d  in  T a b le  X V I I . ,  w h e n  t h e  su r fa c e  o f  t h e  a b s o rb in g  l iq u id  w a s  

a t  a  u n ifo rm  d is ta n c e  o f  4 c e n tim s . fro m  t h e  d ia p h r a g m  :—

Ta b l e  X V I I I .

( L e n g th  o f  T u b e , L  =  4 c e n t im s .)

N o .  o f  

s e p tu m .

D ia m e te r  

o f  tu b e .

A r e a  o f  

tu b e .

C O 2  d if fu s e d  

th r o u g h  s e p tu m  

p e r  h o u r .

O p e n  tu b e  

d if fu s io n  

p e r  h o u r .

P e r c e n t a g e  o f  

s e p tu m  d if fu s io n  

o n  o p e n  

tu b e  d if fu s io n .

P e r c e n t a g e  

a r e a  o f  h o le s  

in  s e p tu m .

(1 )

c e n t i m s .

3 - 4 5 0

s q .  c e n t i m s .

9 - 3 4 8

c u b .  c e n t i m s .  ( a t  0 °  

a n d  7 6 0  m i l l i m s . ) .

•3 6 1

c u b .  c e n t i m s .  ( a t  0 °  

a n d  7 6 0  m i l l i m s . ) .

• 3 4 6 1 0 4 - 3 1 1 - 3 4

(2 ) 3 - 4 2 5 9 - 1 8 6 • 1 4 8 • 3 4 2 4 3 - 2 2 - 8 2

! (3 ) 3 - 4 7 1 9 - 4 5 6 •1 3 1 • 3 5 2 3 7 - 2 1 - 2 5

(4 ) 3 - 4 8 0 9 - 5 1 1 • 1 1 0 • 3 5 3 3 1 - 1 • 7 0

(6 ) 3 - 4 7 1 9 - 4 5 6 • 0 6 8 3 • 3 3 4 2 0 - 4 •3 1

T h e  n u m b e rs  in  t h e  l a s t  c o lu m n  b u t  o n e  sh o w  th e  r e la t io n  o f  t h e  flow  w i th  th e  

s e p tu m  in  p o s itio n  to  t h a t  w h ic h  w o u ld  h a v e  t a k e n  p lac e  d o w n  th e  o p e n  t u b e ; 

w h ils t  th e  l a s t  c o lu m n  g iv e s  t h e  a g g r e g a te  a re a  o f  th e  p e r fo ra tio n s  e x p re s s e d  a s  a  

p e rc e n ta g e  o n  th e  to ta l  c ro ss-sec tio n . A  c o m p a riso n  o f  th e s e  tw o  s e ts  o f  n u m b e rs  

g iv e s  a  s t r ik in g  i l lu s t r a t io n  o f  th e  c o m p a ra t iv e ly  sm a ll  a m o u n t  o f  in flu e n ce  e x e r te d  

o n  th e  d iffu siv e  flow  b y  a  m u lt i -p e r fo ra te  s e p tu m  u n d e r  s u i ta b le  c o n d itio n s , a n  in f lu e n c e  

o u t  o f  a ll  p ro p o r tio n  to  t h e  a c tu a l  o b s tru c tio n  o f  b y  th e  so lid  p o r t io n s  o f  t h e

s e p tu m .

F o r  in s ta n c e , in  N o . 1, a l th o u g h  m o re  th a n  88 p e r  c e n t , of th e  c ro ss -se c tio n  o f  

th e  tu b e  h a s  b e e n  s to p p e d  o u t, th e  in c re a s e d  v e lo c ity  th r o u g h  th e  r e m a in in g  11 *34 

p e r  c en t, h a s  b e en  su ffic ie n t to  m a in ta in  a  flow  p ra c t ic a l ly  e q u a l to  t h a t  o f  th e

*  T h e  d e ta i l s  o f  th e  c a lc u la t io n  a r e  a s  fo l lo w s , w h e r e  Q U  is  th e  v o lu m e  o f  CCL d if fu s in g  d o w n  th e  o p e n  

tu b e  in  o n e  h o u r , e x p r e s s e d  in  cu b . c e n t im s .  a t  0  J a n d  7 6 0  m il l im s . b ar . :—

G  ,o _  kPA  . 3 6 0 0  . T °  .

^ V( L  +  x T . 7 6 0  *

H e r e  k  is  th e  c o e f f ic ie n t o f  d if f u s iv ity  o f  CCL in  a ir  in  C .G .S . u n i t s  the tem perature o f  the exp erim en t;

P  th e  d e n s it y  o f  th e  CCL in  th e  a t m o s p h e r e ; A  th e  a r e a  o f  th e  tu b e  in  sq . c e n t i m s . ; T ° a n d  T  th e  

te m p e r a tu r e  o f 0° C . a n d  t h e  m e a n  te m p e r a tu r e  o f  th e  e x p e r im e n t  o n  th e  a b s o lu te  s c a le  ; a n d  L  th e  

le n g th  o f th e  tu b e  in  c e n t im s .;  x th e  c o r r e c t io n  fo r  th e  l e n g t h  =  *392 x  d ia m e t e r ; k is  o b ta in e d  

b y  th e  fo r m u la
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u n o b s t r u c te d  t u b e .# A g a in , w e f in d  in  (4 ) t h a t  30 p e r  c e n t, o f  t h e  o p e n - tu b e  

d iffu sio n  h a s  t a k e n  p la ce , a l th o u g h  th e  a g g r e g a te  a re a  o f  t h e  h o le s  a m o u n ts  o n ly  

to  *7 p e r  c e n t, o f  t h e  c ro ss-sec tio n . I n  (6 )  t h e  r e s u l ts  in  t h e  sa m e  d ire c tio n  a re  

s t i l l  m o re  s t r ik in g .

W h e n  th e  d is ta n c e  b e tw e e n  t h e  a b s o rb in g  s u rfa c e  a n d  t h e  d ia p h ra g m  is d e c re a se d  

to  1 c e n tim ., t h e  a c tu a l  flow  o f  C 0 2 is in c re a se d , b u t  t h e  s e p tu m  d iffu sio n  is  a  

sm a lle r  f ra c t io n  o f  t h e  o p e n - tu b e  d iffu sio n  u n d e r  s im ila r  c o n d itio n s . T h is  is sh o w n  

in  t h e  fo llo w in g  se r ie s  o f  e x p e r im e n t s :—

Ta b l e  X IX .

( L e n g th  o f  T u b e , L  =  1 c e n t im .)

N o .  o f  

s e p tu m .

1

D ia m e te r  

o f tu b e .

A r e a  o f  

tu b e .

C 0 2 d if fu s e d  

th r o u g h  s e p tu m  

p e r  h o u r .

O p e n  tu b e  

d iffu s io n  

p e r  h o u r .

P e r c e n t a g e  o f  

s e p tu m  d iffu s io n  

o n  o p e n  

tu b e  d if fu s io n .

j

P e r c e n ta g e  a r e a  

o f  h o le s  in  

s e p tu m .

' (1 )

c e n t i m s .

3 - 4 5 0

s q .  c e n t i m s .

9 - 3 4 7

c u b .  c e n t i m s .  ( a t  0 °  

a n d  7 6 0  m i l l i m s . ) .

• 4 3 3

c u b .  c e n t i m s .  ( a t  0 °  

a n d  7 6 0  m i l l i m ® . ) .

•7 7 1 5 6 - 1 1 1 - 3 4

(2 ) 3 - 4 2 5 9 - 1 8 6 •4 0 1 • 7 7 5 5 1 - 7 2 - 8 2

i (3 ) 3 - 4 7 1 9 - 4 5 6 • 3 1 2 • 7 6 8 4 0 - 6 1 - 2 5

(4 ) 3 - 4 8 0 9 - 5 1 1 •2 4 1 • 7 6 7 3 1 - 4 • 7 0

' (5 ) 3 - 4 2 5 9 - 1 8 6 • 1 5 6 • 7 4 4 2 0 - 9 •4 5

j (6 ) 3 - 4 5 0 9 - 3 4 7 • 1 0 6 • 7 4 0 1 4 - 0 •3 1

T h e  r e s u l ts  o b ta in e d  w ith  m u lt i -p e r fo ra te  s e p ta  a re  p re c ise ly  th o s e  w h ic h  

m ig h t  h e  e x p e c te d  fro m  o u r  p re v io u s  o b s e rv a tio n s  on  th e  in te n s if ic a tio n  o f  th e  

d if fu siv e  flow  p ro d u c e d  b y  t h e  g r a d u a l  d e c re a se  in  t h e  s ize  o f  s in g le  a p e r tu re s .  

W h e n  su c h  a  s e p tu m  is p la c e d  o v e r a  tu b e  d o w n  w h ic h  s ta t i c  d iffu sio n  is g o in g  

on , th e r e  is  a  lo ca l d is tu rb a n c e  a n d  in te n s if ic a tio n  o f  t h e  g r a d ie n t  in  t h e  im m e d ia te  

n e ig h b o u rh o o d  o f  th e  s e p tu m , w h ic h  d o es n o t  e x te n d  to  th o s e  p a r t s  o f  th e  co lu m n  

a t  so m e d is ta n c e  fro m  it. T h is  d is tu rb a n c e  is  b r o u g h t  a b o u t  b y  th e  c o n v e rg e n c e  o f  

th e  a x ia l  l in e s  o f  f lu x  o n  th e  o n e  s id e  o f  th e  d ia p h ra g m  a n d  th e i r  d iv e rg e n c e  on  th e  

o th e r ,  w ith  th e  c o n se q u e n t fo rm a tio n  o f  a  s y s te m  o f  d e n s i ty  s h e lls  on  e i th e r  s id e  o f  

e ac h  a p e r tu re .

P e r fo ra t io n s  o f  th is  k in d  m a y  h e  c o m p a re d  w ith  a  s y s te m  o f  c o n d u c to rs  e le c tr if ie d  

to  a  com m on  p o te n t ia l ,  th e  d e n s i ty  o f  th e  d iffu s in g  s u b s ta n c e  n e a r  t h e  a p e r tu r e s

*  I n  E x p e r im e n t  N o .  1 , w i th  1 0 0  p e r fo r a t io n s  to  th e  sq . c e n t im ., th e  in te r p o s it io n  o f  th e  d ia p h r a g m  h a s  

g iv e n  r ise  to  a n  a p p a r e n t  s l ig h t  increase in  th e  f lo w . T h is  c a n n o t  h e  r e a lly  th e  c a se , s in c e  th e  s e p tu m  m u s t  

a lw a y s  a c t  a s  a n  o b s tr u c t io n , a lth o u g h  i t  m a y  b e  a  s m a ll  o n e . T h e  e x p la n a t io n  in  th is  in s t a n c e  is  to  b e  

fo u n d  in  th e  im p e r f e c t  s h e l l- fo r m a t io n  o v e r  th e  h o le s  a n d  th e  w a n t  o f  a b s o lu te  s t i l ln e s s  in  t h e  a ir .  U n d e r  

th e s e  c ir c u m sta n c e s  r a th e r  m o r e  C 0 2 w i l l  p a ss  th r o u g h  th e  d ia p h r a g m , a n d  th e  r a t io  o f  s e p tu m  d if fu s io n  

to  o p e n - tu b e  d if fu s io n  w i l l  b e  s o m e w h a t  in c r e a s e d .
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c o rre s p o n d in g  to  e le c tr ic  p o te n t ia l ,  a n d  t h e  n o n -a b s o rb in g  p o r t io n s  o f  t h e  d ia p h r a g m  

to  a  s u r fa c e  fo rm e d  b y  l in e s  o f  e le c tr ic  fo rce. J u s t  a s  t h e  e le c tr ic  c a p a c i ty  o f  a  p la te  

is  n o t  c o n s id e ra b ly  a l t e r e d  b y  c u t t i n g  p a r t s  o f  i t  a w a y , a n d  le a v in g  a n  o p e n  f r a m e 

w o rk , c o n s is t in g  o f  p o r t io n s  a t  t h e  sa m e  p o te n t ia l ,  so a lso  is i t  p o ss ib le  to  b lo c k  o u t  a  

c o n s id e ra b le  p o r t io n  o f  t h e  c ro s s -s e c tio n  o f  t h e  d if fu s in g  c o lu m n  w i th o u t  m a te r ia l ly  

a l t e r in g  t h e  g e n e r a l  s t a t i c  c o n d it io n s  o n  w h ic h  t h e  flow  d e p e n d s .

I n  fig. 7 w e  h a v e  a t t e m p te d  to  i l l u s t r a te  in  a  d ia g r a m m a tic  fo rm  w h a t  t a k e s  p lac e  

w h e n  a  m u l t i - p e r f o r a te  d ia p h ra g m  is in tro d u c e d  in to  a  l in e  o f  s t a t i c  flow  o f  a  d if fu s in g  

g a s  o r  so lu te . A t  a  d is ta n c e  a w a y  fro m  th e  o p e n in g s  t h e  l in e s  o f  f lu x  (a n a lo g o u s  to  

l in e s  o r  tu b e s  o f  fo rce) a re  se n s ib ly  p a ra lle l ,  a n d  b eco m e c o n v e rg e n t  a s  t h e y  a p p ro a c h  

t h e  d ia p h ra g m , t h e  v e lo c ity  a t  t h e  sa m e  t im e  in c re a s in g  o w in g  to  t h e  lo ca l a l t e r a t io n

o f  g r a d ie n t  p ro d u c e d  b y  th e  e llip so id a l “ d e n s i ty  sh e lls  ' ( lin e s  o f  p o te n t ia l )  a ro u n d  

th e  o p e n in g s . A s t h e  h y p e rb o lic  l in e s  o f  f lu x  p a ss  th r o u g h  th e  a p e r tu r e s  th e y  b e g in  

to  d iv e rg e , b u t  s in ce  th e s e  d iv e r g e n t  s t re a m s , p ro c e e d in g  fro m  a d ja c e n t  h o les , c a n n o t  

c ro ss  eac h  o th e r ,  th e y  b e n d  r o u n d  a n d  o nce m o re  b eco m e p a ra lle l ,  t h e  v e lo c ity  a t  th e  

sa m e  t im e  d im in ish in g . I t  is th is  b e n d in g  ro u n d  o f  t h e  lin e s  o f  flow  to  a n d  from  th e  

d ia p h ra g m  w h ic h  e x p la in s  th e  s t r ik in g  fa c t  t h a t  th e  a p e r tu r e s  u n d e r  fa v o u ra b le  

c o n d itio n s  o f  d is t r ib u t io n  m a y  b e  a lm o s t a s  e ffic ie n t a s  i f  t h e  d ia p h ra g m  w e re  n o n 

e x is te n t .  #

T h e  re s is ta n c e  w h ic h  a  m u lt i -p e r fo ra te  d ia p h ra g m  can  in tro d u c e  in to  a  s ta t i c a l ly  

d iffu sin g  co lu m n  o f  a n y  le n g th , c a n  b e  a p p ro x im a te ly  c a lc u la te d  i f  w e su p p o se  th e  

a p e r tu r e s  to  b e a r r a n g e d  a t  a  su ffic ien t d is ta n c e  a p a r t  to a llo w  ea ch  a p e r tu r e  to  

e x e rc ise  i ts  p o w e r  w ith o u t in te r fe r e n c e  b y  i ts  , a n d  th is  r e s is ta n c e  can  b e

c o m p a re d  w ith  t h a t  o f  th e  o p en  tu b e  u n d e r  l ik e  c o n d itio n s . W e  h a v e  a lr e a d y  sh o w n  

t h a t  th e  re s is ta n c e  o f  a n  o p e n  tu b e  o f  l e n g th  L , w ill be  L  -J- x , w h e re  x  X

d ia m e te r .

* A f t e r  w e  h ad  c o n s tr u c te d  th is  s c h e m a t ic  d ia g r a m , o u r  a t t e n t io n  w a s  c a l le d  to  a  p a p e r  o n  th e  

“  R e f le c t io n  a n d  T r a n s m is s io n  o f  E le c tr ic  W a v e s  b y  a  M e ta ll ic  G r a t in g ,” b y  P r o f e s s o r  Ho r a c e  La mb  

( ‘ P r o c . L o u d . M a th e m a t. S o c . ,’ v o l .  2 9 , p . 5 2 3 , 1 8 9 8 ) , w h e r e  a n .e x a c t  d ia g r a m  is  g iv e n  o f  th e  c o g n a te  

p r o b le m  o f  th e  l in e s  o f e le c tr ic  f lo w  a s  d is tu r b e d  b y  a  p la n e  g r a t in g  c o m p o s e d  o f  p a r a lle l  m e ta l l ic  s tr ip s  

p la c e d  p e r p e n d ic u la r  to  i t s  d ir e c t io n .

V O L .  C X C I 1 I . — B . 2 M
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\
\  l  /

/

I f  th e  m u lt i -p e r fo ra te  s e p tu m  o r s c re e n  is a t  th e  m o u th  o f  t h e  tu b e , a s  in  th e  

a c c o m p a n y in g  d ia g ra m , fig. a ,  w h e re  p  =  th e  d e n s i ty  o f  th e  d iffu s in g  s u b s ta n c e  a  l i t t l e

w a y  a b o v e  th e  sc re e n , p v a  l i t t l e  w a y  b e lo w  it, a n d  p.: th e  

d e n s i ty  a t  t h e  a b s o rb in g  su rfa c e  a t  t h e  b o t to m  o f  th e  tu b e , 

w h ic h  h a s  a  l e n g th  L  ; A  t h e  a re a  o f  c ro s s -se c tio n  o f  th e  tu b e  

o f  d ia m e te r  D  ; n  t h e  n u m b e r  o f  a p e r tu r e s  in  th e  s e p tu m  

h a v in g  a  l e n g th  l, c o rre sp o n d in g  to  th e  th ic k n e s s  o f  th e  

s e p t u m ; a n d  a  t h e  s e c tio n a l  a r e a  o f  a  s in g le  a p e r tu r e ,  

th e n ,  fo r  th e  c o m b in a tio n  o f  tu b e  a n d  sc re e n , t h e  q u a n t i t y  

Q  o f  th e  s u b s ta n c e  d if fu s in g  in  u n i t  o f  t im e  is ,#

(1 ) F o r  t h e  s e p tu m  :—

_  ,  na (p —  f t )

a n d  (2 ) fo r  th e  tu b e

Fig. a.
Q  —  k

l  +  -785d  ’

A  (Pi -  po)

L  +  •802D  *

T h ese  a m o u n t s  a re  e q u a l, c o n s e q u e n tly  b y  e lim in a tio n  o f  p ,

Q  {
l +  ‘7 8 5 d, L  +  -3 92 D  f

+  r r - f =P

so t h a t Q

n a k

-- k

A  k  

A  (p -  p

P i

A
L +  -392D  +  — ( /  +  -785

net

H e n c e  th e  e ffec t o f  th e  re s is ta n c e  in tro d u c e d  b y  th e  s c re e n  o r  s e p tu m  is to  in c re a se  

t h e  e ffe c tiv e  le n g th  (L  -}- '3 9 2  D ) o f  t h e  o p e n  tu b e  b y

- ( 2 +  7 8 5 d ) .  
n a  x 7

W e  th u s  h a v e  a  m e a n s  o f  a p p ro x im a te ly  d e te rm in in g ,  in  te r m s  o f  th e  tu b e  le n g th ,  

t h e  re s is ta n c e  o f  a n y  m u lt i -p e r fo ra te  s e p tu m , p ro v id in g  i t s  a p e r tu r e s  a re  sm a ll  a n d  

a re  su ff ic ie n tly  f a r  a p a r t  n o t  to  se n s ib ly  in te r f e re  w i th  ea ch  o th e r . T h e  flow  w ill o f  

co u rse  h e  in v e rs e ly  p ro p o r t io n a l  to  th e  re s is ta n c e .

T h e  a c tu a l  re s is ta n c e  o f  t h e  sc re e n  u n d e r  th e s e  c o n d it io n s  w ill b e  a  c o n s ta n t ,  a n d  

th e  o b s tru c t io n  w h ic h  i t  p ro d u c e s  w ill c o n s e q u e n tly  b e a r  a  less  p ro p o r t io n  to  t h e  

to ta l  r e s is ta n c e  o f  tu b e  -f- sc re e n  th e  lo n g e r  t h e  tu b e  becom es.

T h is  d e d u c tio n  is v e rif ied  b y  a  co m p a riso n  o f  th e  e x p e r im e n ta l  r e s u l ts  o b ta in e d  

w i th  s im ila r  sc ree n s  o n  tu b e s  o f  d if fe re n t  le n g th s ,  a s  g iv e n  in  T a b le s  X V I I I .  a n d  X IX .

I n  o rd e r  to  see  h o w  fa r  th e  a b o v e  th e o r e t ic a l  c o n s id e ra tio n s  e n a b le  u s  to  p r e d ic t  

th e  b e h a v io u r  o f  s c re e n s  o f  k n o w n  d im e n s io n s , w e h a v e  c a lc u la te d  th e  flow  o f

* W e h a v e  a g a in  to  e x p r e s s  o u r  th a n k s  to  D r. L a r mo r  fo r  m u c h  a s s is ta n c e  in  th e  d e v e lo p m e n t  o f  th e s e  

form u lae ,
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G A S E S  A N D  L IQ U ID S , E T C ., I N  P L A N T S .

a tm o s p h e r ic  (JO., w h ic h  o u g h t  to  p a s s  t h r o u g h  e a c h  o f  t h e  s c re e n s  (1 )  to  (6 ) o f  

T a b le  X V I I . ,  w h e n  th e s e  a re  u s e d  w i th  a  t u b e  o f  1 c e n tim . in  le n g th ,  o n  t h e  a s s u m p 

t io n  t h a t  e a c h  h o le  w o rk s  in d e p e n d e n t ly  o f  i t s  n e ig h b o u rs . T h e  v a lu e s  so  c a lc u la te d  

a re , in  t h e  fo llo w in g  ta b le ,  c o m p a re d  w i th  t h e  e x p e r im e n ta l  v a lu e s , b o th  s e ts  o f  

n u m b e r s  b e in g  e x p re s s e d  a s  p e rc e n ta g e s  o n  t h e  fu ll flow  o f  t h e  u n o b s t r u c te d  t u b e  o f  

l e n g th  L  -f~ x .

2 6 7

Ta b l e  X X .

N o .  o f  

s c r e e n  

( s e e  T a b le  

X V I I . ) .

D is t a n c e  o f  

a p e r tu r e s  

a p a r t  in  

d ia m e te r s .

R e s i s ta n c e  o f  

o p e n  tu b e , 

L  +  x.

R e s is t a n c e  o f  tu b e  

a n d  s c r e e n ,

L  +  x  + ̂  (l + *785
n a

Theoretical H ow  

th r o u g h  s c r e e n ,  

e x p r e s s e d  a s  

a  p e r c e n ta g e  

o n  o p e n  tu b e  

d if fu s io n .

Observed f lo w ,  

e x p r e s s e d  a s  a  

p e r c e n ta g e  

o n  o p e n  t u b e  

d if fu s io n .

(1 ) 2 - 6 3 2 - 3 5 2 2 - 6 8 4 8 7 - 6 5 6 - 1

(2 ) 5 - 2 6 2 - 3 4 2 3 - 6 7 4 6 3 - 7 5 1 - 7

(3 ) 7 - 8 2 - 3 6 0 5 - 3 6 0 4 4 - 0 4 0 - 6

(4 ) 1 0 - 5 2 2 - 3 6 4 7 - 6 9 3 3 0 - 7 3 1 - 4

(5 ) 1 3 - 1 2 - 3 4 2 1 0 - 6 7 7 2 1 - 9 2 0 - 9

(6 ) 1 5 * 7 2 - 3 5 2 1 5 - 1 4 2 1 5 - 5 1 4 - 0

I t  w ill  b e  o b s e rv e d  t h a t ,  p ro v id e d  t h e  a p e r tu r e s  m  th e  s e p tu m  a re  s e t  a t  a  

m in im u m  d is ta n c e  o f  a b o u t  10 d ia m e te r s  a p a r t ,  t h e  flow  th r o u g h  th e  sc re e n s  

a p p ro x im a te s  c lo se ly  to  t h a t  d e d u c ib le  fro m  th e o ry . W h e n ,  h o w e v e r , t h e  h o les  a re  

m u c h  m o re  c lo se ly  p a c k e d , t h e  e x p e r im e n ta l  flow  is les s  t h a n  t h a t  c a lc u la te d  b y  

th e  fo rm u la , w h ic h  p o s tu la te s  t h e  n o n - in te r fe re n c e  o f  t h e  h o le s  w i th  eac h  o th e r ’s 

a c tio n . W e  m a y  co n c lu d e  th e re fo re  t h a t  t h e  in te r fe re n c e  o f  th e  d e n s i ty  sh e lls  o f  

sm a ll h o les , s e t  a t  10 d ia m e te r s  a n d  m o re  a p a r t ,  is sm a ll, e ac h  h o le  b e y o n d  th i s  

l im it  a c t in g  a lm o s t in d e p e n d e n t ly  a c c o rd in g  to  t h e  d ia m e te r  law .

T h e  B e a r in g  o f  these R e s u lts  on D if fu s io n  th ro u g h  P o r o u s  

I f  w e  im a g in e  th e  p e rfo ra tio n s  o f  a  d ia p h ra g m , su c h  a s  w e  h a v e  b een  c o n s id e r in g , 

to  be g r a d u a l ly  d im in ish e d  in  s ize, w e  sh a ll  a t  la s t  re a c h  a  p o in t  a t  w h ic h  a n y  m a s s  

m o v e m e n t  o f  t h e  d iffu s in g  g a s  o r  s o lu te  b eco m es m o re  a n d  m o re  d iffic u lt, a n d  m o v e 

m e n t  o f  th is  k in d  m a y  f in a lly  o n ly  b ecom e p o ss ib le  w h e re  th e r e  is a  c o n s id e ra b le  

d iffe ren ce  o f  p re s s u re  on  t h e  tw o  sid e s  o f  th e  s e p tu m . U n d e r  th e s e  c o n d itio n s  w e 

sh a ll  h a v e  a ll  th e  p h e n o m e n a  o f  p o ro u s  d i f fu s io n  o r  d iffu s io n  th ro u g h  a  se m i-p e r m e 

a b le  m e m b r a n e .  B u t  w e  h a v e  n o  re a so n  to  b e liev e  t h a t  t h e  “ d ia m e te r  la w  ” w ill 

cease  to  b e  fo llo w ed  in  su c h  cases, p ro v id e d  th e  p o re s  a re  n o t  su ff ic ie n tly  n e a r  to  

in te r fe re  w ith  ea ch  o th e r , a n d  a re  n o t  o f  m o le c u la r  d im en sio n s. W e  m u s t  c o n 

s e q u e n tly  re g a rd  p o ro u s d iffu sio n  as  a n  e x tre m e  case  o f  free  d iffu sio n  th r o u g h  a

2 m 2
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m u lt i -p e r fo ra te  d ia p h ra g m , w h e re  th e  m o le c u la r  f lu x es a re  m u c h  in te n s if ie d  b y  th e  

m in u te n e s s  o f  th e  p o re s  in  th e  m a n n e r  w e  h a v e  in d ic a te d .#

A  c o m p a riso n  h a s  n e v e r  y e t  b e e n  m a d e  e x p e r im e n ta l ly  b e tw e e n  th e  d iffu s iv e  flow  

th r o u g h  th in  p o ro u s  s e p ta  a n d  th r o u g h  c le a r  o p e n in g s  o f  e q u a l a re a , b u t  i t  is q u i te  

e v id e n t  t h a t  u n d e r  fa v o u ra b le  c irc u m s ta n c e s  su c h  s e p ta , e v e n  i f  m a d e  o f  fa ir ly  d e n se  

m a te r ia l ,  w ill  p ro d u c e  le ss  o b s tru c t io n  t h a n  is o rd in a r i ly  b e liev ed .

T h e  c o n d it io n s  o f  d iffu sio n  th r o u g h  a  s in g le  p o re  o f  th is  d e s c r ip t io n  a re  s im ila r  to  

th o s e  o f  fig. 6, p ro v id in g  t h e  p o re s  a re  n o t  to o  c lose to g e th e r ,  t h e  a m o u n t  of d iffu sio n  

p e r  u n i t  o f  t im e  b e in g  r e p re s e n te d  b y

n  — k p A
x  “  L  -f-

T h e  fo rm u la  d e v e lo p e d  in  t h e  l a s t  se c tio n  is, h o w e v e r , m o re  c o n v e n ie n t for e s t im a t in g  

t h e  e ffic iency o f  a  s e p tu m  o f  k n o w n  th ic k n e s s , a n d  w ith  p o re s  o f  k n o w n  d im e n s io n s .

A s a n  e x a m p le  w e h a v e  c a lc u la te d  th e  e ffic iency  o f  a n  o p e n  c y lin d r ic a l  tu b e  o f  

1 sq. c e n tim . in  se c tio n , a n d  1 c e n tim . lo n g , a s  c o m p a re d  w ith  t h a t  o f  th e  sam e  tu b e  

u n d e r  l ik e  c o n d itio n s  w h e n  th e  m o u th  is c lo sed  w i th  (1 )  a  s e p tu m  o f  ‘1 m illim ., a n d  

(2 ) a  s e p tu m  o f  ‘05 m illim . in  th ic k n e s s  ; eac h  s e p tu m  b e in g  su p p o se d  to  h a v e  p o re s  

o f  ‘O i l  m illim . in  d ia m e te r ,  a r r a n g e d  a t  d is ta n c e s  o f  10 d ia m e te r s  a p a r t ,  a t  w h ic h  

d is ta n c e , a s  w e  h a v e  p re v io u s ly  seen , th e  fin e o p e n in g s  w ill p r a c t ic a l ly  ce a se  to  h a v e  

a n y  in flu e n ce  on  eac h  o th e r .

I t  w ill b e  re m e m b e re d  t h a t  th e  re s is ta n c e  o f  th e  d ia p h ra g m  e x p re s s e d  in  t e r m s  o f

th e  l e n g th  o f  t h e  tu b e  is '8 9 2  I )  -f- • ( -f- *785 t h e  e ffic ien cy  b e in g  in v e rs e ly

p ro p o r t io n a l  to  th e  re s is ta n c e .

T h e  v a lu e s  in  th is  case  in  cen tim s . a re  a s  fo llow s :—

F o r  O p en  T u b e ,  L  =  1*0 ; D  =  1 T 2 8 4  ; a n d  A  =  1*0.

F o r  S e p tu m  (1 ), l  —  ‘01 ; d  =  ‘0 0 1 1 2 8 4 ;  a n d  a  =  1 0 " °  

F o r  S e p tu m  (2 ), l =  ’0 0 5 :  d  =  ‘0 0 1 1 2 8 4 ;  a n d  a  1 0 -G

n u m b e r  o f  p o res  on th e  s e p tu m  a t  10 d ia m e te rs  a p a r t  =  82 64 .

2 6 8  D R . H . T . B R O W N  A N D  M R . F . E S C O M B E  O N  S T A T IC  D IF F U S IO N  O F

Ta b l e  X X I.

N o .

R e s is ta n c e

o f

o p e n  tu b e ,  

L  +  -3 9 2 D .

R e s is ta n c e  

o f  tu b e  +  s e p tu m ,

L  +  -3 9 2 D  +  A  ( /  +  -7 8 5 (0 -
T ill

E ff ic ie n c y  o f  tu b e  

+  s e p tu m

c o m p a r e d  w ith  tu b e  

a lo n e , p e r  c e n t .

P e r c e n ta g e  

a r e a  o f  s e p tu m  

o c c u p ie d  

b y  th e  p o r e s .

c e n t i m s .

i

c e n t i m s .

(1 ) 1 - 4 4 0 2 - 7 5 7 5 2 - 2 •8 2

(2 ) 1 - 4 4 0 2 - 1 5 2 6 6 - 9 • 8 2

*  T h e  a r g u m e n t  h e r e  u s e d  is  e q u a lly  a p p lic a b le  to  a n a s to m o s in g  n o n - c y l in d r ic a l  p o res .
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G A S E S  A N D  L IQ U ID S , E T C ., IN  P L A N T S . 2 6 9

T h e  D e te r m in a t io n  o f  C o e ff ic ien ts  

I t  is e v id e n t  fro m  th e  fo re g o in g  c o n s id e ra tio n s  t h a t ,  u n d e r  fa v o u ra b le  c o n d it io n s , 

t h e  r a t e  o f  flow  o f  d iffu s ib le  s u b s ta n c e s  t h r o u g h  a n  a p e r tu r e  o r  a p e r tu r e s  in  a  s e p tu m  

o u g h t  to  a ffo rd  a  s im p le  a n d  c o n v e n ie n t  m e th o d  fo r  d e te r m in in g  co e ffic ie n ts  

in  c e r ta in  cases. O u r  e x p e r im e n ts  in d ic a te  t h a t  t h e  p ro c e ss  is o n e  w h ic h  a d m its  o f  

a  c o n s id e ra b le  d e g re e  o f  e x a c tn e s s ,  a n d  t h a t  i t  w ill b e  o f  g r e a t  u se , n o t  o n ly  in  

e s ta b l is h in g  t h e  v a lu e s  o f  k ,bu t a lso  in  th r o w in g  m o re  l ig h t  u p o n  a  q u

th e o r e t ic a l  i n te r e s t ,  t h e  v a r ia t io n  o f  d if fu s iv ity  o f  c e r ta in  g a se s  w i th  v a r y in g  r a t io s  

o f  m ix tu r e .

S o  f a r  w e  h a v e  o n ly  a p p lie d  t h e  n e w  m e th o d  ( I )  to  a tm o s p h e r ic  c a rb o n  d io x id e , 

(2 )  to  a q u e o u s  v a p o u r  a t  lo w  te n s io n s  d if fu s in g  in to  a i r  ; a n d  (3 )  to  s o lu t io n s  o f  s o d iu m  

c h lo r id e .

(1 )  E x p e r im e n ts  on  C 0 2.

T h e se  w e re  m a d e  b y  a llo w in g  th e  C 0 2 o f  o r d in a r y  a i r  to  d iffu se  th r o u g h  a  s in g le  

a p e r tu r e ,  o r  a  s e r ie s  o f  v e ry  sm a ll a p e r tu r e s ,  in to  a  sp a c e  w h ic h  w a s k e p t  p ra c t ic a l ly  

fre e  fro m  C 0 2 b y  c o m p le te  a b s o rp t io n  w i th  s o lu tio n s  o f  c a u s t ic  a lk a li .

I n  t h e  f i r s t  se r ie s  d e sc r ib e d , w e  e m p lo y e d  a  t h in  c e llu lo id  s e p tu m  o f  a b o u t  *1 

m illim . th ic k n e s s  f ix ed  a t  t h e  m o u th  o f  a  s h o r t  b u r e t te - l ik e  tu b e  o f  a b o u t  4 c e n tim s . 

in  d ia m e te r ,  c o n ta in in g  t h e  a b s o rb e n t .

B y  a  s e r ie s  o f  p r e l im in a r y  e x p e r im e n ts  w i th  a p e r tu r e s  o f  '3 7 5  m illim . in  d ia m e te r ,  

g r a d u a l ly  d e c re a s in g  in  n u m b e r , i t  w as fo u n d  t h a t  w h e n  t h e  n u m b e r  o f  th e  h o le s  

h a d  b e e n  d e c re a s e d  p a s t  a  c e r ta in  p o in t ,  t h e  v e lo c ity  o f  th e  in g o in g  C 0 2, e s t im a te d  

b y  t h e  a m o u n t  a b s o rb e d  in  a  g iv e n  t im e , b e ca m e  c o n s ta n t ,  t h i s  p o in t  o f  m a x im u m  

v e lo c ity , a ll o th e r  c o n d it io n s  b e in g  t h e  sa m e, b e in g  c o n d it io n e d  so le ly  b y  t h e  d iffu s iv ity . 

W h e n  th e  le v e l o f  t h e  l iq u id  in  th e  tu b e  w a s fro m  2 to  3 c e n tim s . fro m  th e  to p , w e  

fo u n d  t h a t  t e n  o r tw e lv e  o f  th e s e  sm a ll  h o les , e v e n ly  d i s t r ib u te d  o v e r th e  d isc , w e re  

n o t  to o  m a n y  to  em p lo y .

A s th e  e x p e r im e n ts  w e re  c a r r ie d  on  in  p e r fe c t ly  s t i l l  a i r  ( th e  C 0 2 c o n te n t  o f  w h ic h  

w as, o f  co u rse , a c c u ra te ly  d e te rm in e d )  a n d  t h e  v e lo c ity  o f  in g re s s , o w in g  to  th e  sm a ll  

s ize  o f  th e  h o les , w as  c o n s id e ra b le , w e  h a d  a ll  th e  c o n d itio n s  for t h e  p e r fe c t  fo rm a tio n  

o f  t h e  d o u b le  s y s te m  o f  sh e lls  o f  e q u a l d e n s i ty  as  sh o w n  in  fig. 3 ; h e n ce  t h e  g e n e ra l  

fo rm u la  fo r t h e  d iffu sio n  s h o u ld  b e

Q  =  Icpl).

S in c e , h o w e v e r, t h e  th ic k n e s s  o f  th e  ce llu lo id  s e p tu m , a l th o u g h  sm a ll, is n o t  a l to g e th e r  

n e g lig ib le , w h e re  th e  g r e a te s t  p o ss ib le  a c c u ra c y  is r e q u ire d , t h e  fo rm u la  r e p r e s e n t in g  

t h e  r a t e  o f  d iffu sio n  for a  s in g le  a p e r tu r e  sh o u ld  be

n  —
* ~~ l + 2x ’

i  ,Q 
w h e n ce  k  —  — - - —  .
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2 7 0  DR. H . T. B R O W N  A N D  M R. F. ESC O M B E O N  S T A T IC  D IF F U S IO N  O F 

T h e  fo llo w in g  a re  th e  d e ta ils  o f  tw o  su c h  e x p e r im e n ts  :—

T a b l e  X X I I .

N u m b e r  o f  a p e r tu r e s  . . . . 12

D ia m e te r  o f  e a c h  a p e r tu r e  . . . ‘375 m illim .

T h ic k n e s s  o f  s e p t u m ..................... TO „

l +  =  ‘0 3 9 4  c en tirn .

M e an  t e m p e r a tu r e  . . . • . . 15°*0 C.

M e an  p r e s s u r e ................................  7 5 7 ‘9 m illim s.

M e an  c o n te n t  o f  a i r  in  CO., . . 3 ‘29 p e r  1 0 ,000 .

( I n  ( l )  th e  a b s o rb e n t  l iq u id  w a s a t  a  d is ta n c e  o f  2 c e n tim s . fro m  to p  o f  tu b e , in  (2 ) 

i t  w a s a t  3 c e n tim s .)

COo d if fu s e d  iti cu b . c e n t im s .  a t  0° a n d  7 6 0  m il l im s .

N o . T im e  in  h o u r s .

T o ta l . T o ta l  p e r  h o u r .

P e r  h o le  p er  

h o u r

Q ,v.

h \

(1) 2 1 5 - 3 1 3 - 8 3 9 • 0 6 4 2 7 • 0 0 5 3 5 • 1 5 3

(2 ) 2 1 6 - 2 1 3 - 6 3 2 • 0 6 3 0 5 • 0 0 5 2 5 •1 5 1

I n  th e  n e x t  e x p e r im e n t  d iffu sio n  w a s c a r r ie d  on  in  a  s im ila r  m a n n e r  th r o u g h  a 

s in g le  a p e r tu r e  o f  4 m illim s. d ia m e te r , m a d e  in  a  m ic a  p la te  o f  (3 )  ‘IT m illim . a n d  (4 )

TO m illim . in  th ic k n e s s .

I +  2x (3 )  ‘325 c e n t im ., (4 )  *324 cen tim .

M e an  t e m p e r a t u r e ..................... 15° C.

M e an  p r e s s u r e ................................  7 5 7 ‘9 m illim s.

M e an  c o n te n t  o f  a i r  in  CO., . . 3 ‘29 p a r t s  p e r  10 ,0 00 .

Ta b l e  X X I I I .

C O o d if fu s ed .

N o .
T im e  in  

h o u r s .

cu b . c e n t im s . a t  0 °  a n d  7 6 0  m il l im s .

k \

T o ta l . T o ta l  p e r  h o u r .

(3 ) 2 1 2 - 3 1 5 - 3 0 8 • 0 7 2 1 0 • 1 4 9

(4 ) 2 1 1 - 5 1 5 - 8 8 2 • 0 7 5 0 9 • 1 5 5

I t  w ill b e  n o te d  t h a t  t h e  v a lu e s  o f  k°given b y  th is  m e th
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a p p ro x im a te  f a i r ly  c lo se ly  to  th o s e  o b ta in e d  b y  s t a t i c  d iffu s io n  a lo n g  tu b e s  ( s e e p .  2 4 1 ), 

b u t  w e  h a v e  re a s o n  to  b e lie v e  t h a t  t h i s  n e w  m e th o d  is  m o re  a c c u r a te  t h a n  tu b e  

d iffu sio n , a n d  i t  h a s  t h e  a d v a n ta g e  in  o c c u p y in g  m u c h  le ss  t im e  fo r  a n  e x p e r im e n t .

T h e  v a lu e s  o b ta in e d  a re  a lm o s t  id e n t ic a l  w i th  th o s e  o f  W a it z , h u t  d e p a r t  so m e 

w h a t  fro m  t h e  v a lu e  '1 3 3  d e d u c e d  b y  St e f a n  a n d  0 .  E . Me y e r  fro m  th e o r e t ic a l  

c o n s id e ra tio n s  b a s e d  o n  t h e  co effic ien t o f  v is c o s ity  o f  t h e  tw o  g a se s , c a rb o n  d io x id e  

a n d  a i r  (see  0 .  E . Me y e r ’s  ‘ K in e t ic  T h e o r y ,’ p. 2 7 5 , E n g l ,  e d ., 1 8 9 9 ), a n d  a lso  fro m  

t h e  co m m o n ly  re c e iv e d  v a lu e  o f  '1 4 2  o b ta in e d  b y  Lo s c h mid t  fo r  m u c h  h ig h e r  r a t io s  o f  

m ix tu re .

A c c o rd in g  to  t h e  k in e t ic  th e o r y  o f  d iffu s io n  o f  St e f a n  a n d  Ma x w e l l , d if fu s iv i ty  

s h o u ld  b e  a s  c o n s ta n t  a  p r o p e r ty  a s  c o n d u c t iv i ty  o f  h e a t  in  a  so lid , b u t  O . E . Me y e r ’s 

e x p a n s io n  o f  th is  th e o r y  le a d s  to  a  s o m e w h a t  d if fe re n t  c o n c lu s io n , w h ic h  m a y  be  

e x p re s s e d  a s  fo llow s :— I f  t h e  to t a l  n u m b e r  o f  m o le cu le s  in  u n i t  v o lu m e  o f  a  m ix tu r e  

o f  tw o  d if fu s in g  g a s e s  is r e p r e s e n te d  b y  N , a n d  t h e  c h a n g in g  n u m b e r  o f  m o le c u le s  

o f  t h e  c o n s t i tu e n ts  b y  N l? NX re s p e c t iv e ly ,  t h e n  t h e  d if fu s iv ity  w ill b e  fo u n d  to  v a r y  

s l ig h t ly  w ith  t h e  r a t io  o f  m ix tu r e  N j/N o , w h e re a s  a c c o rd in g  to  St e f a n  a n d  Ma x 

w e l l ’s v iew s  t h e  co eff ic ien t o f  d iffu s io n  is in d e p e n d e n t  o f  th i s  r a t io .

I n  t h e  case  o f  CO., a n d  a i r  Me y e r ’s  t h e o r y  le a d s  to  a  lo w er  co eff ic ien t o f  d if fu sio n  

t h a n  *142 fo r t h e  e x tr e m e ly  d i lu te  C 0 3 w i th  w h ic h  w e  h a v e  to  d e a l in  o r d in a r y  a ir , 

w h e re a s  w e  f in d  a  d i s t in c t ly  h ig h e r  v a lu e  t h a n  th is ,  o n e  in  fa c t  w h ic h  is q u i te  a s  h ig h  

a s  so m e o f  th o s e  o b ta in e d  b y  t h e  o r d in a ry  m e th o d s  o f  m ix tu r e  o r ig in a lly  e m p lo y e d  

b y  Lo s c h m id t .

(2 )  D i f fu s io n  o f  A q u e o u s  V a p o u r  A i r .

A n  a t t e m p t  w as m a d e  to  d e te rm in e  th e  v a lu e  o f  k  fo r a q u e o u s  v a p o u r  a t  low  

te n s io n s  w h e n  d iffu s in g  in to  a ir ,  in  t h e  fo llo w in g  m a n n e r  : —

S m a ll d ish e s  o r  c y lin d e rs , fro m  4 to  6 c e n tim s . in  d ia m e te r ,  w e re  c o v e re d  w i th  t h i n  

m ic a  d isc s  w h ic h  w e re  fix ed  o n  to  th e m  w i th  C a n a d a  b a lsam . T h e  d isc s  w e re  p e r 

fo ra te d  w ith  a  s in g le  c e n t r a l  h o le  o f  4 m illim s. in  d ia m e te r ,  w a te r  b e in g  p o u re d  in to  

th e  v e sse ls  to  a b o u t  1*5 c e n tim s . fro m  th e  to p . T h e se  v e sse ls , a f te r  b e in g  w e ig h e d , 

w e re  p la c e d  in  a  sp a c io u s  e x s ic c a to r  w h ic h  e x p o se d  a  la rg e  su rfa c e  o f  c o n c e n tr a te d  

s u lp h u r ic  ac id , so  t h a t  e v a p o ra t io n  th r o u g h  th e  sm a ll  a p e r tu r e  to o k  p lac e  in to  a n  

a tm o s p h e re  p ra c t ic a l ly  free  fro m  v a p o u r. T h e  e x s ic c a to r  w a s  c o v e re d  o u ts id e  w ith  a  

th ic k  n o n -c o n d u c tin g  la y e r  o f  c o tto n -w o o l, a n d  w as  p la c e d  in  a  ro o m  k e p t  as  n e a r ly  

a s  p o ss ib le  a t  c o n s ta n t  te m p e r a tu re .

T h e  su rfa c e  o f  th e  w a te r  in  th e  d ish  b e in g  v e ry  la rg e , c o m p a re d  w ith  th e  s ize  o f  

th e  a p e r tu r e  in  t h e  m ica  co v er, th e  a ir  o f  th e  d ish  ab o v e  th e  l iq u id  w as  s a tu r a te d  

w ith  w a te r  v a p o u r , w h ic h  w a s c o n s e q u e n tly  a t  th e  m a x im u m  p re s s u re  c o rre sp o n d in g  to  

th e  te m p e r a tu r e  o f  th e  e x p e r im e n t. T h e  a m o u n t  o f  v a p o u r  w h ic h  d iffu sed  in to  th e  

d r y  a ir  o f  th e  e x s ic c a to r  w as  d e te rm in e d  a t  in te rv a ls  o f  tw o  o r th r e e  d a y s  b y  

w e ig h in g  th e  d ish .
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T h e  v a lu e  o f  p, t h e  d e n s i ty  o f  t h e  w a te r  v a p o u r  in  t h e  a ir  o f  th e  c o v e red  d ish , is 

d e te rm in a b le  fro m  i t s  m a x im u m  p re s s u re  fo r t h e  m e a n  te m p e r a tu re ,  a n d , s in c e  th e  

p re s s u re  o f  th e  v a p o u r  in  th e  a i r  o f  t h e  e x s ic c a to r  is k e p t  p ra c t ic a l ly  a t  ze ro , w e  c a n  

d e te rm in e  th e  v a lu e  o f  k, r e p r e s e n t in g  t h e  d if fu s iv ity  o f  w a te r  v a p o u

a p p ly in g  th e  sa m e  fo rm u la  fo r  d o u b le  d e n s i ty - s h e l l  fo rm a tio n  a s  w e  d id  in  t h e  case  o f  

t h e  CO;,.

T h e  fo llo w in g  r e s u l ts  w e re  o b ta in e d  in  th i s  m a n n e r , th e  v a lu e  o f  k! r e p r e s e n t in g  th e  

d if iu s iv i ty  for th e  m e a n  te m p e r a tu r e  o f  e x p e r i m e n t :—

Ta b l e  X X IV .

T im e D ia m e te r

H oO  v a p o u r  d iffu s ed .

T e m p e r a 

tu r e .

B a r o 

m e te r .
N o . in

h o u r s .

o f  a p e r 

tu r e .
T o ta l .

T o ta l  p er  

h o u r .

f>- K

0 ) 9 7 - 9

millinia.
4 - 0

gramme.
• 3 8 3 6

gramme.
• 0 0 3 9 1 8 • 0 0 0 0 1 1 2 9 1 2 - 9 7 5 6 - 6 • 2 5 3

(2 ) 9 3 - 2 4 - 0 • 4 0 7 4 •0 0 4 3 7 1 • 0 0 0 0 1 2 4 4 1 4 - 5 7 5 6  • 9 • 2 5 7

(3) 9 6 - 3 4 - 0 •4 5 9 1 • 0 0 4 7 6 7 • 0 0 0 0 1 3 5 3 1 5 - 9 7 5 9 - 9 •2 5 1

(4) 1 2 1 - 4 4 - 0 • 6 2 3 4 • 0 0 5 1 3 5 • 0 0 0 0 1 4 2 7 1 6 - 8 7 5 5  • 9 • 2 5 6

I n  o rd e r  to  r e n d e r  th e  v a lu e s  of k! s t r i c t ly  c o m p a ra b le  th e y  m u s t  b e  r e d u c e d  to  k°, 

r e p r e s e n t in g  th e  d if fu s iv ity  o f  a q u e o u s  v a p o u r  in  a i r  a t  0 ° C ., b y  th e  fo rm u la

T h e  v a lu e  o f  th e  e x p o n e n t  n  h a s  n o t  b een  d e te rm in e d  fo r  a q u e o u s  v a p o u r  a n d  a ir , 

b u t  i t  c a n n o t  be  fa r  re m o v e d  fro m  2, w h ic h  is th e  v a lu e  u se d  b y  W in k e l m a n n  in  

re d u c in g  h is  o b s e r v a t io n s ; k° th e n  a ssu m e s  th e  fo llo w in g  v a lu e s  in  o u r  e x p e r i 

m e n ts  :—

F .

( i ) .  . . . . . . '231

( 2 ) .  . . . . . . '2 3 4

( 3 ) .  . . . . . . '2 2 4

(4 ) .  . . . . . . '2 27

M e a n . . . '2 29

T h is  c o rre sp o n d s  a lm o s t  e x a c tly  w i th  th e  v a lu e  '2 3 0 , c a lc u la te d  a c c o rd in g  to  

St e f a n ’s  k in e t ic  fo rm u la  o f  d iffu sio n .
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G A S E S  A N D  L IQ U ID S , E T C ., I N  P L A N T S . 2 7 3

W in k e l m a n n , b y  o b s e rv in g  t h e  r a t e  o f  e v a p o ra t io n  o f  w a te r  in  n a r r o w  tu b e s  

( ‘ A n n . P h y s . C h e m .,’ vol. 22  (1 8 8 4 ) , p. 2 2 ), fo u n d  th e  fo llo w in g  v a lu e s  a t  9 2 ° '4  a n d  

49°*5, t h e  r a t io s  o f  m ix tu r e  b e in g  r e p r e s e n te d  r e s p e c t iv e ly  b y  N 1(/N 3 =  2 8 8 /4 4 2  

a n d  N t/N 2 =  44-8/685*2

F 2°'4 *2992 =  *167,

&49°'5 *2848 =  k°  *204.

T h e  p re s s u re s  o f  t h e  v a p o u r  in  o u r  e x p e r im e n ts ,  w h ic h  w e re  m a d e  b e tw e e n  1 2 °‘9 

a n d  1 6 ° '8 , c o rre sp o n d  to  r a t io s  o f  m ix tu r e  ly in g  b e tw e e n  l l T / 7 4 5 '5  a n d  14*2/741 *7, 

w h ic h  o u g h t  to  g iv e  v a lu e s  o f  k°  h ig h e r  t h a n  t h e  h ig h e s t  v a lu e  ’2 0 4  fo u n d  b y  

W in k e l m a n n , b u t  t h e  d iffe re n c e  a c tu a l ly  o b s e rv e d  a p p e a r s  to  h e  s o m e w h a t  g r e a t e r  

t h a n  c a n  h e  a c c o u n te d  fo r  b y  t h e  m e re  d im in u t io n  o f  t h e  r a t io  o f  m ix tu re .

T h e  su cce ss  o f  W in k e l m An n ’s  m e th o d  d e p e n d s  e n t i r e ly  o n  t h e  m a in te n a n c e  o f  t h e  

m a x im u m  te n s io n  o f  a q u e o u s  v a p o u r  im m e d ia te ly  a b o v e  t h e  s u rfa c e  o f  t h e  

e v a p o r a t in g  l iq u id  in  t h e  tu b e . If , a s  se em s h ig h ly  p ro b a b le  fro m  h is  d e s c r ip t io n  o f  

t h e  e x p e r im e n ts ,  t h i s  te n s io n  is n o t  a t  a  m a x im u m , W in k e l m a n n ’s  r e s u l ts  m u s t  

c e r ta in ly  y ie ld  lo w er n u m b e rs  fo r  k  t h a n  th e  a c tu a l  v a lu e s .

A l th o u g h  o u r  m e th o d  g iv e s  n u m b e rs  a g re e in g  so r e m a r k a b ly  c lo se ly  w ith  th e  

d i f fu s iv ity  c a lc u la te d  fro m  St e f a n ’s  fo rm u la , t h e r e  is n o t  t h e  sa m e  a g re e m e n t  w i th  

th e  th e o r e t ic a l  v a lu e s  d e d u c e d  fro m  Me y e r ’s  fo rm u la , w h ic h  a c c o rd in g  to  

W in k e l m a n n  a re  k°  T 5 9  a n d  k°  T 8 4 , fo r te n s io n s  o f  v a p o u r  a t  9 2 0,4 a n d  4 9 ° -5 

re s p e c t iv e ly .

(3 )  E x p e r im e n ts  w i th  S o lu t io n s  o f  S o d iu m  C h lo rid e .

T h ese  w e re  m a d e  in  a  m a n n e r  s im ila r  to  th o s e  d e sc r ib e d  on  p. 247 .

T h e  s o lu tio n  o f  s a l t  w i th  5 p e r  c e n t , o f  a d d e d  g e la t in e  w a s  c o n ta in e d  in  c y lin d r ic a l  

v esse ls , to  w h o se  lo w e r e n d s  w e re  c e m e n te d  th in  m ic a  p la te s  p e r fo ra te d  w i th  a  c irc u la r  

h o le  o f  k n o w n  d ia m e te r . S u ff ic ie n t sp a ce  w a s g iv e n  in  t h e  g e la t in e  fo r th e  fo rm a tio n  

o f  “  d e n s i ty  sh e lls  ” o f  a  r a d iu s  o f  a t  le a s t  five  o r s ix  t im e s  t h e  d ia m e te r  o f  th e  

a p e r tu r e ,  a n d  t h e  c y lin d e rs  w e re  s u s p e n d e d  in  a  r e la t iv e ly  la rg e  v o lu m e  o f  w a te r  in  

w h ic h  th e  d iffu se d  s a l t  w a s d e te rm in e d  a t  s u i ta b le  in te rv a ls . W h e n  d o w n w a rd  

d iffu sio n  is e m p lo y e d  i t  is u n n e c e s s a ry  to  k e e p  th e  w a te r  s t i r r e d  in  o rd e r  to  g e t  t h e  

fu ll e ffect. B y  th is  a r r a n g e m e n t  t h e  d e n s i ty  o f  th e  so d iu m  c h lo r id e  w as  k e p t  

p ra c t ic a l ly  a t  z e ro  a t  t h e  l im i t in g  su rfa c e  o f  t h e  g e la tin e  a n d  th e  w a te r  o f  th e  o u te r  

v esse l, a n d  th e  d isp o s itio n  o f  t h e  “  d e n s i ty  sh e lls  ” in  t h e  g e la tin e  o u g h t  to  c o rre sp o n d  

to  t h a t  o f  fig. 1 (see  p. 2 5 6 ), d iffu sio n  ta k in g  p lac e  a c c o rd in g  to  th e  g e n e ra l  fo rm u la

Q  =  2&pD.

W h e n  c o rre c te d  for th e  th ic k n e s s  o f  th e  d ia p h ra g m  th is  beco m es

q  =  A A ,
^  l + X

2 N ]Y O L . C X C I I I .— B .
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a n d  a f te r  t h e  s ta t i c  c o n d it io n  h a s  b e e n  e s ta b l is h e d , w h ic h  in  th i s  case  re q u ire s  fro m  

15 to  20 h o u rs , k  is g iv e n  b y  t h e  fo llo w in g  fo rm u la , Q  r e p r e s e n t in g  th e  a c tu a l  w e ig h t 

o f  th e  s a lt  d iffu se d  in  o n e  h o u r :—

7 _  Q ( l  +  j O

“  p  . A  7 3 6 0 0 '

T h e  fo llo w in g  a re  so m e o f  t h e  e x p e r im e n ta l  r e s u l ts  o b ta in e d  in  th i s  m a n n e r , th e  

d if fu s iv ity  ¥  b e in g  t h a t  c o rre sp o n d in g  to  t h e  m e a n  t e m p e r a tu r e  o f  e ac h  e x p e r im e n t :—

2 7 4  D R . H . T . B R O W N  A N D  M R . F . E S C O M B E  O N  S T A T IC  D I F F U S I O N  O F

Ta b l e  X X V .

N o .

!

D u r a t io n

o f

e x p e r i

m e n t  

in  h o u r s .

D ia m e te r

o f

a p e r tu r e .

T h ic k n e s s

r>f

C o n c e n tr a 

t io n  o f  

s o lu t io n .
P

N a C l d if fu s e d , 

g r a m m e s .

T e m p e r a 
U.OI

s e p tu m .
W e i g h t  in  

v o lu m e  

p e r  c e n t .
T o ta l . P e r  h o u r .

tu r e .

i ( i ) 4 7 - 7

millims.
4 - 0

millims.
•1 5 - 5 • 0 5 5 • 1 2 2 3 • 0 0 2 5 0 1 0 ° -o • 0 0 0 0 1 7 4

1 (2 ) 2 2 - 4 4 - 0 1 5 - 5 •0 5 5 • 0 5 8 5 • 0 0 2 6 1 1 0 ° - 5 • 0 0 0 0 1 7 8

(3) 2 3 - 7 4 - 0 •1 5 - 5 • 0 5 5 • 0 6 4 4 •0 0 2 7 1 1 2 ° - 2 • 0 0 0 0 1 8 5

(4) 2 3 * 8 4 - 0 •1 5 - 5 0 5 5 • 0 6 6 1 •0 0 2 7 7  ! 12° -6 • 0 0 0 0 1 8 9

T h e se  v a lu e s  a re  h ig h e r  th a n  th o s e  d e d u c e d  b y  St e f a n  fro m  Gr a h a m ’s  e x p e r i 

m e n ts  o n  th e  d iffu sio n  o f  10 p e r  c en t. N a C l so lu tio n s  in  w a te r ,  w h ic h  w h e n  re d u c e d  

to  C .G .S . u n i t s  a re  a s  fo llo w s :—

T em p . C.

9 ° — 1 0 °  . . . . . . - 0 0 0 0 1 1 4

l l ° - 7 5  . . . . . . . * 0 0 0 0 1 1 8

©O©

. . . - 0 0 0 0 1 0 6

1 0 ° - 0  . . . . . . . - 0 0 0 0 1 0 8

1 0 c -0  . . . . . . . - 0 0 0 0 1 0 3

O th e r  d e te rm in a tio n s  o f  th e  d if fu s iv ity  o f  N a C l h a v e  b e en  m a d e  b y  Sc h e f f e r , d e  

H e e n , a n d  Sc h u m e is t e r , w h o  fo u n d  a t  20° C. :—

V.

Sc h e f f e r .......................... -0000X 34

d e  H e e n  . . . . . .  *0000140

Sc h u m e is t e r ..................... -0 00 0127

A n  A p p l i c a t io n  o f  th e  fo r e g o in g  O b se rv a tio n s  to c e r ta in  N a tu r a l  P ro cesses  o f

D if fu s io n  in  P la n ts .

T h e  p ro b le m s  s u g g e s te d  in  t h e  f ir s t  p lac e  b y  a  s tu d y  o f  t h e  g a se o u s  in te rc h a n g e s  

g o in g  o n in  a  le a f  h a v e  led  u s  to  r e g a rd  t h e  g e n e ra l  p h e n o m e n a  o f  d iffu sio n  fro m  a  

n ew  p o in t  o f  v iew , a n d  i t  n o w  re m a in s  to  b e  se en  h o w  fa r  th e  r e s u l ts  o f  th e s e  in v es-
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t ig a t io n s  e n a b le  u s  to  g a in  a  d e e p e r  in s ig h t  in to  t h e  m e c h a n ism  o f  t h e  n a tu r a l  p r o 

cesses w h ic h  fo rm e d  th e  s t a r t i n g - p o in t  o f  th i s  re s e a rc h .

T h e  s t r u c tu r e  o f  a  ty p ic a l  h e rb a c e o u s  l e a f  is o n e  e m in e n t ly  s u i te d  fo r  p ro d u c in g  a ll  

t h e  r e m a r k a b le  d iffu s iv e  p h e n o m e n a  w h ic h  w e  h a v e  fo u n d  a s s o c ia te d  w ith  m u l t i -  

p e r f o r a te  s e p ta .

I f  w e  t a k e  a  sp e c ia l case , su c h  a s  t h a t  o f  t h e  u n d e r - s id e  o f  t h e  l e a f  o f  

a n n u u s ,  w e  f in d  t h e  im p e rv io u s  c u tic le  a n d  e p id e rm is  p ie rc e d  a t  r e g u la r  in te r v a ls  w i th  

m in u te  e l l ip t ic a l  o p e n in g s  w h o se  a p e r tu r e s  a r e  c a p a b le  o f  b e in g  r e g u la te d  b y  t h e  s t a t e  

o f  tu rg e s c e n c e  o f  th e  g u a rd -c e lls .

T h e s e  o p e n in g s , t h e  s to m a te s ,  a re  in  im m e d ia te  c o m m u n ic a tio n , t h r o u g h  a  la r g e  

in te r c e l lu la r  sp a ce , t h e  r e s p i r a to r y  c a v i ty ,  w i th  t h e  n u m e ro u s  a n d  ro o m y  in te r s p a c e s  

o f  t h e  lo o se ly  p a c k e d  ce lls  o f  t h e  s p o n g y  p a re n c h y m a . W e  h a v e  in  fa c t  a n  a r r a n g e 

m e n t  w h ic h  v i r tu a l ly  a m o u n ts  to  a  m u l t i - p e r f o r a te  d ia p h r a g m  e x te n d e d  o v e r  a  

c h a m b e r  w h o se  in te r io r  p r e s e n ts  a  v e ry  la rg e  a b s o rp t iv e  s u r fa c e  to  t h e  a tm o s p h e r ic  

c a r b o n  d io x id e  w h ic h  e n te r s  t h r o u g h  th e  fin e  a p e r tu r e s .

W h e r e  t h e  s to m a te s  o p e n  in to  t h e  r e s p i r a to r y  c a v i ty  th e r e  is a m p le  sp a ce  fo r  th e  

fo rm a tio n  o f  th e  n e g a t iv e  “ s h e lls  ” o f  e q u a l d e n s i ty  w h ic h  m u s t  n e c e s s a r ily  b e  p ro 

d u c e d  b y  t h e  d iv e r g e n t  m o le c u la r  d r i f t  o f  t h e  c a rb o n  d io x id e  e n te r in g  t h e  leaf. T h e  

s p a c in g  o f  th e  s to m a te s  o n  th e  lea f, i f  w e  r e g a r d  th e m  a s  c irc u la r  o p e n in g s , is a b o u t  

8 d ia m e te r s  a p a r t ,  a  d i s t r ib u t io n  w h ic h , a s  w e  h a v e  seen , w o u ld  a llo w  eac h  s in g le  

o p e n in g  to  e x e rc ise  n e a r ly  i t s  fu ll e ffic ien cy  w i th o u t  in te r fe re n c e  w i th  i t s  n e ig h b o u r .

T h e  e x te n t  o f  t h e  a b s o rp t io n  o f  th e  c a rb o n  d io x id e  o f  t h e  a i r  in  th e  c e llu la r  in te r s p a c e s  

m u s t  d e te rm in e  t h e  g r a d ie n t  o f  d e n s i ty  o f  t h a t  g a s  b e tw e e n  t h e  e x te r io r  a n d  in te r io r  

o f  t h e  leaf, a n d  t h e  a m o u n t  w h ic h  e n te r s  th r o u g h  a n  in d iv id u a l  s to m a te  m u s t  b e  c o n d i

t io n e d  b y  th i s  g r a d ie n t ,  a n d  a lso  b y  t h e  l in e a r  d im e n s io n s  o f  t h e  o p e n in g  o f  t h e  s to m a te .

I n  o rd e r  t h a t  w e  m ig h t  b e  in  a  p o s itio n  to  fo rm  so m e id e a  o f  t h e  m a x im u m  a m o u n t  

o f  a tm o s p h e r ic  c a rb o n  d io x id e  w h ic h  c a n  p a s s  th r o u g h  a  s in g le  s to m a te  u n d e r  fa v o u r 

a b le  c o n d itio n s , t h a t  is to  sa y , t h e  m a x im u m  effic ien cy  o f  th e  a p p a r a tu s  r e g a rd e d  

fro m  a  p h y s ic a l  p o in t  o f  v iew , w e  h a v e  d e te rm in e d  w ith  so m e d e g re e  o f  a c c u ra c y  th e  

a c tu a l  d im e n s io n s  o f  i t s  v a r io u s  p a r t s  in  th e  case  o f  th e  H e l ia n th u s .

W h e n  a  p a r t ia l ly  o p en  s to m a te  is o b se rv e d  in  a  m e d ia n  t r a n s v e r s e  se c tio n  th e  

a p p ro a c h in g  lip s  o f  t h e  g u a rd -c e lls  a re  se en  to  d iv id e  th e  s to m a ta l  tu b e  in to  a n  o u te r  

v e s t ib u la r  o p e n in g  ( V o r h o f ) ,  a n d  a n  in n e r  p o r t io n  ( ) w h ic h  o p e n s in to  th e

r e s p i r a to r y  c a v i t y ; b u t  w h e n  th e  s to m a te  is fu lly  o p en  t h e  rec essio n  o f  t h e  lip s  o f  

th e  g u a rd -c e lls  r e s u l ts  in  t h e  fo rm a tio n  o f  a  c o n tin u o u s , s h o r t ,  s t r a ig h t - s id e d  tu b e , o f  

a  l e n g th  o f  a b o u t  ‘0 1 4  m illim ., t h a t  is to  sa y , a b o u t  e q u a l to  th e  th ic k n e s s  o f  th e  

c u tic le  a n d  e p id e rm is , a n d  e ll ip tic a l  in  se c tio n .

T h e  a v e ra g e  a re a  o f  th e  e ll ip tic a l  c ro ss-sec tio n  o f  a  p e rfe c t ly  o p en  s to m a ta l  tu b e  

w as fo u n d  to  b e  ’0 0 0 0 9 0 8  sq u a re  m illim ., w h ic h  is e q u a l to  th e  a re a  o f  a  c irc le  o f  ' 0 1 0 7  

m illim . in  d ia m e te r .

F ro m  St e f a n ’s  th e o re tic a l  in v e s tig a t io n s  o f  th e  re la t iv e  a m o u n t  o f  e v a p o ra tio n

2 N 2
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fro m  c irc u la r  a n d  e ll ip tic a l  su rfa c e s  o f  e q u a l a re a , a n d  fro m  th e  c o rre sp o n d e n c e  w h ic h  

is fo u n d  to  h o ld  g o o d  b e tw e e n  su c h  p h e n o m e n a  a n d  th o s e  o f  d iffu sio n , w e  m a y  w ith  

p e rfe c t  s a fe ty  a ssu m e  t h a t  a n  e ll ip tic a l  tu b e ,  su c h  a s  w e  a re  c o n s id e r in g , w ill fu n c tio n  

a lm o s t e x a c t ly  t h e  sam e  a s a  c y lin d r ic a l  tu b e  h a v in g  t h e  sa m e  a re a  o f  c ro ss-sec tio n . 

T h e  “  d iffu sio n  tu b e  ” o f  t h e  s to m a ta l  a p p a r a tu s  o f  H e l ia n th u s  w ill th e re fo re  be  

e q u iv a le n t  to  a  c y lin d r ic a l  tu b e  o f  th e  fo llo w in g  d im e n s io n s  :—

L e n g t h ........................... '0 1 4  m illim . ( '0 0 1 4  c e n t im .)

D i a m e t e r ..................... ’0 1 0 7  ,, ( '0 0 1 0 7  ,, )

A re a  o f  c ro s s -se c tio n  . '0 0 0 0 9 0 8  sq. m illim . (1 0 ~ 7 X 9 '0 8 s q .  c e n t im .)

W e  a re  n o w  in  a  p o s itio n  to  d e te rm in e  th e  m a x im u m  a m o u n t  o f  c a rb o n  d io x id e  

w h ic h  c a n  p a ss  th r o u g h  tu b e s  o f  th i s  n a tu r e  b y  a p p ly in g  t h e  p r in c ip le s  w h ic h  h a v e  

b e e n  d e v e lo p e d  a t  a n  e a r l ie r  s ta g e  o f  th is  p a p e r .

I n  t h e  f i r s t  in s ta n c e  l e t  u s  im a g in e  th e  m o s t fa v o u ra b le  c o n d it io n s  p o ss ib le , t h e  

s to m a te s  b e in g  w id e  o p en , th e  p a r t i a l  p re s s u re  o f  th e  a tm o s p h e r ic  c a rb o n  d io x id e  a t  

th e  m o u th  o f  t h e  s to m a te s  b e in g  k e p t  c o n s ta n t  b y  a  m o v in g  a i r  c u r r e n t ,  a n d  t h a t  

o f  th e  r e s p i r a to r y  c a v i ty  a n d  th e  c o n n e c te d  in te r c e l lu la r  in te r s p a c e s  b e in g  m a in ta in e d  

p ra c t ic a l ly  a t  zero  b y  t h e  a b s o rb e n t  a n d  a s s im ila to ry  a c tio n  o f  t h e  s u r ro u n d in g  

p a re n c h y m a  cells. I n  th is  c o n d it io n  o f  th in g s  th e  in n e r  p a r t  o f  t h e  l e a f  w ill b e  a  

p e rfe c t  “ s in k  ” o f  c a rb o n  d io x id e , a n d  t h e  a m o u n t  o f  g a s  in  cub . c en tim s . (m e a su re d  

a t  0 °C . a n d  7 60  m illim s .)  w h ic h  w ill b e  a b so rb e d  b y  I s q u a re  c e n tim . o f  le a f  p e r  h o u r  

w ill b e  r e p re s e n te d  b y

Q  =
k p  . A . y  . 3 G 0 0  

/ - } -  x

w h e re  k  =  d if fu s iv ity  o f  C 0 3 in  C .G .S . u n i t s  == '1 4 5 .

p  =  d e n s i ty  o f  C 0 3 in  o u te r  a ir  in  a tm o s p h e re s  =  '0 0 0 3 . 

A  =  a re a  o f  s to m a te  =  1 0~ 7 X  9 ‘08 c e n t im s . 

y  =  n u m b e r  o f  s to m a te s  p e r  sq. c en tim . =  3 3 ,0 0 0 .

I =  l e n g th  o f  s to m a tic  tu b e  =  '0 0 1 4  cen tim . 

x  =  ^7r X  d ia m e te r  =  '0 0 0 4 2  cen tim .

H e n c e  Q  =  2 '5 7 8  cub . c en tim s . p e r  h o u r  p e r  sq. c e n tim .

I f  w e  su p p o se  t h e  a i r  o u ts id e  th e  le a f  to  b e  p e r fe c t ly  s t i l l ,* so t h a t  d e n s i ty  “ sh e lls  ” 

a re  fo rm ed  o u ts id e  a s  w ell a s  in s id e  th e  leaf, th e  d e n o m in a to r  o f  th e  f ra c tio n  in  th e  

la s t  e q u a t io n  b eo m es l +  2 x ,  a n d  th e  m a x im u m  a m o u n t  o f  c a rb o n  d io

th e  le a f  p e r  s q u a re  c en tim . p e r  h o u r  w ill b e  2 ‘095  cub. c en tim s.

B o th  th e s e  v a lu e s  a re  v e ry  m u ch  in  ex ce ss o f  th e  a c tu a l  a m o u n ts  o f  C 0 3 ta k e n  in  

b y  a  le a f  w h e n  a c t iv e ly  a ss im ila tin g .

* T h e  e p id e r m a l h a ir s  w h ic h  fr e q u e n t ly  o c c u r  o n  th e  u n d e r s id e  o f m a n y  l e a v e s  m a y  b e  s u ff ic ie n t  to  

p r e v e n t  a ir  c u r r e n ts  fr o m  s w e e p in g  a w a y  th e  e x t e r n a l  d e n s it y  “ s h e lls  in  m a n y  c a se s , a n d  th e  m a n n e r  in  

w h ic h  s o m e  s to m a te s  (c.g., A loe  nigricans) a re  su n k  in  th e  th ic k  e p id e r m is  m u s t  a ls o  c o n tr ib u t

s a m e  e n d .

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

4
 A

u
g
u
st

 2
0
2
2
 



G A S E S  A N D  L IQ U ID S , E T C ., I N  P L A N T S . 2 7 7

W h e n  a  l e a f  is a s s im ila t in g  a t  t h e  r a t e  o f  1 *8 g ra m m e s  o f  c a r b o h y d r a te  p e r  s q u a re  

m e tre  o f  l e a f  s u r fa c e  p e r  h o u r , t h e  g r e a t e s t  a m o u n t  w h ic h  h a s  h i t h e r to  b e e n  r e c o rd e d  

fo r  H e l ic in th u s  annuusb y  t h e  w e ig h in g  m e th o d  o f  S a c h s , i t  d o es  n o t  r e q u i r e  a  g r e a t e r  

in ta k e  o f  c a rb o n  d io x id e  t h a n  '1 3 4  cu b . c e n tim . p e r  s q u a re  c e n tim . p e r  h o u r ;  t h a t  is 

to  sa y , o n ly  fro m  5'2 to  6*3 p e r  c e n t, o f  t h e  m a x im u m  a m o u n t  w h ic h  t h e  d i

a p p a r a tu s  o f  th e  l e a f  w o u ld  b e  c a p a b le  o f  e f fe c tin g  i f  t h e  in te r io r  o f  t h e  l e a f  w e re  a  

p e r fe c t  “  s in k  ” o f  a tm o s p h e r ic  c a rb o n  d io x id e .

T h e  g r e a t  d iffe ren c e  b e tw e e n  t h e  o b se rv e d  in ta k e  o f  C 0 .2 a n d  t h e  m a x im u m  

p o ss ib le  in ta k e  d e d u c e d  fro m  a  c o n s id e ra tio n  o f  t h e  p h y s ic a l  m e c h a n ism  o f  t h e  le a f  

is o f  c o u rse  d u e  to  t h e  fa c t  t h a t  t h e  p re s s u re  o f  t h e  g a s  in  t h e  r e s p i r a to r y  c a v i ty  a n d  

in te r s p a c e s  is s t i l l  c o n s id e ra b le , e v e n  d u r in g  a c t iv e  a s s im ila tio n , so t h a t  t h e r e  is o n ly  

a  v e ry  sm a ll g r a d ie n t  b e tw e e n  t h e  e x te r n a l  a n d  in te r n a l  g a s , d u e  to  t h e  im p e rfe c tio n  

o f  t h e  a b s o rp t io n .*

F ro m  th e  d a ta  a l r e a d y  g iv e n  i t  is p o ss ib le  to  d e d u c e  t h e  a v e ra g e  p re s s u re  o f  th e  

c a rb o n  d io x id e  in  t h e  in te r io r  o f  t h e  a s s im ila t in g  le a f  w h e n  t h a t  o f  t h e  o u te r  a i r  is 

k n o w n . U n d e r  l ik e  c o n d it io n s  th e  r a t e  o f  in ta k e  w ill d e p e n d  o n  t h e  m a g n i tu d e  

p  — p lt w h e re  p  a n d  p [ r e p r e s e n t  t h e  p re s s u re s  o f  t h e  c a rb o n  d io x id e  in  t h e  o u te r  a i r  

a n d  in  t h e  in te r c e l lu la r  sp a c e s  re s p e c tiv e ly .

W h e n  p 1 =  0 w e  h a v e  se en  t h a t  t h e  in ta k e  m a y  a m o u n t  to  2 '5 7 8  cub . c e n t im s . p e r  

s q u a re  c e n tim . p e r  h o u r  w h e n  th e  o u te r  a i r  is in  m o tio n , a n d  2 '0 9  5 cub . c e n t im . w h e n  

th e  a ir  is s ti ll .  U n d e r  th e s e  tw o  s e ts  o f  c o n d it io n s  d u r in g  n o rm a l a s s im ila tio n  th e  

p a r t i a l  p re s s u re  o f  th e  C 0 2 in s id e  th e  l e a f  w ill th e re fo re  b e  a s  fo llow s, p  b e in g  ta k e n  

a s  u n i ty  :—
• 1 3 4

^  1 _  2-578 =  9481 

•1 34-

1 ~  2-095 =  9361

In  o th e r  w o rd s , i t  is o n ly  n e c e ssa ry  to  h a v e  a  d iffe re n c e  o f  p re s s u re  in  th e  c a rb o n

*  I t  is  a  m a t te r  o f  s o m e  in t e r e s t  in  c o n n e c t io n  w ith  t h e  a b o v e  r e m a r k s  to  d e te r m in e  t h e  r e la t io n  w h ic h  

e x i s t s  b e t w e e n  t h e  a r e a  o f  a n  o p e n  s to m a t e  a n d  th e  s u p e r f ic ia l  a r e a  o f  th e  c e l ls  o f  th e  s p o n g y  p a r e n c h y m a  

im m e d ia t e ly  c o r r e s p o n d in g  to  i t ,  a n d  fo r m in g  t h e  a b s o r p t iv e  s u r fa c e  fo r  t h e  e n te r in g  CCL. W e  h a v e  

e n d e a v o u r e d  to  a s c e r ta in  th is  in  th e  tw o  c a s e s  o f  Helianthannuus a n d  O w in g

ir r e g u la r  c o n to u r  o f  th e  c e l ls  th e  d if f ic u lt ie s  o f  m e a s u r e m e n t  a r e  c o n s id e r a b le , a n d  th e  r e s u lt s  m u s t  o n ly  b e  

r e g a r d e d  a s  a p p r o x im a t io n s .

U n d e r l y i n g  1 sq . m il l im . o f  th e  u n d e r  s u r fa c e  o f  th e  le a f  o f  H e l ia n t h u s  th e r e  w e r e  fo u n d  to  b e  2 0 9 6  

c e l l s  o f s p o n g y  p a r e n c h y m a , e a c h  o n e  h a v in g  a  s u p e r fic ie s  o f  -0 0 2 0 1 7  sq . m il l im ., so  th a t  th e  to ta l  s u r fa c e  

a r e a  o f  th e  c e l ls  c o r r e s p o n d in g  to  1 sq . m il l im . o f  le a f  is  2 0 9 6  x  -0 0 2 0 1 7  =  4 -2 2 8  sq . m il l im s . T h e  a g g r e 

g a t e  a r e a  o f th e  2 1 9  o p e n  s to m a t e s  o f  th e  1 sq . m il lim . o f  u n d e r  s u r fa c e  w a s  2 1 9  x  -0 0 0 0 9 0 8  =  -0 1 9 8 8  

sq . m i l l i m . ; h e n c e  th e  fr a c t io n

• 0 1 9 8 8  _  1

4 - 2 2 8  2 1 2

r e p r e s e n ts  th e  r a tio  o f  th e  a r e a  » f o n e  s to m a t a l  o p e n in g  to  th e  a r e a  o f  th e  c e l ls  o f  th e  s p o n g y  p a r e n c h y m a  

c o r r e s p o n d in g  to  i t .

T h e  r a t io  in  th e  c a se  o f  C a ta lp a  is  m u c h  g r e a te r  th a n  th is , a m o u n t in g  to  a b o u t
1

1 1 5 9 '
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d io x id e  o f  th e  o u te r  a n d  in n e r  a i r  o f  fro m  5 to  6*5 p e r  . c en t , in  o rd e r  to  g e t  a  suffi

c ie n t  g r a d ie n t  to  a c c o u n t fo r t h e  fu ll o b se rv e d  in ta k e  o f  th e  g a s  in to  t h e  le a f  o f  

H e l ia n th u s .

I n  th e s e  c a lc u la tio n s  w e  h a v e  a s su m e d  th e  s to m a te s  to  b e  o p en  to  th e i r  w id e s t  

p o ss ib le  e x te n t ,  b u t  a  c o rre c tio n  c a n  r e a d i ly  b e  a p p lie d  fo r  a n y  d e g re e  o f  o p e n in g  

s h o r t  o f  th is  b y  b e a r in g  in  m in d  t h a t ,  u n d e r  l ik e  c o n d itio n s , t h e  in ta k e  w ill v a ry  

d i r e c t ly  a s  t h e  d ia m e te r  o f  t h e  a p e r tu r e s  w h e n  th e s e  a re  r e g a r d e d  a s  c irc u la r  

o p e n in g s .#

T h e  s t r u c tu r e  o f  a  ty p ic a l  h e rb a c e o u s  le a f  is a n  a d m ira b le  e x a m p le  o f  a d a p ta t io n  to  

n a tu r a l  la w s, w h ic h  in  th i s  p a r t i c u la r  in s ta n c e  h a v e  o n ly  r e c e n t ly  b eco m e k n o w n  to  us. 

I t  i l lu s t r a te s  in  a  s t r ik in g  m a n n e r  a ll  t h e  p h y s ic a l  p ro p e r t ie s  o f  t h e  m u lt i - p e r f o r a te  

d ia p h ra g m , w h ich , w i th  i t s  m in u te  a p e r tu r e s  s e t  a t  fro m  6 to  8 d ia m e te r s  a p a r t ,  a n d  

r e p r e s e n t in g  o n ly  1 to  3 p e r  c e n t, o f  free  a re a , y e t  a llo w s a  p e r f e c t ly  free  in te r c h a n g e  

o f  g a se s  o n  i ts  tw o  sid es , w h i ls t  a t  t h e  sa m e  t im e  a ffo rd in g  e v e ry  p r o te c t io n  to  th e  

d e lic a te  s t r u c tu r e s  u n d e r ly in g  it.

R e g a r d in g  th e  a r r a n g e m e n t  m e re ly  a s  t h a t  o f  a  p iec e  o f  p h y s ic a l  a p p a r a tu s  fo r 

p ro d u c in g  r a p id  d iffu sio n , i t  c e r ta in ly  a p p e a rs  a t  f i r s t  s ig h t  to  b e  a  m o re  p e rfe c t  p iec e  

o f  m e c h a n ism  th a n  is rec p iire d  fo r  t h e  s u p p ly  o f  ca rb o n  d io x id e  fo r  t h e  p h y s io lo g ic a l 

n e e d s  o f  th e  p la n t ,  a n d  in s te a d  o f  e x p re s s in g  o u r  s u rp r is e  a t  t h e  c o m p a ra t iv e ly  la rg e  

a m o u n t  o f  t h a t  g a s  w h ic h  a  l e a f  c an  a b so rb  fro m  th e  a ir ,  w e  m u s t  in  f u tu r e  r a t h e r  

w o n d e r  t h a t  t h e  in ta k e  is n o t  g r e a te r  t h a n  i t  a c tu a l ly  is.

B u t  i f  th e  l im ita t io n s  to  th e  a b s o rp t io n  o f  c a rb o n  d io x id e  a re  n o t  to  be fo u n d  

in  a n y  im p e rfe c tio n s  o f  th e  s to m a ta l  a p p a r a tu s  o f  t h e  lea f, w e  m u s t  se e k  th e m  

e ls ew h e re .

T h e  f ir s t  e x p la n a t io n  w h ic h  n a tu r a l ly  s u g g e s ts  i t s e l f  is t h a t ,  in  th e  p a r t i c u la r  case  

w e  a re  c o n s id e r in g , t h e  c h lo ro p h y ll  b o d ie s  a re  p e rfo rm in g  th e  m a x im u m  a m o u n t  of 

w o rk  o f  w h ic h  t h e y  a re  c ap a b le , a n d  t h a t  t h e  T 3 4  cub . c e n tim . o f  g a s  a b s o rb e d  b y  

th e  sq. c e n tim . o f  l e a f  p e r  h o u r  is a  m e a su re  o f  t h e  m a x im u m  e la b o ra t iv e  p o w e r of 

th e  a s s im ila to ry  c e n tre s . S u c h , h o w e v e r , c a n n o t  b e  t h e  t r u e  e x p la n a t io n , s in ce  w ith  

g o o d  i l lu m in a t io n  th e  p o w e r o f  a s s im ila tio n , w i th in  c e r ta in  lim its ,  is a lw a y s  fo u n d  to  

in c re a se  w i th  e v e ry  s l ig h t  in c re a se  in  t h e  a m o u n t  o f  c a rb o n  d io x id e  in  th e  o u te r  a ir. 

W e  s h a ll  in  fa c t  sh o w  in  a  s u b s e q u e n t  p a p e r  t h a t  th e r e  is w i th in  th e s e  l im its  a  

re m a rk a b le  q u a n t i t a t iv e  c o rre sp o n d e n c e  b e tw e e n  in c re a s e d  p re s s u re  o f  C 0 2 a n d  

in c re a s e d  a ss im ila tio n .

T h e  r e s t r ic t io n  in  t h e  a b s o rp t io n  o f  th e  g a s  b y  th e  le a f  m u s t  r a th e r  b e  s o u g h t  in  

th e  d iff ic u lty  w h ic h  th e  g a se o u s  c a rb o n  d io x id e  e x p e r ie n c e s  in  p a s s in g  fro m  th e

* I t  w i l l  b e  s e e n  th a t  th e  d ia m e te r s  o f  th e  s t o m a t e s  u n d e r  c o n s id e r a t io n  m ig h t  b e  r e d u c e d  to  fr o m  —-
15

1
to  —  o f  th e ir  m a x im u m  a n d  y e t  s t i l l  a l lo w  a  s u f f ic ie n t  a m o u n t  o f  CO o to  p a s s  fo r  th e  m a x im u m  o b se r v e d

a s s im i la t io n , p r o v id in g  th e  a b s o r p t io n  w e r e  p e r fe c t .  T h is  is  a n  im p o r t a n t  fa c t ,  w h e n  w e  b e a r  in  m in d  th e  

role w h ic h  th e  s to m a te s  p la y  in  tr a n s p ir a t io n .
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G A S E S  A N D  L IQ U ID S , E T C ., I N  P L A N T S .

in te r c e l lu la r  sp a c e s  th r o u g h  th e  c e ll-w a lls  o f  t h e  a s s im ila t in g  p a re n c h y m a . T h e  

p e n e t r a t io n  o f  th e s e  c e l l-m e m b ra n e s  m u s t  n e c e s s a r i ly  b e  p re c e d e d  b y  t h e  s o lu t io n  o f  

t h e  g a s , a n d  a n y  p h e n o m e n a  o f  d iffu s io n  w h ic h  t a k e  p la c e  b e tw e e n  th i s  p o in t  a n d  

t h e  a s s im ila t in g  c e n t r e s  m u s t  b e  r e f e r r e d  to  l iq u id  a n d  n o t  to  g a s e o u s  d iffu s io n .

Gr a h a m , in  h is  B a k e r ia n  L e c tu r e  o f  1 85 0  ( ‘ C h e m ic a l  a n d  P h y s ic a l  R e s e a rc h e s ,’ 

p. 4 4 6 ), sh o w e d  t h a t  t h e  “ l iq u id  d iffu s io n  o f  c a rb o n ic  a c id  is  a  s lo w  p ro c e ss  c o m p a re d  

w i th  i t s  g a se o u s  d iffu sio n , q u i te  a s  m u c h  a s  d a y s  a re  to  m in u te s .” W e  h a v e  in  th i s  

fa c t  s o m e th in g  m o re  t h a n  a  s u g g e s t io n  o f  w h e re  w e  m a y  e x p e c t  to  f in d  t h e  p o in t  o f  

g r e a t e s t  r e s is ta n c e  in  t h e  p a th  o f  t h e  c a rb o n  d io x id e  o n  i t s  w a y  fro m  th e  o u te r  a i r  to  

t h e  c h lo ro p h y ll  c o rp u sc le s , a n d  w h e re  a t  a n y  r a t e  o n e  im p o r ta n t  “ t h r o t t l e - v a lv e  ” o f  

t h e  a s s im ila to ry  p ro c e ss  is s i tu a te d .

T h e  a c c e le r a t in g  a c t io n  o f  a  m u l t i - p e r f o r a te  d ia p h r a g m  o n  a  d iffu s iv e  flow  is 

in d e p e n d e n t  o f  t h e  d i r e c t io n  o f  t h e  flow , so t h a t  t h e  a r r a n g e m e n t  w h ic h  w e  f in d  in  

t h e  l e a f  is a s  e ff ic ie n t in  p ro m o tin g  t h e  e g re s s  o f  t h e  e x c e ss  o f  o x y g e n  l ib e r a te d  

d u r in g  a s s im ila tio n , a n d  t h e  c a rb o n  d io x id e  e v o lv e d  d u r in g  t h e  r e s p i r a to r y  p ro ce ss , 

a s  i t  is in  p ro m o tin g  t h e  in g re s s  o f  th e  a tm o s p h e r ic  c a rb o n  d io x id e  its e lf.

I t  r e m a in s  n o w  to  b e  s e e n  h o w  fa r  t h e  t r a n s p i r a t io n  o f  w a te r  t h r o u g h  th e  le a f  

s to m a te s  m a y  b e  r e g a r d e d  a s  a  p h e n o m e n o n  o f  d iffu sio n . A n y  o u tw a rd  m o le c u la r  

flow  o f  th i s  k in d  m a y  t a k e  p la c e  w i th o u t  in te r f e r in g  w i th  t h e  s im u lta n e o u s  i n t e r 

c h a n g e  o f  o th e r  g a se s , w h e re a s , i f  t r a n s p i r a t io n  is in  a n y  w a y  d e p e n d e n t  o n  a n  

a c tu a l  m a ss  m o v e m e n t  o f  t h e  a q u e o u s  v a p o u r , c o n d it io n e d  b y  in c re a s e d  p re s s u re  

w i th in  th e  in te r s p a c e s  o f  t h e  leaf, t h e  e sca p e  o f  w a te r  in  th is  fo rm  th r o u g h  th e  

n a r ro w  o p e n in g s  o f  t h e  s to m a te s  m ig h t  se r io u s ly  in te r f e re  w i th  t h e  g a se o u s  i n t e r 

c h a n g e s .

F o r  t h e  p u rp o se s  o f  c a lc u la tio n  w e  h a v e  a s s u m e d  t h a t  th e  te m p e r a tu r e  o f  th e  

in s o la te d  le a f  is 20° C ., a n d  t h a t  th e  a q u e o u s  v a p o u r  in  t h e  r e s p i r a to r y  c a v i ty  is 

m a in ta in e d  a t  t h e  m a x im u m  p re s s u re  c o rre sp o n d in g  to  th is  t e m p e r a tu re ,  t h e  

e q u iv a le n t  o f  17*4 m illim s. o f  m e rc u ry . T h e  p re s s u re  o f  t h e  v a p o u r  in  th e  o u te r  a ir  

h a s  b e en  ta k e n  a t  o n e  q u a r t e r  o f  th is  a m o u n t , 4*3 m illim s. o f  m e rc u ry , so

t h a t  t h e  fa ll o f  p re s s u re  b e tw e e n  t h e  in n e r  a n d  o u te r  a i r  a m o u n ts  to  17*4 — 4*3 =  

13*1 m illim s.

T h e  m a x im u m  a m o u n t  o f  w a te r  v a p o u r , Q , in  g ra m m e s , w h ic h  c a n  d iffu se  o u t 

th r o u g h  th e  3 3 ,0 0 0  o p e n  s to m a te s  o f  1 sq. c en tim . o f  H e l ia n th u s  l e a f  in  o n e  h o u r  

m a y  b e  d e d u c e d  fro m  th e  e q u a t io n  on  p. 2 6 9 , k, th e  d if fu s iv ity  o f  w a te r  v a p o u r  in  a ir  

a t  20° C ., b e in g  t a k e n  a t  '2 2 8 , a n d  p, th e  w e ig h t  o f  1 cub. c en tim . o f  th e  v a p o u r , 

a t  20° a n d  1 3 T /7 6 0  m illim s. p re s su re , a t  *00001295 g ra m m e .

T h e  v a lu e  o f  Q  is fo u n d  to  b e  *1730, so t h a t  th e  p o ss ib le  t r a n s p ir a t io n  w h ic h  

can  ta k e  place, b y  d i f fu s io n  u n d e r  th e s e  c o n d itio n s  fro m  1 sq. m e tr e  o f  t h

w ith  fu lly  o p e n e d  s to m a te s  in  o n e  h o u r  is 1730 cub. c en tim s.

T h e  m a x im u m  a m o u n t  o f  t r a n s p ir a t io n  w h ic h  w e  h a v e  e v e r  o b ta in e d  e x p e r i

2 7 9
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m e n ta l ly  fro m  a  c u t  le a f  p la c e d  in  b r ig h t  s u n s h in e  a n d  w ith  i ts  p e tio le  im m e rse d  in  

w a te r ,  is 2 7 6  cub . c e n tim s . p e r  sq. m e tr e  p e r  h o u r , o r  le ss  t h a n  o n e -s ix th  o f  th e  

a b o v e  a m o u n t , so w e  m a y  c o n c lu d e  t h a t  t h e  r e la t iv e ly  la rg e  a m o u n ts  o f  w a te r  w h ic h  

p a ss  o u t o f  t h e  l e a f  m a y  b e  fu lly  a c c o u n te d  fo r  b y  d i f f u s io n  o n ly .

T h e  t r a n s lo c a t io n  o f  m a te r ia l  fro m  cell to  cell in  t h e  l iv in g  t is s u e s  o f  p la n t s  h a s  

g e n e ra l ly  b e en  r e g a r d e d  b y  p h y s io lo g is ts  a s  b e in g  d e p e n d e n t  on  a  p ro c e ss  o f  d io sm o sis  

th r o u g h  th e  in te r v e n in g  c e ll-m e m b ra n e .

T h e  d iff ic u ltie s  in  t h e  w a y  o f  a c c e p tin g  th is  e x p la n a t io n  d o  n o t  lie  so  m u c h  

in  t h e  p o ss ib le  re s is ta n c e  o f  t h e  th in  c e ll-w a ll i t s e l f  to  t h e  o sm o tic  p a s sa g e  o f  

d iffu s ib le  s u b s ta n c e s , a s  in  th e  k n o w n  p r o p e r t ie s  o f  t h e  o u te r  l im it in g  su rfa c e s  o f  th e  

p ro to p la sm . T h e se , a s  is  w e ll sh o w n  b y  t h e  p h e n o m e n a  o f  p la sm o ly s is , p o ssess  to  a  

r e m a rk a b le  e x te n t  th e  p ro p e r t ie s  o f  se m i-p e rm e a b le  m e m b ra n e s , t h a t  is to  sa y , t h e  

e c to p la sm , w h i ls t  a llo w in g  th e  r e a d y  p a s sa g e  o f  w a te r  in  e i th e r  d ire c tio n , e x h ib i t s  in  

th e  l iv in g  ce ll a  v e ry  m a rk e d  r e s is ta n c e  to  t h e  e n tr a n c e  o r  e x i t  o f  so lu te s , e v e n  

w h e n  th e s e  h a v e  a  h ig h  d e g re e  o f  d if fu s iv ity . T h e re  a re  re a so n s  fo r  b e lie v in g  t h a t  

t h i s  p r o p e r ty  is co n fin ed  to  t h e  e x te r n a l  p o r t io n  o f  t h e  e c to p la sm ic  la y e r , a n d  t h a t  

i t  is c o n d it io n e d  n o t  b y  a n y  e s s e n t ia l  d if fe ren c e  o f  co m p o s itio n  in  t h i s  la y e r , b u t  

m e re ly  b y  t h e  p o s itio n  i t  o ccu p ie s  a s  a  l im it in g  su rfa c e , i t s  p h y s ic a l  p ro p e r t ie s  b e in g  

th e r e b y  m o d ified  m u c h  in  th e  sa m e  m a n n e r  a s  a re  th o s e  o f  w a te r  b y  su r fa c e  te n s io n . 

B e  t h a t  a s  i t  m a y , h o w e v e r , t h e  re s is ta n c e  o f  th is  su rfa c e  la y e r  to  f ree  d iffu sio n  

m u s t  c e r ta in ly  a c t  a s  a  fo rm id a b le  b a r r ie r  to  t h e  in te r c h a n g e  o f  m a te r ia l  fro m  ce ll 

to  cell in  th e  p la n t ,  i f  w e r e g a r d  th is  in te r c h a n g e  a s  b e in g  c a r r ie d  o n  in  t h e  m a n n e r  

u s u a l ly  su p p o sed .

B u t  t h e  w h o le  a s p e c t  o f  th is  q u e s tio n  h a s  b e en  p ro fo u n d ly  m o d ified  o f  la te  y e a rs  

b y  t h e  re c o g n itio n  t h a t  t h e  c o n tig u o u s  ce lls  o f  a  p la n t  a r e  in  d i r e c t  c o m m u n ic a tio n  

w i th  eac h  o th e r  b y  m e a n s  o f  fine  p ro to p la sm ic  th r e a d s ,  w h ic h  t r a v e r s e  m in u te  p e r 

fo ra tio n s  in  th e  ce ll-w all. T h e  re s e a rc h e s  o f  W a l t e r  Ga r d in e r  a n d  o th e r s  h a v e  

sh o w n  t h a t  t h e  is o la te d  in s ta n c e s  o f  th i s  k in d  w h ic h  w e re  k n o w n  in  t h e  s ie v e - tu b e s  a n d  

c e r ta in  e n d o sp e rm  cells , a re  ty p ic a l  o f  p l a n t  t is s u e  g e n e ra l ly , a n d  h e  r e g a r d s  th e s e  

c h a n n e ls  o f  c o m m u n ic a tio n  a s  p la y in g  a n  im p o r ta n t  p a r t  n o t  o n ly  in  t h e  c o n d u c tio n  

o f  im p u lse s , b u t  a lso  in  th e  c o n d u c tio n  o f  n u t r i t i v e  s u b s ta n c e s  fro m  cell to  cell.

T h e  d e s c r ip tio n  a n d  i l lu s t r a t io n s  w h ic h  Ga r d in e r  g iv e s  ( ‘ B o y . Soc. P r o c . ,’ vol. 62 , 

p. 10 0) o f  th e  m in u te  p e r fo ra tio n s  w h ic h  e x is t  in  th e  c lo s in g  m e m b ra n e s  o f  t h e  p i ts  

a n d  w a lls  o f  v e g e ta b le  cells , c e r ta in ly  s u g g e s t  t h a t  su c h  s t r u c tu r e s  a re  e m in e n tly  

f i t t e d  fo r p ro d u c in g  a ll  t h e  d iffu s iv e  p h e n o m e n a  w h ic h  w e  h a v e  fo u n d  to  b e lo n g  to  

m u lt i -p e r fo ra te  s e p ta , a n d  i t  is im p o ss ib le  to  re a d  th e  d e s c r ip tio n s  w i th o u t  being- 

s t r u c k  w ith  th e  fa c t  t h a t  su c h  a n  a r r a n g e m e n t  is a d m ira b ly  a d a p te d  to  b r in g  a b o u t  a 

loca l c o n c e n tra tio n  o f  g r a d ie n t  a n d  a n  e n h a n c e d  flow  th r o u g h  th e  s e p a r a t in g  cell- 

m e m b ra n e , w h e n  th e r e  is th e  s l ig h te s t  d iffe ren ce  o f  o sm o tic  p re s s u re  b e tw e e n  tw o  

c o n tig u o u s  cells.
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P f e f f e r , in  h is  ‘ P h y s io lo g y  o f  P l a n t s ’ (E n g l,  e d it io n , 1 9 0 0 , p. 1 1 4 ), w h e n  d is 

c u s s in g  t h e  p ro b a b le  rd le  o f  th e s e  fin e p la s m a tic  c o n n e c tio n s , w h ile  n o t  a c tu a l ly  

d e n y in g  t h a t  t h e y  m a y  p la y  a n  a c c e s s o ry  p a r t  in  t r a n s lo c a t io n ,  s t a t e s  “  th e r e  a re , 

h o w e v e r , n o  o b s e rv a t io n s  in  f a v o u r  o f  t h e  v ie w  t h a t  su c h  t r a n s fe r e n c e  is o f  im p o r ta n c e  

in  t h e  t r a n s lo c a t io n  o f  n u t r i t i v e  o r  e x c r e to r y  s u b s ta n c e s  fro m  o n e  ce ll to  a n o th e r .  

W e r e  t h e  l a t t e r  t h e  case , t h e  f in e n e ss  o f  t h e  t h r e a d s  w o u ld  r e n d e r  n e c e s s a ry  e x tr e m e ly  

a c t iv e  s t r e a m in g  c u r r e n t s  d i r e c te d  b o th  to w a rd s  th e  in te r io r  a n d  t h e  e x te r io r  o f  t h e  c e l l ; 

a n d  to  su c h , a s  w e ll a s  to  a n y  p a s s iv e  d iffu s io n  th r o u g h  th e i r  s u b s ta n c e , t h e  r e la t iv e ly  

t r i f l in g  t o t a l  s e c tio n a l  a re a s  o f  t h e  th r e a d s  w o u ld  in te rp o s e  a  m a r k e d  h in d r a n c e .” I n  

a n o th e r  p la c e  h e  a lso  r e m a r k s  t h a t  t h e  m in u te  d ia m e te r  o f  t h e  c o n n e c tio n s  m u s t  

n e c e s s i ta te  t h e  e x p e n d i tu r e  o f  a  la rg e  a m o u n t  o f  e n e r g y  to  s e c u re  t r a n s fe re n c e .

T h e s e  o b je c tio n s  to  t h e  p o ss ib le  e fficacy  o f  t h e  m in u te  o p e n in g s  in  t h e  c e ll-w a ll  a s  

p a th s  o f  c o n d u c tio n  m a y  h o ld  g o o d  a s  r e g a r d s  m a ss  m o v e m e n t  fro m  ce ll to  ce ll b y  

a c tu a l  s t r e a m in g  o f  t h e  p ro to p la s m  th r o u g h  th e m , b u t  th e y  a re  s c a rc e ly  a p p lic a b le  to  

t h e  case  o f  “ p i t s ,” w h e re  t h e  c o m m u n ic a tio n  is b y  m in u te  p o re s  in  a  v e ry  th in  

c lo s in g  m e m b ra n e  d iv id in g  re c e s se d  p o r t io n s  o f  c o n tig u o u s  ce lls , w h ic h  m u s t  b e  to  a  

g r e a t  e x te n t  o u t  o f  th e  d i r e c t  l in e  o f  t h e  g e n e r a l  p ro to p la s m ic  s tre a m in g .

I f  w e  su p p o se  t h e  e n d s  o f  tw o  su c h  p i t s  to  o p e n  o u t  in to  n e ig h b o u r in g  ce lls  b e tw e e n  

w h ic h  th e r e  is a  s l ig h t  g r a d ie n t  o f  d e n s i ty  fo r  a n y  p a r t i c u la r  so lu te , th e n ,  i f  t h e  

d iv id in g  m e m b ra n e  is r e la t iv e ly  v e ry  t h in  a n d  t h e  p e r fo ra tio n s  a re  n u m e ro u s , t h e  flow  

o f  t h e  d iffu s in g  s u b s ta n c e , w ith  d e n s i t ie s  o f  a n d  a t  t h e  tw o  o p e n  e n d s , m a y  g o  o n  

a lm o s t a s  r a p id ly  th r o u g h  th e  “ m u l t i - p e r f o r a te  s e p tu m  ” a s  i f  n o  c lo s in g  m e m b ra n e  

w e re  p re s e n t .

I t  is m u c h  to  b e  r e g r e t t e d  t h a t  a t  t h e  p r e s e n t  t im e  w e h a v e  n o  m e a s u re m e n ts  

w h ic h  w ill e n a b le  u s  to  d e te rm in e  h o w  fa r  t h e  p r in c ip le s  o f  d iffu sio n  th r o u g h  p e r 

fo ra te d  s e p ta , as  la id  d o w n  in  th is  p a p e r , a re  a p p lic a b le  to  su c h  sp e c ia l cases. W e  

m a y , h o w e v e r , o b ta in  so m e ro u g h  id e a  o f  th e  p o ss ib le  e ffec ts  b y  a s s u m in g  a  case  w h e re  

w e  h a v e  tw o  p i ts  o f  c o n tig u o u s  cells  o f  a  d ia m e te r  o f  l / l 00 m illim ., a n d  o f  a  u n i te d  

l e n g th  o f  1 /1 0 0  m illim . ; th e  d iv id in g  m e m b ra n e  b e in g  su p p o se d  to  h a v e  a  th ic k n e s s  

o f  1 /1 0 ,0 0 0  m illim ., a n d  to  b e  s tu d d e d  w i th  p o re s  o f  1 /1 0 0 ,0 0 0  m illim . d ia m e te r  

a r r a n g e d  a t  8 d ia m e te r s  a p a r t .

A l th o u g h  th e  a g g re g a te  a re a  o f  th e s e  p o re s  w ill o n ly  r e p r e s e n t  *84 p e r  c en t , o f  th e  

to ta l  a re a  o f  th e  d iv id in g  m e m b ra n e , i t  c an  b e  sh o w n  t h a t  th e y  w ill a llo w  o f  a  d if fu 

siv e  flow  e q u a l to  61 p e r  c e n t ,  o f  t h a t  w h ic h  w o u ld  p a ss  u n d e r  lik e  c o n d itio n s  th r o u g h  

th e  o p e n  p i ts ,  su p p o s in g  no  d iv id in g  m e m b ra n e  to  b e  p re s e n t.

I f  su c h  p i t s  w e re  p a c k e d  fa ir ly  c lo se ly  to g e th e r  on  th e  ce ll-w alls , th e i r  g e n e ra l  

e ffe c t w o u ld  b e  to  m a te r ia l ly  re d u c e  th e  re s is ta n c e  to  th e  p a ssa g e  o f  d iffu sib le  s u b 

s ta n c e s , w h ils t  a ll  th e  s t r u c tu r a l  a d v a n ta g e s  c o n fe rre d  b y  th e  c e ll-w all w o u ld  b e  

re ta in e d .

2  oV O L . C X O U I .— B .
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Appe n d ix  I.

T h e  A b s o r p t io n  o f  C a r b o n  D io x id e  f r o m  A i r  in  M o tio n  b y  F r e e  S u r fa c e  o f

S o lu t io n s  o f  C a u s tic  A lk a l i .

W h e n  a  so lu tio n  o f  c a u s tic  a lk a li  is f re e ly  e x p o se d  to  t h e  a ir , i t  m ig h t  re a s o n a b ly  

be e x p e c te d  t h a t  t h e  r a t e  a t  w h ich  i t  a b so rb s  c a rb o n  d io x id e  w o u ld  b e  fo u n d  to  v a ry  

v e ry  m u c h  w i th  t h e  d e g re e  o f  m o v e m e n t in  t h e  a i r  a n d  l iq u id  re s p e c tiv e ly , a n d  w ith  

t h e  c o n c e n tra tio n  o f  th e  so lu tio n . W e  h a v e  fo u n d , h o w e v e r , t h a t  th e  r a t e  o f  a b s o rp 

t io n  is n o t  a ffe c te d  b y  v a r y in g  th e s e  c o n d it io n s  to  a n y th in g  l ik e  t h e  e x te n t  t h a t  

m ig h t  b e  a n t ic ip a te d . I n  t h e  fo llo w in g  ta b le  we h a v e  g iv e n  a  n u m b e r  o f  e x p e r im e n ts  

o f  th i s  k in d , w h ic h  w e re  m a d e  b y  e x p o s in g  s o lu tio n s  o f  c a u s t ic  so d a  to  t h e  a i r  fo r  a  

p e rio d  o f  fro m  s ix  to  e ig h t  h o u r s  in  sh a llo w  d ish e s  o f  a b o u t  10 c e n tim s . in  d ia m e te r ,  

th e  c a rb o n  d io x id e  a b so rb e d  b e in g  d e te rm in e d  b y  t h e  t i t r a t i o n  m e th o d  d e sc r ib e d  in  

A p p e n d ix  I I .

I n  th e  f i r s t  se rie s  t h e  e x p e r im e n ts  w e re  m a d e  in  th e  o p e n  a ir  o f  t h e  g a rd e n  a d jo in 

in g  th e  J o d r e l l  L a b o r a to r y .

Ta b l e  X X V I .

D a te .

C o n c e n tr a t io n  

o f  N a H O  

s o lu t io n .

C O 2  a b so r b e d  

p e r  h o u r  p e r  

sq . c e n t im . o f  

l iq u id  s u r fa c e .

S t a t e  o f  

a tm o s p h e r e .

1 8 9 8 . p e r  c e n t .

c u b . c e n t i m s .  a t  0 ° C .  

a n d  7 6 0  m i l l im s .

J a n u a r y  1 . . 4 - 0 • 1 4 8 G o o d  b r e e z e .

„ 11 • • 3 - 1 • 1 5 4 J)

„  1 4  . . 3 - 4 • 1 0 7 S t i l l .

„ 1 4  . . 3 4 • 1 1 8 )>

„ 2 6  . . 3 - 0 • 1 2 4 A lm o s t  s t i l l .

„  2 6  . . 3 - 0 •1 2 6

F e b r u a r y  2  . . 3 - 6 • 1 4 7 G a le .

„ 2  . . 3 - 6 •1 4 1

F a ir  b r e e z e .„ 8  . . 3 - 0 •1 1 6

„ 8  . . 3 - 0 •1 2 1 55

„ 15  . . 3 - 0 • 1 2 4 55

„ 15  . . 3 - 0 • 1 1 0 5)

M a r c h  1 . . . 1 0 - 0 1 3 9 S t i f f  b r e e z e

„  1 • • . 1 0 - 0 •1 2 5 5 5

„  2  . . . 7 * 8 9 • 1 3 6 S tr o n g  b r e e z e .

M e a n  . . • 1 2 8

In  th e  n e x t  se r ie s  th e  e x p e r im e n ts  w e re  a g a in  c o n d u c te d  o u t  o f  d o o rs , b u t  a  sm a ll  

m e c h a n ic a l s t i r r e r ,  d r iv e n  b y  a  w a te r  m o to r, w as in s e r te d  in to  t h e  liq u id . A  ra p id
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re n e w a l  o f  t h e  l iq u id  a t  t h e  s u r fa c e  w a s  in  t h i s  w ay  e n s u re d , b u t  w i th o u t  s e n s ib ly  

a l t e r in g  t h e  a r e a  o f  th e  su rfa c e .

Ta b l e  X X V I I .— ( W i t h  S t i r r e r . )

D a te .

C o n c e n tr a t io n  

o f  N a H O  

s o lu t io n .

C O 2  a b s o r b e d  

p e r  h o u r  p e r  

sq . c e n t im . o f  

l iq u id  s u r fa c e .

S t a t e  o f  

a tm o s p h e r e .

1 8 9 8 . p e r  c e n t .

c u b . c e n t i m .  p e r O ° C .  

a n d  7 6 0  m i l l i m s .

M a y  1 6  . . . 4 - 2 • 1 4 3 F a ir  b r e e z e .

„  1 7  . . . 4 - 2 •1 2 2 S l i g h t  b r e e z e .

„  1 8  . . . 4 - 0 •0 9 2 N o  b r e e z e .

J u n e  6  . . . 4 - 0 • 1 0 1 S l i g h t  b r e e z e .

M e a n  . . •1 1 4

I n  t h e  n e x t  se r ie s  o f  T a b le  X X V I I I . ,  t h e  e x p o s u re s  o f  t h e  a lk a lin e  s o lu tio n  w e re  

m a d e  in  a n  e m p ty  g re e n h o u s e , a d jo in in g  t h e  la b o ra to ry . T h e  w in d o w s  w e re  s l ig h t ly  

o p en , b u t  t h e  d ish e s  w e re  p r o te c te d  fro m  se n s ib le  d r a u g h ts .  T h e  r e s u l ts  m a y  b e  

t a k e n  a s  r e p r e s e n t in g  t h e  a b s o rp t io n s  fro m  fa ir ly  s t i l l  a i r  b y  n o r m a l  N a H O  so lu tio n .

Ta b l e  X X V I I I .— ( S t i l l  A ir .)

D a t e . N a H O  s o l u t i o n .

C O 2 a b s o r b e d  

p e r  h o u r  p e r  

s q . c e n t im .  o f  

l i q u i d  s u r f a c e .

1 8 9 8 .
cub. c en t im . a t 0° C. 

and 7 6 0  m illim s.

N o v e m b e r  3 0  . N o r m a l • 1 2 0

D e c e m b e r  6  . >) •1 0 1

1 8 9 9 .

J a n u a r y  2  . 5) • 1 1 8

»  4  . . )> • 1 1 6

„  9  • • )J • 1 0 9

„  1 2  . . J) • 0 9 3

„  1 6  . . )> • 1 0 3

F e b r u a r y  6  . >) • 1 2 5

„  8 .  . • 0 9 8

»  1 4  . . 5J •1 1 1

„  2 8  . . JJ • 1 2 4

M a r c h  6  . . . • 1 3 1

M e a n  . . . • 1 1 2

I t  w ill b e  n o te d  t h a t  t h e  a b s o rp tio n  fro m  ra p id ly  m o v in g  a ir  is  o n ly  a b o u t  15 p e r  

c en t , g r e a te r  th a n  i t  is  fro m  fa ir ly  s t i l l  a ir.

2 o 2
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T h e  o b je c t o f  th e s e  e x p e r im e n ts  in  t h e  f ir s t  in s ta n c e  w as to  c o m p a re  th e  a b s o rp t iv e  

p o w e r o f  th e  free  su rfa c e  o f  a n  a lk a lin e  so lu tio n  w i th  t h a t  o f  a  g re e n  le a f  a s s im ila t in g  

u n d e r  fa v o u ra b le  c o n d itio n s  o f  in so la tio n . T h is  co m p a riso n  c an  h e  m a d e  b y  c a lc u la t in g  

th e  a m o u n ts  o f  a  C,5H 130 G c a r b o h y d r a te  c o rre s p o n d in g  to  t h e  m e a n  a b s o rp tio n  in  th e  

tw o  s e ts  o f  e x p e r im e n ts  o f  T a b le s  X X Y T . a n d  X X V I I I . ,  a n d  th e y  a re  fo u n d  to  h e  

e q u iv a le n t  to  a n  a s s im ila tio n  o f  1*720 a n d  1*505 g ra m m e s  p e r  s q u a re  m e t r e  p e r  

h o u r , a m o u n ts  w e ll w i th in  t h e  m a x im u m  a s s im ila tio n  w h ic h  h a s  b e e n  o b se rv e d  in  th e  

case  o f  th e  S u n flo w e r leaf.

I n  o rd e r  to  in v e s t ig a te  m o re  c o m p le te ly  t h e  a b s o rp t io n  o f  d i lu te  c a rb o n  d io x id e  b y  

a lk a lin e  so lu tio n s , a n d  to  s tu d y  th e  in flu e n ce  o f  v a r y in g  te n s io n  on  a b s o rp t io n , a  

sp e c ia l a p p a r a tu s  w a s  c o n s tr u c te d  w h ic h  a d m i t te d  o f  a  s t r e a m  o f  a i r  b e in g  d r a w n  

o v e r  t h e  s u rfa c e  o f  t h e  l iq u id  a t  a  d e f in ite  r a te ,  t h e  a v e ra g e  c o n te n t  o f  t h e  a i r  in  

c a rb o n  d io x id e  b e in g  a lso  k n o w n .

T h e  a r r a n g e m e n t  o f  th is  a p p a r a tu s  is sh o w n  in  fig. A  c ir c u la r  g la s s  d ish  filled

F ig . 8.
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w ith  th e  a lk a l in e  s o lu t io n  to  w i th in  1 c e n tim . o f  t h e  to p  w a s  p la c e d  o n  a  s m a ll  

le v e ll in g  s ta n d ,  a n d  w a s  c o v e re d  w i th  a  f la t  b e l l - ja r  w h ic h  r e s t e d  a i r - t i g h t  o n  a  

g ro u n d -g la s s  sole. T h ro u g h  a  s tu f f in g -b o x  a t  t h e  to p  o f  t h e  b e l l - ja r  p a s s e d  a  m e ta l  

t u b e  t e r m in a t in g  b e lo w  in  a  b ra s s  d isc , w h ic h  w a s o f  s l ig h t ly  le s s  d ia m e te r  t h a n  t h e  

d is h , a n d  w h ic h  c o u ld  b e  b r o u g h t  d o w n  to  w i th in  a  c e r ta in  d is ta n c e  o f  t h e  le v e l o 

t h e  liq u id . A n o th e r  s id e  t u b u lu r e  a t  t h e  to p  o f  t h e  b e ll  w a s  c o n n e c te d  w i th  a  w a te r  

a s p i r a to r  th r o u g h  a  m e te r  fo r  m e a s u r in g  t h e  a i r  w h ic h  p a sse d . W h e n  th e  p u m p  w a s  

in  a c tio n , t h e  a i r  fro m  t h e  o u ts id e  p a s s e d  d o w n  th e  c e n t r a l  t u b e  to  t h e  su rfa c e  o f  t h e  

s o lu tio n  in  t h e  d ish , a n d  th e n  p a s se d  r a d ia l ly  o v e r  i t s  su r fa c e  in  a  s t r e a m  o f  d e f in i te  

th ic k n e s s ,  e sc a p in g  b e tw e e n  t h e  e d g e s  o f  t h e  d isc  a n d  t h e  s id e s  o f  t h e  d ish . I f  

o r d in a r y  a i r  fro m  th e  o u ts id e  w a s  e m p lo y e d , a  s im u lta n e o u s  d e te r m in a t io n  w a s  m a d e  

o f  t h e  a m o u n t  o f  C (X  i t  c o n ta in e d , a n d  i f  a i r  c o n ta in in g  a  les s  o r  a  g r e a t e r  a m o u n t  

o f  COo t h a n  o r d in a r y  a i r  w a s u s e d  a  s p l i t  c u r r e n t  w a s  e m p lo y e d , o n e  p a r t  g o in g  to  

t h e  I t e i s e t  a p p a r a tu s  a n d  a  s e p a r a te  m e te r  fo r  d e te r m in a t io n ,  t h e  o th e r  p a r t  o f  t h e  

c u r r e n t  p a s s in g  th r o u g h  th e  b e l l - ja r .#

T h e  a m o u n t  o f  C 0 3 a b s o rb e d  b y  t h e  a lk a lin e  su rfa c e  in  a  g iv e n  t im e  w a s  e s t im a te d  

b y  t h e  d o u b le - t i t r a t io n  m e th o d  (see  A p p e n d ix  I I . ) .

T h e  to t a l  v o lu m e  o f  a i r  p a s s e d  a n d  t h e  o r ig in a l  a m o u n t  o f  C 0 3 i t  c o n ta in e d  b e in g  

k n o w n , a s  w e ll a s  t h e  th ic k n e s s  a n d  d ia m e te r  o f  t h e  c irc u la r  s h e e t  o f  a i r  p a s s in g  o v e r  

t h e  l iq u id  su rfa c e , w e  h a v e  a ll  t h e  d a ta  n e c e s s a ry  fo r  d e te r m in in g  t h e  m e a n  c o n te n t  

o f  t h e  a i r  in  C 0 2 a n d  i t s  m e a n  v e lo c ity . I n  t h e  fo llo w in g  ta b le  a re  g iv e n  t h e  r e s u l ts  

o f  s ix  su c h  e x p e r im e n ts ,  in  w h ic h  t h e  m e a n  c o n te n t  o f  C 0 3 v a r ie d  fro m  a b o u t  o n e - 

q u a r t e r  to  tw ic e  t h e  n o rm a l a m o u n t  o f  t h a t  o f  o rd in a r y  a tm o s p h e r ic  a ir . T h e  m e ta l  

d isc  w a s p la c e d  a t  a  u n ifo rm  d is ta n c e  o f  1 c e n tim . fro m  th e  s u rfa c e  o f  t h e  a b s o rb in g  

liq u id .

Ta b l e  X X IX .

N o .
A ir  p a s s e d  

p e r  h o u r .

M e a n  v e lo c i t y  

o f a ir  c u r r e n t  

in  m e tr e s  p e r  

h o u r .

M e a n  CCL 

c o n t e n t  o f  a ir  

in  p a r ts  p e r  

1 0 ,0 0 0 .

CCh a b s o r b e d  

p e r  sq . c e n t im .  

o f  l iq u id  s u r fa c e  

p e r  h o u r .

R a t io s  o f  

m e a n

te n s io n s  o f  

C O 2  in  a ir .

R a t io s  o f  C 0 2 

a b so r b e d .

(1 )

l i t r e s .

2 6 4 - 2 1 8 2 • 6 6 2

c u b . c e n t i m . a t  0 °  C . 

a n d  7 6 0  m i l l im s .

• 0 4 0 6 •2 6 • 2 8

(2 ) 2 6 5 - 2 1 8 3 • 8 3 9 • 0 4 9 0 • 3 3 . -3 4

(3 ) 2 8 4 - 9 1 9 6 2 - 4 1 2 • 1 3 4 9 •9 5 • 9 4

(4 ) 2 5 2 - 5 1 7 4 2 - 5 3 5 • 1 4 3 0 1 - 0 0 1 - 0 0

(5 ) 2 6 5 - 5 1 8 3 4 - 1 0 3 •2 1 0 6 1 - 6 1 1 - 4 7

(6 ) 2 5 7 - 8 1 7 8 6 - 0 8 4 • 2 9 9 8 2 - 4 0 2 - 0 9

T h e  tw o  la s t  co lu m n s o f  th is  ta b le  b r in g  o u t  v e ry  c le a r ly  t h a t  t h e  r a t e  o f  a b so rp -

*  T h e  e x a c t  m e th o d s  e m p lo y e d  fo r  d e t e r m in in g  th e  C O -2 in  th e  a ir  w i l l  h e  d e s c r ib e d  in  a  s u b s e q u e n t  

c o m m u n ic a t io n .
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t io n  is  d i r e c t ly  p r o p o r t io n a l  to  th e  p a r t i a l  p r e s s u r e  o f  th e  ca rb o n  d io x id e  the  m o v in g  

a ir .  T h e  c o rre sp o n d e n c e  o f  t h e  r a t io s  o f  te n s io n  a n d  o f  a b s o rp t io n  w h e n  th e  c a rb o n  

d io x id e  is lo w e r t h a n  t h e  n o rm a l a m o u n t  o f  a b o u t  2 ’6 p a r t s  p e r  1 0 ,0 0 0 , is v e ry  close 

in d e e d . T h e  sam e  d e g re e  o f  c o rre sp o n d e n c e  is n o t  m a in ta in e d  w i th  t h e  h ig h e r  c o n 

c e n tr a t io n s ,  a  fa c t  d u e  to  t h e  a i r  c u r r e n t  in  th e s e  cases n o t  h a v in g  b e e n  su ff ic ie n tly  

r a p id  to  g iv e  t h e  m a x im u m  a b s o rp t io n  p ossib le .

W i th  t h e  e x p e r ie n c e  g a in e d  w ith  t h e  a b o v e  a p p a r a tu s  a  m u c h  sm a lle r  a n d  m o re  

c o n v e n ie n t o n e  w a s c o n s tr u c te d  w h ic h  a d m i t te d  o f  m u c h  h ig h e r  v e lo c itie s  o f  a ir  

c u r r e n t ,  a n d  h a d  th e  e x t r a  a d v a n ta g e  t h a t  i t  w a s n o t  n e c e s s a ry  to  t r a n s f e r  t h e  so d a  

so lu tio n s  to  a n o th e r  v e sse l fo r t i t r a t io n .

T h is  s im p le  a p p a r a tu s  is sh o w n  in  fig. 8b. I t  c o n s is ts  o f  a  g la s s  c y lin d e r  o f  a b o u t  

15*5 c en tim s . lo n g , a n d  6 ‘5 c e n tim s . w id e , c lo sed  a t  t h e  m o u th  w i th  a n  in d ia - ru b b e r  

p lu g  w i th  a  c e n tr a l  p e rfo ra tio n , th r o u g h  w h ic h  p a sse s  a  s h o r t  w id e  tu b e  o f  2*5 c e n tim s . 

d ia m e te r , o p e n in g  o u t  in to  th e  c y lin d e r  b e lo w  a n d  h a v in g  a  s id e  tu b e  fo r  c o n n e c tio n  

w ith  t h e  m e te r  a n d  a s p ira to r .  T h e  u p p e r  e n d  o f  t h e  w id e  tu b e  is c lo sed  w i th  a  co rk , 

t h r o u g h  w h ic h  p a sse s  a  n a r ro w e r  tu b e  t e r m in a t in g  b e lo w  in  a  fu n n e l w h o se  w id th  is 

s l ig h t ly  less  th a n  t h a t  o f  t h e  c y lin d e r . T h e  m o u th  o f  th e  fu n n e l  is c lo sed  w ith  a  

p e r fo ra te d  p o rc e la in  d isc  w h ic h  is l u te d  in  w i th  p a raffin . W h e n  a i r  is a s p i r a te d  

th r o u g h  th e  s id e  tu b e  i t  e n te r s  t h e  a p p a r a tu s  d o w n  t h e  n a r ro w  tu b e , a n d  p a s s in g  

th r o u g h  th e  p e r fo ra te d  p la te  im p in g e s  on  th e  su rfa c e  o f  t h e  so lu tio n  o f  c a u s tic  so d a  

a n d  e sc ap e s la te r a l ly .  T h e  fu n n e l c an  b e  b r o u g h t  to  a n y  d e s ire d  d is ta n c e  fro m  th e  

l iq u id  su rfa c e  b y  s l id in g  i t s  a t t a c h e d  tu b e  th r o u g h  th e  c o rk  a t  t h e  to p .

T h e  s o lu tio n  is r u n  in to  th e  c y lin d e r  u p  to  a  c e r ta in  m a r k  th r o u g h  a n  in d ia - ru b b e r  

cap  te m p o ra r i ly  p la c e d  o v e r i ts  m o u th , a n d  a  s im ila r  a r r a n g e m e n t  a t  th e  close o f  th e  

e x p e r im e n t  a llo w s a n  e x a c t  t i t r a t i o n  o f  t h e  l iq u id  w i th o u t  re m o v a l to  a n o th e r  vesse l.

T h e  su rfa c e  e x p o se d  b y  th e  a b s o rb e n t  so lu tio n  w a s 3 4 '4  sq. c e n tim s ., a n d  in  a ll  t h e  

fo llo w in g  e x p e r im e n ts  t h e  p e r fo ra te d  p la te  w h ic h  d i s t r ib u te d  th e  a i r  w a s a d ju s te d  a t  

a  d is ta n c e  o f  1 c e n tim . a b o v e  th e  liq u id .

I n  th e  f ir s t  se rie s  o f  e x p e r im e n ts  w ith  th is  a p p a r a tu s  (see  T a b le  X X X .)  a re  sh o w n  

th e  e ffe c ts  d u e  to  c o n s id e ra b le  v a r ia t io n s  in  th e  v e lo c ity  o f  th e  a ir  c u r r e n t .  I n  th e  

la s t  c o lu m n  th e  r e s u l ts  a re  a ll  re d u c e d  to  a  u n ifo rm  te n s io n  c o rre sp o n d in g  to  th r e e  p a r t s  

b y  v o lu m e  o f  CCh in  1 0 ,0 0 0  o f  a ir , a n d  t h e  d iffe ren ces in  th e m  a re  d u e  to  v a r ia t io n s  

in  v e lo c ity  o n ly , th e  te m p e r a tu r e  a n d  c o n c e n tra tio n  o f  th e  so lu tio n s  b e in g  p ra c t ic a l ly  

th e  sam e; I t  w ill b e  n o tic e d  t h a t  w h e n  th e  a i r  c u r r e n t  h a s  a t t a in e d  a  m e a n  

v e lo c ity  o f  s o m e th in g  lik e  3 00  m e tre s  p e r  h o u r  a  f u r th e r  in c re a se  h a s  n o  p ra c t ic a l  

in f lu e n ce  o n th e  a b so rp tio n .
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T a b l e  X X X .

N o .
M e a n

L it r e s  o f  a ir  

p a s s e d  p e r  

h o u r  a t  N . T . P .

M e a n  v e l o c i t y  

o f  a ir  in M e a n  c o n t e n t

CO o a b s o r b e d  p e r  sq . c e n t im . o f  

s u r fa c e  p e r  h o u r  in  c u b . c e n t im .  

a t  N . T . P .

te m p . m e tr e s  p e r  

h o u r .

o f  a ir  in  OCL.

O b s e r v e d .

C o r r e c te d  fo r  

3 p a r ts  in  

1 0 ,0 0 0 .

(1 )

° C .

1 4 - 4 9 1 - 9 1 5 6

p a r t s  p e r  1 0 ,0 0 0 .

2 - 5 7 • 1 2 7 • 1 4 8

(2 ) 1 5 - 0 1 8 2 - 6 3 1 1 2 - 8 6 •1 6 5 • 1 7 2

(3) 1 4 - 5 2 9 5 - 2 5 0 3 3 - 0 7 •1 8 2 • 1 7 7

A n o th e r  se r ie s  o f  e x p e r im e n ts  w a s m a d e  to  d e te r m in e  t h e  in f lu e n c e  o f  c o n c e n tr a 

t io n  o f  t h e  c a u s t ic  so d a  s o lu t io n  o n  th e  r a t e  o f  a b s o rp t io n , o r d in a r y  a i r  o f  k n o w n  CO., 

c o n te n t  b e in g  d ra w n  o v e r  t h e  s u r fa c e  a t  a  s u ff ic ie n t s p e e d  to  g iv e  th e  m a x im u m  

a b s o rp t io n  in  e a c h  case .

T h e  a c c o m p a n y in g  ta b le  g iv e s  a  c o n d e n se d  a c c o u n t  o f  th e s e  r e s u l ts ,  s u b je c t ,  h o w 

e v e r , to  f u r th e r  s l ig h t  c o rre c tio n s  fo r  d iffe ren c e s  p ro d u c e d  b y  v a r ia t io n s  o f  te m p e r a tu re .

T a b l e  X X X I .

A p p r o x im a te

I

C O L> in  c u b . c e n t im s . a t  N . T . P .  a b s o r b e d  p e r

N o . c o n c e n t r a t io n  o f T e m p e r a tu r e . sq . c e n t im . o f  s u r fa c e  p e r  h o u r , c o r r e c te d

N a H O . fo r  3 p a r ts  CO^ p e r  1 0 ,0 0 0 .

(1 ) 2 n o r m a l

c C. 

1 5 - 6 • 1 7 0

(2 ) 2 „ 1 2 - 4 •1 7 1

(3) 3 „ 1 4 - 3 • 1 3 7

(4) i  » 1 4 - 8 •1 4 5

(5) I » 1 3 - 7 • 1 1 7

T h e  a b s o rp t io n  b y  th e  2 n o rm a l so lu tio n  is n e a r ly  th e  sam e  a s t h a t  o f  n o rm a l, 

b u t  a n y  f u r th e r  in c re a se  in  c o n c e n tra tio n  r e s u l ts  in  a  d im in u tio n  in  th e  a b so rp tio n . 

T h e re  is a lso  a  m a rk e d  fa l l in g  o ff in  th e  a b so rb in g  c a p a c itie s  o f  so lu tio n  o f  \  a n d  % 

n o rm a l.

T h e  a p p a r a tu s  w e  h a v e  j u s t  d e sc r ib e d  is w e ll a d a p te d  to  sh o w  h o w  th e  coefficien t 

o f  a b s o rp t io n  o f  a  c a u s tic  so d a  so lu tio n  v a r ie s  d i r e c t ly  w i th  th e  te n s io n  o f  th e  c a rb o n  

d io x id e  in  th e  m o v in g  a i r  c u r r e n t .  I t  m a y  in  fa c t  be  u se d  fo r a c tu a l ly  d e te rm in in g  

th e  a m o u n t  o f  C 0 2 in  th e  a i r  w i th o u t  a n y  n e c e s s ity  fo r m e a s u r in g  th e  v o lu m e  p a s s in g  

th r o u g h  th e  a p p a ra tu s .  A ll t h a t  i t  is n e c e ssa ry  to  do  is, w i th  fix ed  c o n d itio n s  o f  

c o n c e n tra tio n  o f  th e  s o lu tio n  a n d  te m p e r a tu re ,  to  e n su re  a  v e ry  r a p id  s t r e a m  o f  a ir
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o v e r  th e  l iq u id — m o re  th a n  su ffic ie n t to  g iv e  th e  m a x im u m  a b s o rp t io n — a n d  to  n o te  

t h e  d u r a t io n  o f  th e  e x p e r im e n t . T h e  in c re a se  in  t h e  a m o u n t  o f  C 0 2 in  t h e  l iq u id ’ 

re d u c e d  to  cub . c e n tim s . p e r  sq . c e n tim . o f  su rfa c e  p e r  h o u r , is a  m e a su re  o f  th e  

m e a n  p re s s u re  o f  t h e  g a s  in  t h e  a i r  d u r in g  t h e  e x p e r im e n t .

T h e  fo llo w in g  e x a m p le  o f  su c h  a  c o n tro lle d  d e te r m in a t io n  m a y  b e  q u o te d  :—

A  s t r e a m  o f  a ir  w a s p a r t i a l ly  d e p le te d  o f  i t s  c a rb o n  d io x id e  b y  p a s s in g  a  p o r t io n  

o f  i t  th r o u g h  a  to w e r  c o n ta in in g  g r a n u la te d  so d a -lim e . T h e  c u r r e n t s  a f te r  b e in g  

r e u n i te d  w e re  a g a in  s p l i t ,  o n e  p a r t  b e in g  p a s se d  o v e r  t h e  su r fa c e  o f  a  n o rm a l N a H O  

s o lu tio n  in  th e  a b s o rp t io n  a p p a r a tu s  j u s t  r e f e r r e d  to , a n d  t h e  o th e r  th r o u g h  a  R e is e t  

a p p a r a tu s  a n d  m e te r  fo r  a n  a c c u ra te  d e te r m in a t io n  o f  i t s  c a rb o n  d io x id e .

I n  t h e  su rfa c e -a b s o rp tio n  a p p a r a tu s ,  t h e  te m p e r a tu r e  b e in g  12°*0 to  12°*5 C ., m a x i

m u m  a b s o rp t io n  to o k  p la c e  a t  t h e  r a t e  o f  '0 9 6 1  cub . c e n tim . o f  C 0 2 p e r  sq. c en tim . 

p e r  h o u r . I t  h a d  b e e n  p re v io u s ly  fo u n d  t h a t  in  t h e  sam e  a p p a r a tu s ,  u n d e r  s im ila r  

c o n d itio n s , a n d  w i th  a i r  c o n ta in in g  th r e e  p a r t s  p e r  1 0 ,0 0 0  o f  C 0 2, th e  m a x im u m  r a te  

o f  a b s o rp t io n  w a s *177 cub . c e n tim . p e r  sq . c e n tim . p e r  h o u r . S in c e  t h e  a b s o rp tio n s  

a re  p ro p o r t io n a l  to  t h e  p re s s u re s , w e  sh o u ld  e x p e c t  in  th is  case  t h a t  t h e  a i r  s t r e a m  

w o u ld  c o n ta in  3 X *09 6l/*1 77  == 1*63 p a r t s  p e r  1 0 ,0 0 0 . T h e  a c tu a l  a m o u n t  fo u n d  

b y  d ir e c t  d e te rm in a t io n  in  t h e  R e is e t  a p p a r a tu s  w a s  1*67 p a r t s  p e r  1 0 ,0 0 0 .

I t  is b y  n o  m e a n s  e a sy  to  f in d  a  c o m p le te  e x p la n a t io n  o f  a ll  t h e  p h e n o m e n a  p r e 

s e n te d  b y  th e  a b s o rp tio n  o f  a tm o s p h e r ic  c a rb o n  d io x id e  fro m  a  m o v in g  c u r r e n t  o f  a ir  

b y  th e  fre e  su rfa c e  o f  a n  a b s o rb e n t, su c h  as  a  s o lu tio n  o f  so d iu m  h y d ro x id e .

S u p p o s in g  su c h  a  su rfa c e  to  be  p e r fe c t ly  absorb en t, t h a t  is to  sa y , o n e  w h ic h  ca n  

t r a p  a ll  th e  m o le cu le s  o f  c a rb o n  d io x id e  w h ic h  re a c h  i t  in  th e i r  e x cu rs io n s , a llo w in g  

n o n e  to  b e  re f le c te d , th e n  a n y  p ro ce ss  o f  m e c h a n ic a l m ix in g  o f  th e  a i r  w h ic h  w o u ld  

p ro d u c e  a  m o re  r a p id  re n e w a l o f  th e  im p o v e r ish e d  la y e r  ab o v e  th e  l iq u id  w o u ld  te n d  

to  d im in ish  th e  th ic k n e s s  o f  th i s  la y e r , to  in c re a se  th e  g r a d ie n t ,  a n d  to  p ro d u c e  a  

m o re  r a p id  a b s o rp t io n , w h ic h  w o u ld  o n ly  b e  l im ite d  b y  th e  m e a n  s q u a re  sp e e d  fo r th e  

c a rb o n  d io x id e  m o lecu les . T h e  fa c t  t h a t  t h e  l im it  o f  a b s o rp t io n  is re a c h e d  b y  a  v e ry  

lo w  v e lo c ity  o f  a i r  c u r r e n t ,  sh o w s t h a t  w e  h a v e  to  d e a l  w i th  a  su rfa c e  o f  v e ry  im p e r 

fe c t a b s o rp tio n , fro m  w h ic h  a  v e ry  la rg e  p ro p o r tio n  o f  t h e  m o lecu le s  m u s t  re b o u n d , 

j u s t  a s  th e y  d o  fro m  th e  n o n -a b s o rb in g  su rfa c e s  o f  th e  r e ta in in g  w a lls  o f  th e  v esse l. 

T h a t  th e r e  sh o u ld  b e  a  c o n s ta n t  r e la t io n  b e tw e e n  t h e  e n tr a p p e d  m o lecu le s  a n d  th e  

to ta l  n u m b e r  o f  m o le cu le s  in  u n i t  v o lu m e  o f  th e  s u p e r in c u m b e n t  a ir , a s  sh o w n  b y  

th e  s t r i c t  p r o p o r t io n a l i ty  b e tw e e n  a b s o rp tio n  a n d  th e  p a r t i a l  p re s s u re  o f  th e  c a rb o n  

d io x id e , w a s p e rh a p s  to  b e  e x p e c te d , b u t  th e  re a so n  fo r th e  l im ite d  a b s o rp tio n  is n o t  

q u i te  so e v id e n t.

T h e  m a x im u m  a m o u n t  o f  *177 cub . c en tim . o f C 0 2 p e r  sq. c en tim . p e r  h o u r  a b so rb e d  

fro m  o rd in a ry  a ir  is a lm o s t e x a c t ly  th e  q u a n t i ty  w h ic h  a  p e r fe c t  a b s o rb e n t  s h o u ld  t a k e  

in  for th e  sam e  t im e  a n d  a re a  w h e n  th e  d e n s i ty  v a r ie s  fro m  th e  n o rm a l a m o u n t  o f  *0003 

o f  a n  a tm o s p h e re  to  zero  in  a  la y e r  o f  1 c en tim . th ic k . I t  is q u i te  im p o ssib le , h o w 

e v e r , t h a t  th e  p a r t ia l ly  d e p le te d  la y e r  in  o u r  e x p e r im e n ts  sh o u ld  h a v e  a  th ic k n e s s  in
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a n y  w a y  a p p ro a c h in g  to  th is ,  a n d  w e  m u s t  c o n s e q u e n t ly  lo o k  to  t h e  p r o p e r t ie s  o f  t h e  

s o lu t io n  i t s e l f  fo r t h e  c o n d it io n s  o f  l im i ta t io n .  I f  t h e y  w e re  d u e  to  t h e  a lk a l in e  c a r b o n a te  

fo rm e d  a t  t h e  s u r fa c e  o f  t h e  s o lu t io n  n o t  b e in g  re m o v e d  w i th  su ff ic ie n t r a p id i ty ,  w e  

o u g h t  to  f in d  in c re a s e d  a g i t a t i o n  o f  t h e  l iq u id  a n d  in c re a s e d  c o n c e n tr a t io n  to  h a v e  a  

d i s t in c t  e ffe c t in  p r o m o tin g  a b s o rp t io n , w h ic h  is  c e r ta in ly  n o t  t h e  case  a f t e r  a  v e ry  

m o d e ra te  c o n c e n tr a t io n  is  r e a c h e d .

I t  se em s p o ss ib le  t h a t  t h e  t r u e  e x p la n a t io n  m a y  b e  fo u n d  in  t h e  “  d e a d  sp a c e  ” in  

c h e m ic a l  a c t io n  w h ic h  L ie b r e ic h  h a s  fo u n d  to  e x is t  w i th in  a  s e n s ib le  d is ta n c e  o f  t h e  

s u r fa c e  o f  l iq u id s , a n d  w h ic h  a p p e a r s  to  h a v e  so m e c o n n e c tio n  w i th  t h e  p h y s ic a l  c o n 

d i t io n  o f  t h e  m o le c u le s  a t  t h e  b o u n d in g  su rfa ce . (S e e  ‘ B e r lin . A k a d . B e r . ,’ 1 8 8 6 , 

9 5 9  ; ‘ Z e i t .  f. p h y s ik a l .  C h e m .,’ vo l. 5, 5 29  ; i b i d . , vo l. 8, 8 3 .) I f  o r d in a r y  c h e m ic a l 

r e a c t io n s  a re  w e a k e n e d , o r  a l to g e th e r  in  a b e y a n c e , w i th in  a  c e r ta in  r a n g e  o f  t h e  

s u r fa c e  te n s io n , a s  L ie b r e ic h ’s  e x p e r im e n ts  s u g g e s t ,  t h e  f i r s t  s ta g e s  o f  t h e  a b s o rp t io n  

o f  c a rb o n  d io x id e  b y  t h e  a lk a l in e  l iq u id  m a y  b e  p r a c t ic a l ly  t h e  sa m e  a s th o s e  o f  a  

s u r fa c e  o f  w a te r  o n ly , a n d  t h e  l im i ta t io n  o f  t h e  p ro c e ss  a n d  i t s  in d e p e n d e n c e  o f  th e  

c o n c e n tr a t io n  o f  t h e  a lk a l i  w i th in  c e r ta in  l im its  b eco m e  e a s ie r  o f  c o m p re h e n s io n .

Appe n d ix  I I .

M e th o d  u se d  f o r  d e te r m in in g  th e  C a r b o n  D io x id e  a b so rb e d  b y  so lu tio n s  o f  S o d iu m

H y d r o x id e .

T h is  m e th o d  is s u b s ta n t ia l ly  t h e  sa m e  a s  o n e  p ro p o se d  b y  P. H a r t  fo r  t h e  e s t im a 

t io n  o f  t h e  r e la t iv e  a m o u n ts  o f  c a u s t ic  so d a  a n d  so d iu m  c a rb o n a te  in  so d a -a sh  

( ‘ J o u r n .  Soc. C h em . I n d . , ’ 1 8 8 7 , p. 3 47 ). I t  h a s  h i th e r to  b e e n  r e g a r d e d  m o re  fro m  

th e  p o in t  o f  v ie w  o f  i t s  r e a d y  a p p lic a t io n  t h a n  i t s  e x a c tn e s s , b u t  w h e n  c e r ta in  p r e 

c a u t io n s  a re  ta k e n ,  a n d  p u re  c a u s t ic  so d a  is e m p lo y e d , th e  m e th o d  is c a p a b le  o f  a  

h ig h  d e g re e  o f  p re c is io n , a n d  a ffo rd s o n e  o f  t h e  m o s t a c c u ra te  m e a n s  w e  h a v e  o f  

d e te r m in in g  sm a ll a m o u n ts  o f  c a rb o n  d io x id e .

I t  is b a se d  o n  d o u b le  t i t r a t i o n  w i th  tw o  in d ic a to rs , th e  o n e , p h e n o lp h th a le in ,  b e in g  

s e n s i t iv e  to  C 0 2, w h i ls t  t h e  o th e r ,  m e th y l-o ra n g e , o n ly  r e a c ts  w ith  a n  ex ce ss o f  th e  

m in e ra l  a c id  (h y d ro c h lo r ic )  u s e d  in  th e  t i t r a t io n .

T h e  f i r s t  s ta g e  in  t h e  p ro ce ss  is t h e  a d d it io n  o f  t h e  p h e n o lp h th a le in  in d ic a to r , 

fo llo w ed  b y  t h e  m in e ra l  a c id  to  c o m p le te  d is a p p e a ra n c e  o f  t h e  p in k  co lo u r. T h is  

m a rk s  t h e  p o in t  o f  t h e  to ta l  co n v ersio n  o f  t h e  n e u t r a l  in to  a ^ id  c a rb o n a te , o r, 

s p e a k in g  m o re  p re c ise ly , t h e  p o in t  a t  w h ic h  t h e  l ib e ra t io n  o f  t h e  f i r s t  t r a c e  o f  C 0 2 

ta k e s  p lace .

U p  to  th is  s ta g e  n o  a c c o u n t n e e d  b e  t a k e n  o f  t h e  a c tu a l  a m o u n t  o f  a c id  u se d , 

a l th o u g h  i t  is o f  co u rse  a n  a d v a n ta g e  to  k n o w  s o m e th in g  l ik e  th e  v o lu m e tr ic  re la t io n s  

o f  th e  a lk a lin e  a n d  a c id  so lu tio n s .

I n  o rd e r  to  a v o id  in c re a s in g  th e  v o lu m es u n d u ly , w h ic h  w o u ld  te n d  to w a rd s

v o l . c x c m .— b . 2 p
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d im in is h in g  th e  s e n s it iv e n e s s  o f  t h e  re a c t io n , w e  h a v e  g e n e r a l ly  u se d  in  t h e  f irs t  

t i t r a t i o n  a  m o re  o r  less  s t r o n g  a c id , v a ry in g  b e tw e e n  n o rm a l a n d  6 n o rm a l, u n t i l  th e  

p in k  c o lo u r  o f  th e  p h e n o lp h th a le in  b eco m es s o m e w h a t  f a in t ,  t h e  a d d it io n  o f  l / l 0 

n o rm a l a c id  b e in g  th e n  m a d e  to  c o m p le te  d is a p p e a ra n c e  o f  t h e  co lo ur. W h i l s t  t h e  

s t r o n g e r  a c id  is b e in g  r u n  in  i t  i& a d v is a b le  to  k e e p  t h e  s o lu tio n  in  c o n s ta n t  r o ta t io n ,  

a n d  th i s  is a n  a b s o lu te ly  n e c e s s a ry  p re c a u t io n  to  t a k e  w h e n  u n u s u a l ly  s t r o n g  a c id  is 

u se d , o r  w h e n  th e r e  is m u c h  c a rb o n a te  p r e s e n t ,  o th e rw is e  a c id  c a rb o n a te  is lo c a lly  

d eco m p o sed  a n d  C 0 2 is ev o lv e d .

A f te r  t h e  a d d it io n  o f  t h e  m e th y l-o ra n g e  t h e  t i t r a t i o n 'm u s t  b e  c a r r ie d  on  w i th  c a re 

fu lly  s ta n d a r d is e d  ac id , t h e  s t r e n g th  o f  w h ic h  is r e g u la te d  b y  t h e  d e s ire d  d e g re e  o f  

a c c u ra c y , a n d  a lso  b y  t h e  fin a l v o lu m e  o f  th e  liq u id . W e  h a v e  g e n e ra l ly  e m p lo y e d  

1 /1 0  n o rm a l h y d ro c h lo r ic  a c id  fo r th is  p u rp o se .

I t  w ill b e  n o tic e d  t h a t  b y  th is  m e th o d  t h e  d e te r m in a t io n  o f  th e  a m o u n t  o f  C 0 2 

a b so rb e d  b y  t h e  c a u s tic  so d a  d e p e n d s  m e re ly  o n  t h e  a m o u n t  o f  d i lu te  a c id  re q u ire d  

b e tw e e n  t h e  f ir s t  r e a c t io n  w i th  p h e n o lp h th a le in  a n d  t h e  se co n d  w i th  m e th y l-o ra n g e , 

t h e  s ta g e  c o rre sp o n d in g  to  th e  c o m p le te  d e c o m p o s itio n  o f  t h e  a c id  c a r b o n a t e ; a n d  

t h a t  i t  is e n t i r e ly  in d e p e n d e n t  o f  th e  re la t io n s  o f  t h e  t o t a l  a c id  e q u iv a le n ts  o f  th e  

a lk a l i  b e fo re  a n d  a f te r  a b so rp tio n . B y  th is  m e a n s  w e  a v o id  t h e  e r ro rs  in c id e n t  to  a ll  

m e th o d s  w h ic h  d e p e n d  on  th e  d e te rm in a t io n  o f  sm a ll  d iffe ren c e s b e tw e e n  tw o  la rg e  

v a lu e s.

I t  is e s s e n tia l  t h a t  t h e  c a u s tic  so d a  sh o u ld  b e  a b s o lu te ly  free  fro m  a lu m in a  a n d  

iro n , w h ic h  in te r f e re  w i th  th e  s h a rp n e s s  o f  t h e  se co n d  t i t r a t io n ,  c o n s e q u e n tly  c a u s tic  

so d a  m a d e  fro m  m e ta ll ic  so d iu m  s h o u ld  b e  e m p lo y ed . I f  a  t r a c e  o f  a lk a lin e  s i l ic a te  is 

p r e s e n t  i t  in te r fe re s  so m e w h a t w i th  t h e  d e lic a cy  o f  th e  p h e n o lp h th a le in  re a c tio n , a 

fa c t w h ic h  h a s  a lso  b e e n  n o tic e d  b y  Le t t s  a n d  Bl a k e  in  th e  t i t r a t i o n  o f  b a r y ta  

so lu tio n s  ( ‘ P ro c . B o y a l D u b lin  S o c ./  ix . (1 9 0 0 ), p. 1 52 ). T h is  is, h o w e v e r , n o t  a  

m a t t e r  o f  su c h  g r e a t  im p o r ta n c e  in  th is  m e th o d  a s  i t  is in  o n e  d e p e n d e n t  u p o n  th e  

e x a c t  t i t r a t i o n  o f  t h e  w h o le  o f  th e  a lk a li . T h e  d iff ic u lty  m a y  b e  a v o id e d  b y  u s in g  

f re s h ly  p r e p a re d  so lu tio n s , a n d  b y  th e  se le c tio n  o f  a  g la s s  w h ic h  is n o t  r e a d i ly  a t t a c k e d  

b y  c a u s tic  so d a .*

T h e  t i t r a t io n s  w e re  c a r r ie d  o u t  in  c y lin d r ic a l  b o t t le s  o r  f la sk s, p ro v id e d  w i th  a  

c a o u tc h o u c  cap  b e a r in g  tw o  tu b u lu r e s ,  t h r o u g h  w h ic h  th e  d e liv e ry  tu b e s  o f  th e  

b u r e t te s  c o u ld  b e  in s e r te d . T h e  u se  o f  th is  cap  p r e v e n t s  t h e  a b s o rp t io n  o f  C (X  fro m  

th e  a ir , b u t  i t  is o b v io u s ly  n o t  n e e d e d  d u r in g  th e  se co n d  t i t r a t io n .

T h e  b u r e t te s  u se d  fo r th e  so d a  s o lu tio n  w e re  f illed  fro m  th e  s to c k -b o tt le s  th r o u g h  

sid e  tu b e s ,  a n d  w ei* e ,fu rn ish ed  a t  th e  to p  w ith  g u a r d - tu b e s  c o n ta in in g  so d a -lim e, t h e  

a i r  in  th e  b u r e t te s  a n d  t i t r a t i o n  v e sse ls  b e in g  f i r s t  r e p la c e d  w i th  a i r  f re e d  fro m  CO.: 

b y  i ts  p a ssa g e  th r o u g h  a  W in k l e r ’s a b s o rp tio n  a p p a r a tu s .

I n  d e te rm in in g  th e  f in a l p o in t  in  th e  f i r s t  t i t r a t i o n  i t  is b e s t  to  t a k e  t h e  m en isc u s

❖
*  T h e  s u g g e s t i o n  o f  Le t t s  a n d  Bl a k e  to  c o a t  th e  in s id e  o f  th e  g la s s  v e s s e ls  w i t h  p a ra ffin  w o u ld  n o  

d o u b t  p r o v e  o f  s e r v ic e  in  r e m o v in g  th is  s o u r c e  o f  in c o n v e n ie n c e .
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o f  t h e  l iq u id  a s  a  c r i te r io n ,  s in c e  c o lo u r  c a n  b e  se e n  th e r e  w h e n  sc a rc e ly  a p p re c ia b le  

in  t h e  b o d y  o f  t h e  liq u id . A s a  c o n t r o l  o n  t h e  d is a p p e a ra n c e  o f  t h e  co lo u r, w e  u se d , 

in  t h e  e a r l ie r  p a r t  o f  o u r  w o rk , a  v e sse l o f  t h e  sa m e  s h a p e  a n d  siz e  a s  t h e  t i t r a t i o n  

v e sse l a n d  c o n ta in in g  w a te r ,  b u t  o w in g  to  t h e  s l ig h t  g r e e n  c o lo ra tio n , d u e  to  t h e  

g la s s , w e  s u b s e q u e n t ly  u se d  a  c o n tro l  in  w h ic h  t h e  m e n isc u s  w a s  m a d e  p e r f e c t ly  

c o lo u rle ss  b y  a d d in g  t o  t h e  w a te r  a  few  d ro p s  o f  so d a  a n d  v e ry  d i lu te  p l ie n o lp h th a le in .  

F o r  t h e  s e c o n d  t i t r a t i o n  a n  a c id  c o n tro l  w a s  a lw a y s  u se d , c o n ta in in g  t h e  sa m e  a m o u n t  

o f  m e th y l-o r a n g e  a s  t h e  l iq u id  t i t r a t e d ,  a n d  b r o u g h t  to  a  c o n s ta n t  a n d  a r b i t r a r y  t i n t  

o f  a c id ity .

T h e  fo llo w in g  ta b le  g iv e s  t h e  r e s u l t s  o f  a  se r ie s  o f  e x p e r im e n ts  c a r r ie d  o u t  fo r  th e  

p u rp o s e  o f  t e s t i n g  t h e  d e g re e  o f  a c c u ra c y  a t t a in a b le  b y  t h e  p ro ce ss .

M e a s u re d  q u a n t i t ie s  o f  a  1 /1 0  n o rm a l  s o lu t io n  o f  N a 3C 0 3 s o lu tio n  w e re  a d d e d  to  

1 0 0  cu b . c e n tim s . o f  a  4 p e r  c e n t, s o lu t io n  o f  p u re  c a u s t ic  so d a  in  w h ic h  th e  a m o u n t  o f  

p r e - e x is t in g  c a rb o n a te  h a d  b e e n  a c c u ra te ly  d e te rm in e d . A  r e - d e te r m in a t io n  o f  t h e  

c a rb o n a te  w a s  th e n  m a d e , t h e  d iffe ren c e  in  t h e  tw o  d e te r m in a t io n s  e x p re s s e d  in  

cu b . c e n tim s . o f  C 0 3 b e in g  th e n  c o m p a re d  w i th  t h e  a m o u n t  a d d e d .

Ta b l e  X X X I I .

N o .

C 0 2 a d d e d  t o  

1 0 0  cu b . c e n t im s .  

o f  N a H O  s o lu t io n .

C 0 2 fo u n d . D if f e r e n c e .

(1 )

c u b .  c e n t i m s .  a t O  C .  

a n d  7 6 0  m i l l i m s .  

1 * 1 8

c u b .  c e n t i m s .  a t  0 °  C .  

a n d  7 6 0  m i l l i m s .

1 - 0 5

c u b .  c e n t i m s .

•1 3

(2 ) 1 1 - 8 3 1 1 - 7 7 • 0 6

( 3 ) 2 9 - 5 9 • 2 9 • 4 0 • 1 9

(4 ) 5 9 - 1 8 5 9 - 0 3 •1 5

G) 1 1 2 - 3 7 1 1 2 - 4 1 • 0 4

W e  m u s t  e x p re s s  o u r  th a n k s  to  S ir  W . T. Th is e l t o n  Dy e r  a n d  to  D r. D . H . 

Sc o t t  fo r th e  o p p o r tu n i ty  th e y  h a v e  a ffo rd e d  u s  o f  c a r r y in g  o u t  th is  in v e s t ig a t io n  in  

th e  J o d r e l l  L a b o ra to ry ,  K e w  G a rd e n s . D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

4
 A

u
g
u
st

 2
0
2
2
 


