
THE MATHEMATICS OF STEADY-STATE DIFFUSION AND FLOW TUBE SYSTEMS 
11. Measurement o f  Discharge-Zone Rate Pa rame te r s  

P e t e r  R. Rony 

C e n t r a l  Research Department 
Monsanto Company 

S t .  Louis,  Mis sour i  ' 

I 

, 

I. INTRODUCTION 

The techniques  used t o  measure t h e  r a t e  o f  a chemica l  r e a c t i o n  o r  t o  
de t e rmine  t h e  p h y s i c a l  c h a r a c t e r i s t i c s  of a chemica l  compound are d i c t a t e d  by 
the  p h y s i c a l  and chemica l  p r o p e r t i e s  o f  t h e  compound, p a r t i c u l a r l y  by i t s  l i f e -  
time and r e a c t i v i t y  i n  r e l a t i o n  t o  i t s  chemica l  environment.  T h i s  environment 
can be chosen t o  maximize t h e  i n t e r a c t i o n s  between the  compound and o t h e r  
m a t e r i a l s  ( a  r e a c t i o n  envi ronment )  o r  e lse  t o  minimize such  i n t e r a c t i o n s  ( a n  
i s o l a t i o n  envi ronment ) .  
s k i l l  chemis t s  have shown i n  s e l e c t i n g  t h e  a p p r o p r i a t e  r e a c t i o n  o r  i s o l a t i o n  
envi ronments .  

P rogres s  i n  chemis t ry  has  been dependent upon t h e  

The problem o f  deve lop ing  s u i t a b l e  i s o l a t i o n  envi ronments  has  been a 
d i f f i c u l t  one i n  t he  s t u d y  o f  f lames ,  shock waves, exp los ions ,  and e l e c t r i c a l  
d i s c h a r g e s ,  where t h e  chemica l  i n t e r m e d i a t e s  - -  i o n s ,  e l e c t r o n s ,  atoms, f r e e  
r a d i c a l s ,  e x c i t e d  atoms, e x c i t e d  molecules ,  e x c i t e d  i o n s ,  and m e t a s t a b l e  mole- 
c u l e s  - -  a r e  h igh ly  r e a c t i v e  and have ex t r eme ly  s h o r t  l i f e t i m e s .  Notable  
advances  a long  t h e s e  l i n e s  have been t h e  m a t r i x  i s o l a t i o n  t echn ique  developed 
by P imen te l  and co-workers,  c o n t a c t i n g  t h e  i n t e r m e d i a t e s  w i t h  a ve ry  c o l d  
s u r f a c e ,  and the  use  o f  materials t h a t  d e a c t i v a t e  s u r f a c e s  a g a i n s t  t h e  recom- 
b i n a t i o n  o f  atoms and f r e e  None of t h e s e  t echn iques  have y e t  
been s u c c e s s f u l  i n  s i g n i f i c a n t l y  p r o l o n g i n g  t h e  l i f e t i m e  o f  an ion .  

T h i s  problem can be c i rcumvented  by t h e  exped ien t  o f  p l a c i n g  a source  o f  
t he  chemica l  i n t e r m e d i a t e s  i n  c l o s e  p rox imi ty  t o  a s i n k  and o p t i m i z i n g  t h e  r a t e s  
o f  l o s s  and t r a n s p o r t  of t h e  h i g h l y  r e a c t i v e  s p e c i e s  between t h e s e  two r e g i o n s .  
The most popu la r  s o u r c e - s i n k  sys tem f o r  t h e  s t u d y  o f  gas-phase  k i n e t i c s  o f  n e u t r a l  
molecules  i s  t h e  d i f f u s i o n  or f low tube ,  which u s u a l l y  employs an  e l e c t r o d e l e s s  
d i s c h a r g e  a s  t h e  source . s , io  
s u c c e s s  i n  t h e  f i e I d  o f  plasma chemis t ry  f o r  t h e  expe r imen ta l  measurement of  
a s s o c i a t i v e  d e t a c h m e n t  a n d  i o n - n e u t r a l  r e a c t i o n  ra tes .11 ,12  

Such sys tems have a l s o  been used w i t h  c o n s i d e r a b l e  

The s i m p l i c i t y  o f  t h e s e  sys tems i s  d e c e p t i v e  - -  t hey  a r e  u s u a l l y  q u i t e  
To i l l u s t r a t e  t h i s  p o i n t ,  Tab le  I g i v e s  a non-exhaus t ive  l i s t  of complex. 

ra te  p r o c e s s e s  o c c u r r i n g  w i t h i n  t h e  sys tem shown i n  F ig .  l.24 
a comprehensive mathemat ica l  d e s c r i p t i o n  o f  such  sys tems i s  d e s i r a b l e  n o t  o n l y  
t o  a i d  i n  t h e  choice  of expe r imen ta l  c o n d i t i o n s  and assessment  o f  expe r imen ta l  
d a t a ,  bu t  a l s o  t o  gu ide  t h o s e  who use  d i f f u s i o n  or f low tubes  o r  t h e  measured 
r a t e  pa rame te r s .  

It  i s  c l e a r  t h a t  

Most t h e o r e t i c a l  d e s c r i p t i o n s  o f  a d i f f u s i o n  o r  f low tube  have ignored  
t h e  sou rce  o f  r e a c t i v e  s p e c i e s  - -  t h e  e l e c t r i c a l  d i s c h a r g e  - -  by t h e  assumpt ion  
o f  'a s p e c i f i e d  va lue  f o r  t h e  r e a c t i v e  s p e c i e  c o n c e n t r a t i o n  a t  t h e  d i scha rge -zone  
boundary.13-17 Tsu and Boudart  were t h e  f i r s t  t o  i n c o f p o r a t e  t h e  d i s c h a r g e  zone 
i n  t h e  d e r i v a t i o n  and t h e  a u t h o r  h a s  e l a b o r a t e d  upon t h i s  t ype  of t h e o r e t i c a l  
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,‘ 
d e s c r i p t i o n  f o r  bo th  d i f f u s i o n  and flow 

I n  t h e  p r e s e n t  p a p e r ,  i t  i s  shown t h a t  t h e s e  new e q u a t i o n s  p r o v i c k  t h e  / m i s s i n g  l i n k  between t h e  t h e o r e t i c a l  e x p r e s s i o n s  c h a r a c t e r i z i n g  t h e  e l e c w o n  and 
i o n  c o n c e n t r a t i o n  d i s t r i b u t i o n s  w i t h i n  a d i s c h a r g e  zone and t h e  e x p r e s s i o n s  
t y p i c a l l y  used f o r  d e s c r i b i n g  t h e  g a s - k i n e t i c  r e a c t i o n s  of t h e  d i s c h a r g e  pro-  
d u c t ~ . ~ ~ - ~ ~ ,  % 

f o r  t h e  p r o d u c t i o n  o f  d i s c h a r g e  p r o d u c t s  can b e  measured and how t h e y  can  be used 
t o  c a l c u l a t e  t h e  s t e a d y - s t a t e  c o n c e n t r a t i o n s  o f  n e u t r a l  s p e c i e s  a t  any p o i n t  

used t o  perform such  measurements .  

S u g g e s t i o n s  a r e  g iven  on how averaged  f i r s t - o r d e r  b t e  o o n s t a n t s  
I 

I 

w i t h i n  t h e  r e a c t i o n  tube .  I n  c e r t a i n  c a s e s ,  r e l a t i v e l y  modest equiptitent can be 2 

The numbering o f  e q u a t i o n s  i n  the  p r e s e n t  p a p e r  c o n t i n u e s  a p r e v i o u s  
sequence.  le 

11. RATE EXPRESSIONS 

A. N e u t r a l  S p e c i e s  
I 

Consider  a b i n a r y  s y s t e m  of  atoms and t h e  p a r e n t  molecules  pr-ent w i t h i n  
a l o n g  c y l i n d r i c a l  t u b e  t h a t  h a s  two zones - -  a d i s c h a r g e  zone and a r e a c t o r  zone 
(Fig. 1). 
body recombina t ion  r e a c t i o n s ,  and i f  t h e  atom c o n c e n t r a t i o n  i s  l e s s  t h a n  l’$, t h e  
mass- b a l a n c e  e q u a t i o n s  f o r  t h e  atoms become” 

I f  t h e  w a l l s  o f  t h e  tube a r e  n o t  t o o  a c t i v e ,  i f  t h e r e  are no t h r e e -  

1 

- d i f f u s i o n  c o n v e c t i o n  atom p r o d u c t i o n  f i r s t - o r d e r  
atom l o s s  

f o r  t h e  d i s c h a r g e  zone and 

d i f f u s i o n  c o n v e c t i o n  f i r s t - o r d e r  
atom loss 

f o r  t h e  r e a c t o r  zone. These e q u a t i o n s  can  be 

and 

I 
r e w r i t t e n  i n  d i m e n s i o n l e s s  form, 

In a p r e v i o u s  p a p e r ,  a t o t a l  of 36 e q u a t i o n s  summarized t h e  o p e r a t i o n  of 
a f low O K  d i f f u s i o n  t u b e ,  w i t h  o r  w i t h o u t  a f i r s t - o r d e r  atom loss p r o c e s s  i n  t h e  
r e a c t o r  zone, f o r  t h r e e  d i f f e r e n t  d i s c h a r g e -  zone boundary condid iona  and three 
d i f f e r e n t  e n d - p l a t e  boundary c o n d i t i o n s . l e  The s o l u t i o n s  t o  Eq. (7) were m b -  

1 



d i v i d e d  i n t o  f o u r  c.ases: 

Case I. D i f f u s i o n  tube  ( B  = 0 )  w i t h  i n a c t i v e  r e a c t o r  zone 
w a l l s  (1/p2 = 0 ) ;  

Case 11. D i f f u s i o n  tube  ( p  = 0 )  wi th  a c t i v e  r eac to r -zone (  
w a l l s  (1/p2 p 0); 

Case ID, Flow t ube  ( p  # 0 )  w i t h  i n a c t i v e  r e a c t o r - z o n e  Walls 
(1 /p2 = 0 ) ;  and 

Case IV. Flow tube  ( B  # 0 )  w i t h  a c t i v e  r eac to r -zone  w a l l s  
( U p 2  # 0). 

The e i g h t  most u s e f u l  s o l u t i o n s  are l i s t e d  i n  Tab le  11. The most g e n e r a l  
s o l u t i o n  f o r  t h e  r e a c t o r  zone, from which t h e  35 o t h e r s  can  b e  o b t a i n e d  by 
a p p r o p r i a t e  s i m p l i f i c a t i o n s ,  i s  Eq. (60).  The o r i g i n a l  pape r  should  be c o n s u l t e d  
f o r  f u r t h e r  i n f o r m a t i o n  conce rn ing  the  d e r i v a t i o n  'of t h e  mass-ba lance  e q u a t i o n s ,  
t h e  boundary c o n d i t i o n s ,  o r  t h e  o t h e r  t h e o r e t i c a l  s o l u t i o n s .  D e f i n i t i o n s  of 
d imens ion le s s  groups  a r e  g iven  i n  t h e  Appendix. 

TABLE 11.  P e r t i n e n t  S o l u t i o n s  t o  Equat ion  (7) .  
-- 

L+M 
Discharge-zone  boundary c o n d i t i o n :  = 0 a t  X = - dX R 

Case I. Case 11. Case 111. Case IV. 

= 0 a t  A = -m Eq. (27) Eq. (36) Eq. (27) Eq. ( 5 4 )  

dJr = a t  X = 0 Eq. (33) Eq. (42) Eq. (51) Eq. (60 )  

Jr = a262 (27) 



I B. Ions and E l e c t r o n s  

Cons ider  a t e r n a r y  sys t em o f  e l e c t r o n s  and two d i f f e r e n t  p o s i t i v e  i o n s  . 
p r e s e n t  w i t h i n  t h e  d i s c h a r g e  zone shown i n  F i g .  1. I f  i t  i s  assumed t h a t  . 

Cl+ << c2+ 2. ce + ce '  (108 ) 

t h e  mass ba lance  e q u a t i o n  f o r  t h e  minor i o n i c  s p e c i e  can be l i n e a r i z e d  t o  g ive  

DaV2c1+ + k icecm - k r c e ' c l +  = 0 

ambipolar  i o n i z a t i o n  ion -e  l e c t r o n  
d i f f u s i o n  r ecombina t ion  

where ce and ce' r e f e r  t o  t h e  c o n c e n t r a t i o n s  o f  e l e c t r o n s  of d i f f e r e n t  e n e r g i e s .  
Equat ion  (109) can  be p u t  i n  d i m e n s i o n l e s s  form, 

where t h e  d imens ion le s s  g roups  a r e  d e f i n e d  i n  t h e  Appendix. It shou ld  be noted  
t h a t  a t r a n s f o r m a t i o n  o f  c o o r d i n a t e s  from F i g .  1 - h a s  been made, 

The boundary c o n d i t i o n s  a r e  

a t  T = 0 and T = M/2R a t  a l l  p '1+ = 0 

'1+ = Q a t  p = 1 and a l l  T 

% - Q  a t  p = 0 and a l l  T 
dp 

and the s o l u t i o n  i s  

n = o  

Equation (U5) can  be p r o g r e s s i v e l y  s i m p l i f i e d  t o  
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V I .  I+ = 2 [ 1 - p 2  ] 4 

when: 
r o o t  of Eq. (Us) i s  dominant;  I V .  p = 0, T = 0, and I,(%) i s  l a r g e  i n  Eq. (118); 
V. 3 = 0;  V I .  a21+ = 0 and l/6;2 = 0; and V I I .  p = 0 and 10(1/6$ i s  l a r g e  

i n  Eq. (120). 
t h e s e  types  o f  equa t ions .25  

I. l / S i 2  = 0; 11. t h e  f i r s t  r o o t  of Eq. (115) i s  dominant ;  111. t h e  f i r s t  

3 F  
Cars law and Jaege r  should  be  c o n s u l t e d  f o r  o t h e r  s o l u t i o n s  t o  

A n  ave rage  v a l u e  f o r  t h e  c o n c e n t r a t i o n  o f  t h e  minor  i o n i c  s p e c i e ,  q+, 
can  be ob ta ined  by t h e  fo l lowing  i n t e g r a t i o n ,  

dpdT 

Unfo r tuna te ly ,  t h e  i n t e g r a l  j i I o ( a n p ) d p  cannot  be e v a l u a t e d  e x p l i c i t l y .  

111. CONSEQUENCES 

A. Prev ious  R e s u l t s  

For  t h e  sake  of b r e v i t y ,  a number o f  t o p i c s  p e r t a i n i n g  to the d i s c h a r g e  
zone g i v e n  p r e v i o u s l y  w i l l  n o t  be r epea ted  h e r e .  
fo l lowing  s u b - s e c t i o n s  of Sec.  V I  i n  r e f e r e n c e  (19): 
Systems; B. Complexity of S o l u t i o n s ;  C. V e l o c i t y  and Mass Flux ;  D. Residence  
Time; E. Radia l  Concen t r a t ion  Grad ien t s ;  F .  Comparison of Rate  P r o c e s s e s ;  I. 
Back D i f f u s i o n ;  and M. Sur face  Reac t ion  vs Atom Produc t ion .  

The r e a d e r  i s  r e f e r r e d  t o  t h e  
A. Choice of S t e a d y - S t a t e  

B. Measurement of @ 

1. Comparison of Rate  p r o c e s s e s  

The behav io r  of atoms i n  t h e  system shown i n  F ig .  1 i s  c h a r a c t e r i z e d  
by e i g h t  d i f f e r e n t  r a t e  p rocesses :  convec t ion ,  r a d i a l  d i f f u s i o n  t o  t h e  w a l l s ,  
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a x i a l  d i f f u s i o n  through t h e  d i s c h a r g e   one, a x i a l  d i f f u s i o n  through t h e  r e a c t o r  
zone, p r o d u c t i o n ,  recombina t ion  on  the  end p l a t e ,  recombina t ion  i n  t h e  d i s c h a r g e  
zone, and recombina t ion  i n  t h e  r e a c t o r  zone. Thus, t h e  i n t e r a c t i o n  between t h e  
r a t e  o f  p r o d u c t i o n  and t h e  o t h e r  r a t e  p r o c e s s e s  can be c o n v e n i e n t l y  c h a r a c t e r i z e d  

! 

by seven d i m e n s i o n l e s s  g r o u p s :  11 

U 2  
R I  n - =  

2 -  
RIL - 

r a t e  of  atom product ion  i n  t h e  d i s c h a r g e  zone = 'e2 
r a t e  of r a d i a l  d i f f u s i o n  t o  t h e  w a l l  D12 

p M o r  &R 
r a t e  of  atom recombina t ion  w i t h i n  t h e  d i s c h a r g e  zone k: Y V l  

ra te  of  atom p r o d u c t i o n  i n  t h e  d i s c h a r g e  zone 

f 
ra te  of atom p r o d u c t i o n  i n  t h e  d i s c h a r g e  zone 

P !Go,%&! r a t e  of atom recombina t ion  w i t h i n  t h e  r e a c t o r  zone kl yV1 

r a t e  of  atom p r o d u c t i o n  i n  t h e  d i s c h a r g e  zone - W R  
r a t e  of  atom recombina t ion  on t h e  end p l a t e  - Y'F1 

r a t e  of atom p r o d u c t i o n  i n  t h e  d i s c h a r g e  zone E k& 
ra te  of  a x i a l  convec t ion  V Z  

r a t e  of  atom p r o d u c t i o n  i n  t h e  d i s c h a r g e  zone 
r a t e  of a x i a l  d i f f u s i o n  through t h e  d i s c h a r g e  zone D12 

- k d R M  

r a t e  of  atom p r o d u c t i o n  . i n  t h e  d i s c h a r g e  zone *L I 

r a t e  of a x i a l  d i f f u s i o n  through the r e a c t o r  zone .  D12 

These d i m e n s i o n l e s s  groups  can be f u r t h e r  condensed t o , y i e l d  j u s t  two 
groups r e l a t i n g  t h e  o v e r a l l  rates of atom p r o d u c t i o n ,  t r a n s p o r t ,  and l o s s :  

( 124 I = r a t e  o f  atom p r o d u c t i o n  = U' 
loss r a t e  o f  atom l o s s  115' + 116Iz + l/p 

(125) - @loss - r a t e  of atom l o s s  - l/k' + 1/612 + 1/u2 r 

Otransport  
- - R/L + RIM + $ + 1 

I n  a s t e a d y - s t a t e  exper iment ,  t h e r e  must be a c o m p e t i t i o n  between two 
ra te  p r o c e s s e s  - -  a s o u r c e  and a s i n k .  I f  t h e  s o u r c e  and s i n k  are s p a t i a l l y  
s e p a r a t e d ,  t h e n  a t r a n s p o r t  p r o c e s s  may f u r t h e r  c o m p l i c a t e  t h e  r e s u l t s .  I n  
t h e  p r e s e n t  c a s e ,  t h e  r a t e  of atom p r o d u c t i o n  c a n  be measured o n l y  i f  

rod 
1, f o r  i f  t h e  s o u r c e  i s  much g r e a t e r  t h a n  t h e  s i n k ,  no c o n c e n t r a t i o n  

@ l o s s  
g r a d i e n t  can e x i s t .  

2. S i g n i f i c a n c e  of  k& 

For purposes  o f  d i s c u s s i o n ,  assume t h a t  t h e  r a t e  p a r a m e t e r  Id r e p r e s e n t s  

H$ + e '  A H + H 

' t h e  ra te  o f  p r o d u c t i o n  o f  a t o m i c  hydrogen(c;)  v i a  t h e  f o l l o w i n g  i o n - e l e c t r o n  
recombina t ion  r e a c t i o n ,  



I 

I 

1 

I 

I 

I \ 

Thus, 

kA(c - c;) = 2 = 2kr(H:)(e') 

d e f i n e s  t h e  parameter  k6. 
p r e s e n t  v i a  an ion-molecule  r e a c t i o n ,  

I f  a tomic  hydrogen i s  a l s o  produced when wa te r  i s  

> H,O+ + H kim H20+ + H 2  

k; changes t o  

I t  i s  c l e a r  from t h e  above t h a t  kt, i s  a composi te  pa rame te r  which r a r e l y  
can be subdiv ided  i n t o  i t s  component pa rame te r s  from d i s c h a r g e  p roduc t  measure- 
ments a l o n e .  Fur thermore ,  a s  shown i n  Sec. 11. B., t h e  i o n  and e l e c t r o n  con- 
c e n t r a t i o n s  a r e  no t  uni'form throughout  t h e  d i s c h a r g e  zone, so an  ave rage  va lue ,  
k,, i s  observed, - 1  

Thus, t he  measurement o f  a b s o l u t e  y i e l d s  o f  d i s c h a r g e  p r o d u c t s  i s  n o t  a 
f r u i t f u l  t echnique  f o r  s t u d y i n g  d i scha rge -zone  k i n e t i c s .  An e x c e p t i o n  t o  t h i s  
s t a t e m e n t  occurs  when t h e  d i s c h a r g e  i s  i n i t i a l l y  w e l l  c h a r a c t e r i z e d  and pe r -  
t u r b a t i o n s  a r e  made on t h i s  i n i t i a l  s t a t e .  For  example, i n  t h e  absence  and p re -  
s ence  of water ,  t h e  r a t i o  o f  t h e  above r a t e  pa rame te r s  becomes 

+ The q u a n t i t y  kim(H20 )AV can  be de te rmined  provided  t h a t  t h e  r a t i o  o f  
i s  measurable  and t h e  o t h e r  q u a n t i t i e s  a r e  known. 

va lues  

3. I n t e r a c t i o n  Between Discha rge  and Reac tor  Zones 

The a c t i v i t y  of t h e  r eac to r -zone  w a l l s  and t h e  l o c a t i o n  o f  t h e  c a t a l y t i c  
end p l a t e  have a measurable  i n f l u e n c e  upon t h e  atom c o n c e n t r a t i o n  w i t h i n  t h e  
d i s c h a r g e  zone and a t  t h e  d i scha rge -zone  boundary. 
used t o  advantage  f o r  t h e  measurement of a b s o l u t e  o r  r e l a t i v e  v a l u e s  o f  t h e  
r a t e  c o n s t a n t  of atom p roduc t ion  k;. 

T h i s  phenomenon can be 

I n  t h e  absence  o f  r eac to r -zone  s i n k s ,  Eqs. (27) and (45)  app ly ,  

The a tom.p roduc t ion  r a t e  c o n s t a n t  k: can be de te rmined  from Eq. (130) provided  
t h a t  ( a )  t h e  a m o u n t  o f a t o m  recombina t ion  on t h e  d i scha rge -zone  walls i s  
known, ( b )  i t  remains c o n s t a n t  d u r i n g  t h e  measurement p rocess ,  and ( c )  i t  i s  
t h e  dominant atom l o s s  p r o c e s s .  . In an  e l e c t r o d e  d i s c h a r g e ,  me ta l  s p u t t e r i n g  on 



t h e  tube  wa l l s  o c c u r s  c o n t i n u o u s l y  and the  above c o n d i t i o n s  a r e  n o t  f u l f i l l e d .  
With o t h e r  types  o f  d i s c h a r g e s ,  a p e r i o d  o f  w a l l  a g i n g  may be r e q u i r e d .  

I f  an end p l a t e  i s  p r e s e n t ,  t h e  c o n c e n t r a t i o n  of atoms a t  t h e  d i scha rge  
boundary (1 = L / R )  is g iven  by Eq. ( 3 3 ) ,  

(131) 

62R L When L/R + 5 '  >> M, t hen  J ,  = a26' a s  p r e v i o u s l y .  However, i f  9 >> E + e ' ,  
t h e n  

The r a t e  cons t an t  k& can be de te rmined  i f  t h e  recombina t ion  c o e f f i c i e n t  o f  t he  
end p l a t e  o r  t h e  d i f f u s i o n  c o e f f i c i e n t  o f  t h e  atoms i s  known. 

I f  on ly  t h e  r e a c t o r - z o n e  w a l l s  a r e  a c t i v e ,  Eq. (36) a p p l i e s  a t  t h e  
d i scha rge -zone  boundary ( z  = 0) ,  

< 1 / 4 )  . (E - JI = a262 
1 + C R  

UM 

The o n l y  new r e s u l t  o c c u r s  when ER >> 1, and l e a d s  t o  
CIM 

(133) 

which is  no improvement o v e r  Eq. ( 1 3 2 ) .  Equa t ions  (42), ( 5 l ) ,  (54) ,  and (60) 
l e a d  t o  p r o g r e s s i v e l y  more compl i ca t ed  s o l u t i o n s .  

I n  t h e  p r e c e d i n g  pa rag raphs  we have been p reoccup ied  w i t h  t h e  measurement 
o f  g. 
and show how such  d a t a  c a n  b e  used t o  p r e d i c t  s t e a d y - s t a t e  atom c o n c e n t r a t i o n  
l e v e l s  i n  d i f f u s i o n  and f l o w  t u b e s .  

The e q u a t i o n s  d e r i v e d  above a r e  e q u a l l y  a p p l i c a b l e  i f  k;, is a l r e a d y  know 

As an  example, c o n s i d e r  t h e  e f f e c t  o f  a n  end p l a t e  on t h e  atom concent ra -  
t i o n  w i t h i n  t h e  d i s c h a r g e  zone. I n  t h e  absence  o f  t h e  end p l a t e ,  t h e  concent ra -  
t i o n  throughout  t h e  r e a c t i o n  tube  i s  g iven  by Eq. (130) .  
p r e s e n t ,  e i t h e r  Eq. (33) O K  Eq. (131) a p p l i e s  f o r  t h e  r e a c t o r  zone and Eq. (135) 
a p p l i e s  f o r  t he  d i s c h a r g e  zone ( z  assumes n e g a t i v e  v a l u e s  o n l y  between 0 and -MI. 

When t h e  end p l a t e  i s  

M .  + 5 '  + 6 c o t h  - 6R 

cosh (g) 
s i n h  M/6R 

(135)  

With R = 2 cm, Di2 = 1.25 * l o4  cm2/sec ( a tomic  hydrogen a t  100 mTorr and 25'C), 
L = 10 c m ,  51 = 2.5  * lo5 cm/sec  ( a t o m i c  hydrogen) ,  M = 8 cm, vz = 0 cm/sec, 

. .. 



Ywal l s ; s  lo-', y ' e n d  plate = 
c e n t r a t i o n  i n  t h e  d i s c h a r g e  zone i s  reduced from 14% t o  0.19%. 
h e r e  t h a t  t h e  end p l a t e  has  no e f f e c t  on t h e  e l e c t r o n  and i o n  c o n c e n t r a t i o n  l e v e l s  
w i t h i n  the  d i s c h a r g e .  

and kh = 0.100 sec-', t h e  ave rage  atom con- 
I t  i s  assumed 

I k .  Mass-Flux Devices  

As shown above, t h e  measurement o f  t h e  a b s o l u t e  va lue  of k,!, r e q u i r e s  a 
knowledge of e i t h e r  7 ,  M and D 1 2 ,  or M and 7 ' .  
t o  t h e  s tudy  of atoms r e q u i r e s  t h e  use  of a mass - f lux  dev ice  such  as a n  i s o -  
t he rma l  c a l o r i m e t e r ,  which measures t h e  atom f l u x  a t  a g iven  p o i n t  w i t h i n  t h e  
r e a c t o r  zone. l9 

A s i m p l e r  p rocedure  a p p l i c a b l e  

Equat ion  (131) becomes 

Jls (atoms/cm2 s e c )  = - D12 "I a Z  = 2 + 2 & 9 L  z=L =O 

cy2 %2 = k&c' C D ~ ~ I  R 
Ti + ! ' + -  L 6"R R 

= 0262 

M 

62R 
when M >> [k + E) . Thus, t h e  r a t e  of atom p r o d u c t i o n  can  be de te rmined  bv a 

(136) 

mass-  f l u x  m\easur&nment provided  t h a t  t h e  va lue  o f  M i s  known and t h e  ca lo r i :  
me te r  i s  the  dominant atom s i n k .  

5. R e l a t i v e  Measurements 

Provided t h a t  c e r t a i n  pa rame te r s  remain c o n s t a n t  and t h e  a p p r o p r i a t e  
i n e q u a l i t y  r e l a t i o n s h i p s  ho ld ,  t h e  measurement o f  r e l a t i v e  v a l u e s  of  k;, i s  t h e  
e a s i e s t  measurement t o  per form i n  d i f f u s i o n  o r  f low t u b e s .  The most impor t an t  
requi rement  is t h a t  << 1, a s  d i s c u s s e d  i n  Sec. 111. B. 1. The d e s i r e d  
r e l a t i o n s h i p  Oloss 

JI = c o n s t a n t  k; 

is  r i g o r o u s l y  c o r r e c t  f o r  any  o f  t h e  fo l lowing  cases :  

I. 02S2 << 1 i n  Eq. (130) ;  

62R and 0 ~ 6 ~  << 1 i n  Eq. ( 1 3 1 ) ;  

111. 9 >> (i + 0, M = c o n s t a n t ,  L = c o n s t a n t ,  and 5 '  = c o n s t a n t  i n  
Eq. ( 1 3 1 ) ; .  

I V . '  62R << 1 and u26' << 1 i n  Eq. ( 1 3 3 ) ;  0 

v. - 62R >> 1 , M = c o n s t a n t ,  and = c o n s t a n t  i n  Eq. ( 1 3 3 ) ;  
CIM 

V I .  9 >> (i + Ej ' and M = c o n s t a n t  i n  Eq. ( 1 3 6 ) ;  and 



E2R $6" << 1 , L = c o n s t a n t ,  and E '  = c o n s t a n t  i n  
Eq. (136). M '  

The above l i s t  i s  no t  e x h a u s t i v e ,  s i n c e  any of t h e  s o l u t i o n s  i n  Sec.  11. A .  can 
be used i f  t h e  p r o p e r  c o n d i t i o n s  a r e  f u l f i l l e d .  

6.  M u l t i p l e  Discharge  P roduc t s  

When more t h a n  one d i s c h a r g e  product  i s  formed, t h e  s i m p l e s t  mass-balance 
e q u a t i o n s  and boundary c o n d i t i o n s  become 

, r l i  d2Jri 3 + of(1- Z y j j - - =  0 and - = O  
d?. dX2 j = l  'i 

dq i dJli - = 0 a t  ,\ = m and - = 0 a t  X = -m 
dh dh 

The s o l u t i o n  i s  o f  t h e  form 
r - 

which, i f  t h e  t o t a l  amount of p roduc t  is  small, s i m p l i f i e s  t o  

I f  t h e r e  a r e  no s i n k s ,  a d i s c h a r g e  p roduc t  w i l l  no t  d i s a p p e a r  once i t  has  been 
formed. For modera t e ly  s t a b l e  molecu le s ,  such  s i n k s  i n c l u d e  decomposi t ion  on 
t h e  w a l l s  o f  t h e  r e a c t i o n  t u b e  and r e a c t i o n  w i t h  o t h e r  gas-phase  components. 
Cond i t ions  can be a d j u s t e d  t o  minimize t h e s e  l o s s  p rocesses ,  a f a c t  which accounts  
f o r  t h e  v a r i e t y  of nove l  chemica l  s p e c i e s  t h a t  can  be produced from chemica l  d i s -  
Charge sys tems.  26-29 

IV. SUMMARY AND CONCLUSIONS 

The r a t e  of p r o d u c t i o n  o f  a g iven  chemica l  i n t e r m e d i a t e  i n  a d i f f u s i o n  O r  

f low tube  i s  c h a r a c t e r i z e d  by k:, a composi te  pa rame te r  i n c o r p o r a t i n g  the  rates 
o f  i o n i z a t i o n ,  i on -  e l e c t r o n  recombina t  i on ,  ion-molecule  r e a c t i o n s ,  e l e c t r o n  
a t t a c h m e n t ,  w a l l  r ecombina t ion ,  i o n - i o n  recombina t ion ,  ambipolar  d i f f u s i o n ,  and 
o t h e r  k i n e t i c  p r o c e s s e s  o c c u r r i n g  w i t h i n  t h e  d i s c h a r g e  zone. 
t h e  a b s o l u t e  va lue  o f  k& r e q u i r e s  a knowledge o f  e i t h e r  y ,  M, M and D12, O K  M 
and 7 ' .  
t i o n s .  Many novel  chemica l  s p e c i e s  can be produced from such sys tems i f  a l l  
homogeneous and he te rogeneous  s i n k s  a r e  minimized. 

The measurement O f  

R e l a t i v e  measurements of k; a r e  p o s s i b l e  under  a wide v a r i e t y  of condi- 
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V. NOTATION 

Del o p e r a t o r  ( v e c t o r )  
I n f i n i t y  
Braces i n d i c a t i n g  molar  c o n c e n t r a t i o n  of enc losed  s p e c i e s  
T o t a l  molar  c o n c e n t r a t i o n  of gaseous s p e c i e s  
Molar c o n c e n t r a t i o n  of atoms i n  r e a c t o r  zone 
Molar c o n c e n t r a t i o n  of atoms i n  d i s c h a r g e  zone 
Molar c o n c e n t r a t i o n  of minor p o s i t i v e  i o n i c  s p e c i e  
Molar c o n c e n t r a t i o n  of major p o s i t i v e  i o n i c  s p e c i e  
Molar c o n c e n t r a t i o n  of h igh-energy  e l e c t r o n s  
Molar c o n c e n t r a t i o n  of low-energy e l e c t r o n s  
Binary d i f f u s i o n  c o e f f i c i e n t  f o r  atom-molecule sys tem 
Ambipolar d i f f u s i o n  c o e f f i c i e n t  
Exponent ia l  
Represents  q u a n t i t y  r e l a t e d  t o  s p e c i e  i 
Modified Besse l  f u n c t i o n  
Represents  q u a n t i t y  r e l a t e d  t o  s p e c i e  j 
Molar f l u x  of atoms t o  end p l a t e  
F i r s t - o r d e r  r a t e  c o n s t a n t  f o r  l o s s  of  atoms i n  r e a c t o r  zone 
F i r s t - o r d e r  r a t e  c o n s t a n t  f o r  l o s s  o f - a toms  i n  d i s c h a r g e  zone 
F i r s t - o r d e r  r a t e  c o n s t a n t  f o r  p roduc t ion  of  atoms i n  d i s c h a r g e  zone 
Averaged f i r s t - o r d e r  r a t e  c o n s t a n t  
Second-order i o n i z a t i o n  r a t e  c o n s t a n t  
Second-order i o n - e l e c t r o n  recombina t ion  r a t e  c o n s t a n t  
Second-order ion-molecule  r e a c t i o n  r a t e  c o n s t a n t  
Length of r e a c t o r  zone t o  end p l a t e  
Length of d i s c h a r g e  zone ( o r  h a l f  t h e  l e n g t h  f o r  a symmetr ica l  sys tem)  
Radius of r e a c t i o n  tube  
Maass-average v e l o c i t y  i n  z d i r e c t i o n  ( a x i a l  d i r e c t i o n )  
Ve loc i ty  of an  atom 
Dis t ance  from d i s c h a r g e - r e a c t o r  zone boundary t o  end p l a t e  (+ d i r e c t i o n )  

I 



1. 
2. 

3 .  

4 .  
5. 
6. 
7. 
8. 

9 -  
10. 
u. 

12. 

13. 
1 4 .  

1 5  * 
16. 
17 * 
18. 
19. 

20. 
21. 

22. 

23. 
24. 

25 * 

26. 

27 

28. 

29. 

30. 

118 

REFERENCES 

W h i t t l e ,  E . ,  DOWS, D.  A . ,  and P imente l ,  G . C . ,  J .  Chem. Phys. 22, 1943 (1954) .  
Norman, I . ,  and P o r t e r ,  G . ,  Na ture  174, 508 (1954). 
P imente l ,  G .  C . ,  i n  Fdnna t ion  and Trapping  o f  F ree  Rad ica l s ,  (Academic 
P r e s s ,  New York, 1960), p .  69. I 

R ice ,  F. J . ,  and Freamo, M.  J . ,  J. Am. Chem. SOC. 73, 5529 (1951) .  

Rice ,  F. J., and Freamo, M. J . ,  J. Am. Chem. SOC. 15, 548 (1953). 
Goldenberg,  H. M . ,  Kleppner ,  D . ,  and Ramsey, N. F . ,  Phys. Rev. a, 530 (1961).  

Berg, H. C . ,  and Kleppner,  D , ,  Rev. S c i .  I n s t r .  z, 248 (1962). 
Shaw, T.  M., i n  Format ion  and Trapping  o f  F ree  R a d i c a l s ,  (Academic P r e s s ,  
New York, 1960), p. 47. 
Dickens,  P. G . ,  L i n n e t t ,  J ,  W . ,  and Palczewska, W . ,  J .  C a t a l y s i s  &, 140 (1965). 
Evenson, K. M., and Burch, D. S . ,  J. Chem. Phys.  9, 2450 (1966). 
Fehsenfe ld ,  F. C., Schmel tekopf ,  A. L o ,  and Ferguson, E. E., J .  Chem. Phys. 
- 44, 4537 (1966). 
Fehsenfe ld ,  F. C. ,  Ferguson ,  E.  E . ,  and Schmel tekopf ,  A .  L., J. Chem. Phys. g, 1844 (1966) .  

Wise, H . ,  and Ablow, C. M . ,  J. Chem. Phys. 2, 634 (1958) .  

Wise, H. ,  and Ablow, C.  M . ,  J .  Chem. Phys. z, 10 (1963) .  

Dickens,  P. G., S c h o f i e l d ,  D . ,  and Walsh, J . ,  Trans .  Far .  SOC. s, 1338 (1959).  

Schulz ,  W. R . ,  and Le Roy, D. J . ,  Can. J .  Chem. 40, 2413 (1962). 
Morgan, J .  E . ,  and S c h i f f ,  H .  I . ,  J. Chem. Phys. 2, 2631 (1963). 
Tsu, K . ,  and Boudart ,  M . ,  Can. J .  Chem. 2, 1239 (1961) .  

Rony, P. R . ,  "The Mathemat ics  o f  S t e a d y - S t a t e  D i f f u s i o n  and Flow Tubes. 
Factors A f f e c t i n g  Rate  Measurements," 2 n d  Annual Chemical Eng inee r ing  
Symposium, S t a n f o r d ,  C a l i f o r n i a ,  1965. (Cop ies  a r e  a v a i l a b l e ) .  

Rony, P. R, I. & E .  C. ( t o  be s u b m i t t e d ) .  

Biondi ,  M. A . ,  and Brown, S .  C., Phys. Rev. a, 1700 (1949). 
Phe lps ,  A.  V., and Brown, S. C., Phys. Rev. 86, 102 (1952) .  

Gray, E.  P . ,  and Kerr ,  D. E . ,  Ann. Phys. lJ, 276 (1959) .  

McDaniel, E. W.,  Col1 is io . i  Phenomena i n  I o n i z e d  Gases (John Wiley & Sons, 
I n c . ,  New York, 1- 

Carslaw, H. S., and Jaege r ,  J. C. ,  Conduction of Heat i n  S o l i d s  (Clarendon 
Press, Oxford, England ,  1959) ,  S e c t i o n  8.3, p. 2l7. 
J o l l y ,  W. L. ,  "The Use of E lec t r ic  Di scha rges  i n  Chemical S y n t h e s i s , "  
Lawrence R a d i a t i o n  Labora to ry  ~ ~ ~ ~ - 9 5 9 1  (1960). ( u n p u b l i s h e d ) .  

Gould, R. F . ,  F ree  R a d i c a l s  i n  I n o r g a n i c  Chemis t ry  ( h e r .  Chem. SOC.,  
Washington, D.  C . ,  1962). 
Kondra t ' ev ,  V .  N . ,  Chemical K i n e t i c s  o f  Gas Reac t ions  (Addison-Wesley 
P u b l i s h i n g  Company, Ind . ,  Reading, Massachuse t t s ,  1$4), p. 467. 
Kana'an, A.  S . ,  and Margrave, J. L. ,  Advances i n  I n o r g a n i c  Chemis t ry  and 
Radiochemis t ry  6, (Academic P r e s s ,  New York, 1964) ,  p.  143. 
Hurt, W. B., J. Chem. Phys.  9, 3439 (1966). 



L -  2 A = -  
R 

MI2 - L T = a + -  
R 

119 

APPENDIX 

v R  @ = A  
D 1 2  

a2 
D 1 2  

b t 2  = 2D12(1 RYTl y'22 ( s u r f a c e  phase) 

( g a s  phase)  

p2- p 

klR2 

' d  
'I+ = c 

2k R 
V 1  

y = &  

1 1 
= u 2 + -  6 ' 2  

= n ~ ( 2 n  + 11 
an M ( g a s  phase)  
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. Dlschorge zone Reactor zone 

Measurement 
' device 

I 
I 
I 
I 
I 
I 

X = O  1: L Dif fus ion or 
f l o w  tube 

M U .  3 5 7 0 8  

Fig. 1. Schematic drawing of a typical "reaction tube," showing 
the location of the discharge zone, the reactor zone, the 
discharge-zone boundary (at A = L/R), and the end plate 
(at - 0). 

Table 1. 'Rate processes occurring within a typical reaction tube.24 

Ions and Electrons 
in Discharge Zone 

PRODUCTION: Ionization 
Photoionization 
Ion-molecule Reactions 
Electron Attachment 
Charge Transfer 
Metastable Atom Reactions 

Loss : Ion-electron Recombination 
Ion-ion Recombination 
Wall Recombination 
Loss to Measurement Device 
Electron Detachment 

TRANSPORT: Convection 
Diffusion 
Ambipolar Diffusion 
Drift 
Cyclotron Resonance 

Neutral Species in 
Discharge and Reactor Zones 

Ion-electron Recombinat ion 
Ion- ion Recombinat ion 
Ion-molecule Reactions 
Electron Attachment 
Wall Recombination of Ions 

Gas-kinetic Reactions 
Recombination on Walls 
Recombination on End Plate 
Loss to Measurement Device 

Convect ion 
Diffusion 


