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INTRODUCl I O N  

The r e a c t i o n  H + O2 t M - KO2 + M i s  an important  r a d i c a l  recombination 
s t e p  i n  many gaseous oxlda t ion  r e a c t i o n s  and p l a y s  a p a r t i c u l a r l y  v i t a l  r o l e  
as a chain- terminat ing process  a t  t h e  second l i m i t  o f  t h e  H2-02 r e a c t i o n .  
I n  t h i s  study we have determined t h e  rate cons tan t  of t h i s  r e a c t i o n  f o r  M=Ar  
( k p )  i n  t h e  temperature  range 1125-1370'K. 
twofold: f i r s t ,  t o  o b t a i n  a c c u r a t e  va lues  o f  t h i s  cons tan t  f o r  use  i n  the 
a n a l y s i s  of f u t u r e  shock t u b e  s t u d i e s  of  combustion r e a c t i o n s  (which are most  
o f t e n  s tudied  i n  a high argon d i l u t i o n )  and, second, t o  assess t h e  p o t e n t i a l  
of t h e  "end-on" shock tube technique f o r  s tudying recombination reac t ions .  
Our  experiments c o n s i s t e d  o f  shock-heating H2-02-CO-Ar mixtures and sub- 
sequent ly  monitoring t h e  exponent ia l  growth o f  t h e  0-atom concent ra t ion  during 
t h e  induct ion per iod  of  t h i s  reac t ion .  Values f o r  ky were obta ined  from 
t h e  chain-branching equat ion using t h e  measured exponent ia l  growth cons tan ts  
and known rate cons tan ts .  

The purpose of this s tudy  w a s  

The s i g n i f i c a n t  r e a c t i o n s  during t h e  induct ion  per iod  o f  t h e  H2-02 reac t ion  
R 

k 

1 are: 
H2 + O2 0, 0,  H ,  OH ( 0 )  

H + 0 2  1, O H t O  (1) 

(2)  

( 3 )  -- 

k2 0 + H 2  ---j O H t H  
k 

OH + H2 3, H20 + H - -  

H + 0 2 + M  k4* H 0 2 + M  ( 4 )  

When mixtures  o f  H2 and O2 a r e  suddenly heated,  a shor t  induct ion  per iod 
i s  observed during which t h e r e  i s  a n e g l i g i b l e  d e p l e t i o n  o f  reactants and an 
exponent ia l  r i s e  i n  t h e  concent ra t ion  o f  t h e  cha in  c a r r i e r s  [e.g. [ O ]  = [O]oeat] 
a t  e s s e n t i a l l y  cons tan t  temperature  and pressure .  
have shown t h a t  this exponent ia l  growth cons tan t  u i s  t h e  p o s i t i v e  root  o f  

Kondrat ievl  and o t h e r s  

+he --..-A> _-  
ULLG ryuab,suri 

(1) 
where K1 = k 0 K = k 'H ' K = k LH j and K = k [0 ]. Using l i t e r a t u r e  
va lues  f o r  'kl&j d d  th8'ef&denta?ly2determiked v h u 8 s  f o r  a and [MI, 
Equation (I) vas so lved  f o r  k 4: , 
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I n  order  t o  measure t h e  exponent ia l  growth o f  t h e  0-atom concentrat ion 
during t h e  induct ion per iod ,  H 2 a 2 - C O - A r  mixtures were shock-heated and t h e  
chemiluminescent emission from t h e  0 + CO + CO + hv was monitored. Since 
t h e  emission i n t e n s i t y  i s  propor t iona l  t o  [CO]fO] and s ince  t h e  concentrat ion 
of CO i s  constant  during t h e  induct ion per iod,  t h e  emission will e x h i b i t  t h e  
same exponent ia l  growth as t h e  0-atoms. To o b t a i n  s u f f i c i e n t  emission inten-  
s i t y  f o r  our  induct ion per iod  measurements, we used a s p e c i a l  end-on tech- 
nique, i n  which w e  s tud ied  t h e  reac t ion  behind t h e  r e f l e c t e d  shock wave by 
monitoring t h e  t o t a l  l i g h t  emit ted a x i a l l y  through a 7.6 cm diameter  window 
mounted i n  t h e  end f lange  of  t h e  shock tube.  Under s u i t a b l e  condi t ions ,  t h e  
exponent ia l  growth constant  of  t h e  i n t e g r a t e d  emission observed by t h i s  tech- 
nique i s  i d e n t i c a l  t o  t h a t  f o r  t h e  free r a d i c a l  growth during t h e  induct ion 
per iod.  

The apparatus  and experimental techniques were b a s i c a l l y  t h e  same as 
The those  descr ibed e a r l i e r  and t h e r e f o r e  will only be summarized here .2  

10 cm diameter s t a i n l e s s  s t e e l  shock tube used i n  this study h a s  a 3.96 meter 
long tes t  sec t ion  and a 1 .82  meter long d r i v e r  sec t ion .  
guages used t o  measure t h e  shock v e l o c i t y  are mounted 25.4 em a p a r t  along t h e  
tube ,  t h e  last  one l o c a t e d  15.0 cm from t h e  end of  t h e  shock tube.  The end 
f lange of  t h e  shock tube  was f i t t e d  wi th  a 10 cm diameter and 1 .25  cm t h i c k  
Pyrex g l a s s  d i sk ,  masked on t h e  o u t s i d e  t o  provide a 7.6 c m  diameter  a x i a l  
window. A plano-convex l e n s  ( f o c a l  l e n g t h  57.1 cm, d i m .  8.6 cm) l o c a t e d  
3 cm behind t h e  window focused t h e  l i g h t ,  which i s  emit ted p a r a l l e l  t o  t h e  
axis of t h e  shock tube,  onto a t e l e c e n t r i c  a p e r t u r e  1.9 cm i n  diameter loca ted  
a t  t h e  f o c a l  p o i n t .  
photomul t ip l ie r  tube (S-11 response) loca ted  behind t h e  aper ture .  
o f  t h e  cathode fol lower was d i r e c t e d  t o  a Tektronix 545 osc i l loscope  ( C A  
preampl i f ie r )  f i t t e d  with a Polaro id  camera. 
on t h e  window provided t h e  s i g n a l  t h a t  t r i g g e r e d  a s ingle  sweep of  t h e  
osc i l loscope  upon a r r i v a l  of  t h e  shock wave a t  t h e  end of t h e  tube.  

Five t h i n  film heat  

The l i g h t  i n t e n s i t y  w a s  recorded by am Amperex 150 AVP 
The output  

A t h i n  film h e a t  gauge deposi ted 

A l l  experiments were performed i n  g a s  mixtures  containing 0.50% H2 - 
0.50% O2 - 3.0% CO - 96% A r  wi th  t h e  exception o f  t h r e e  runs made with t h e  
same H2-02 amounts but  with 0.50% CO and 98.5% A r .  The gases  were taken from 
commerical cy l inders  and were p u r i f i e d  by passing them through a D r i e r i t e - f i l l e d  
t r a p  ccoled t o  dry-ice temperature. Two s e t s  of  experiments were performed - 
a high d e n s i t y  s e t  wi th  d e n s i t i e s  i n  t h e  range of  4 .2  - 5.8 x 
and a low dens i ty  set having d e n s i t i e s  between 1.1 - 2.5 x 10-2 moles / l i t e r .  

moles / l i t e r  

DATA REDUCTION 

The shock v e l o c i t y  a t  t h e  end o f  t h e  tube was obtained from ext rapola t ion  
of  t h e  d a t a  from t h e  f i v e  t h i n  film gauges mounted near  t h e  end of  t h e  shock 
tube.  Hugoniot c a l c u l a t i o n s  f o r  condi t ions  of no chemical r e a c t i o n  behind 
both i n c i d e n t  and r e f l e c t e d  shock waves were used t o  determine t h e  temperature 
and concentrat ion condi t ions  i n  each experiment. I n  a l l  experiments, t h e  
v e r t i c a l  def lec t ion  was read from t h e  osci l logram and p l o t t e d  as a func t ion  
of  time on semi-log paper. A s t r a i g h t  l i n e  was hand drawn through t h e  da ta  
p o i n t s  and an experimental time constant  a (sec- l )  was c a l c u l a t e d  f o r  each. 
'The results are l i s t e d  i n  Table  I. 
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Solving Equation I f o r  k w e  obtain 4' 
-8c"-4(k t k  ntk3n)oT2 - 2k2k3n 2 a '  t 2k k k n 2 

1 2  1 2 3  
2 k =  

4[M]ct2 t 2(k2n[M! + k3n[M])n' t k2k3n [ M I  

where ( : I  = c/2[021j and n = [H2]/[02]. 

By using Equation I1 and t h e  experimental ly  determined growth cons tan ts  a ,  
w e  obtained a value f o r  kL f o r  each high d e n s i t y  experiment. 
given i n  t h e  last  column o f  Table  I and a r e  p l o t t e d  i n  Figure 11. 

These va lues  are 

The c a l c u l a t e d  va lues  f o r  k 4  depend s t r o n g l y  on t h e  value assumed f o r  
k l  and o n l y  t o  a minor e x t e n t  on t h e  va lues  used f o r  k2 and k3. T h i s  i s  
because Reaction 1 i s  t h e  slow s t e p  i n  t h e  branching mechanism under our  
experimental condi t ions  and i s  almost r a t e  l i m i t i n g .  To o b t a i n  accura te  and 
s e l f - c o n s i s t e n t  va lues  for icl f o r  o u r  c a l c u l a t i o n s ,  we solved Equation I f o r  
: and v a r i e d  kl u n t i l  t h e  experimental  c values  a t  high temperature and low 
d e n s i t y  (where Reaction 4 i s  unimportant) corresponded t o  t h e  c a l c u l a t e d  value.  
The b e s t  f i t  was with an express ion  k l  = 1 . 2 5  x 1Ol1exp(-14.97 kcal/RT) which 
y i e l d s  va lues  30% higher  than t h e  expression repor ted  by  Gutman and Schot t .2  

were k2 = 2.25 x 101oexp(-lO.O &a /RTf l i t e r / m o l e - s e c 2  and k3 = 6.15 x 10 
exp( -5.90 kcal/RT) l i ter /mole-sec. t  The l i n e s  drawn t f iough t h e  experimental 
p o i n t s  i n  Figure I a r e  s o l u t i o n s  t o  Equation I using: (1) t h e  above va lues  
f o r  k l ,  k?, and k3; (2 )  a smoothed d e n s i t y  func t ion  [ M I  = M(T) obtained from 
t h e  experimenat 
kAr - 6.83 x 1Oi1/T0 -74 ( liter2/mole2-sec) which i s  explained below. [Hereafter L. - units 

The Arrhenius express ions  f o r  k and k used f o r  both t h e  a and kl 

d e n s i t i e s  (one f o r  each l i n e ) ;  and (3)  t h e  expression 

o f  liter2/mole2-sec are implied f o r  k4.1 

'IO o b t a i n  a temperature  dependent func t ion  o f  kL f o r  use i n  t h e  above 
c a l c u l a t i o n s  and a l s o  f o r  use  i n  comparing our  results with o t h e r s  a t  d i f f e r e n t  
temperatures ,  we eva lua ted  t h e  parameters i n  t h e  expression kp = A/Tn by 
j o i n i n g  t h e  poin t  k t r  = 3.75 x lo9 a t  1087OK a t  t h e  low temperature  end of ou 
s tudy with a value of  k p  = 1 2 . 5  x lo9 at 22 OK re o r t e d  by Clyne and Thrush. 5 
The r e s u l t i n g  expression i s  k t r  = 6.83 x lo1 3 /To . E  . 

The e r r o r  limits f o r  o u r  k4 va lues  vary from 230% a t  t h e  low temperature 
end o f  our  s tudy t o  ilOO% a t  t h e  high temperature end. T h i s  change i n  accuracy 
i s  a r e s u l t  of  t h e  decreas ing  e f f e c t  o f  Reaction 4 i n  t h e  branching k i n e t i c s  
a s  t h e  temperature i n c r e a s e s  and t h e  dens i ty  decreases .  
obtained from ass igning  a +20$ o v e r a l l  u n c e r t a i n t y  t o  r:' and a r e  shown as e r r o r  
b a r s  i n  F igure  11. 

temperature  r e s u l t s ,  we have chosen t h e  mean va lue  k$l = 3.75 x 1091iter2/mole2-sec 
a t  108'i0 

These limits were 

Because of  t h e  r a p i d l y  i n c r e a s i n g  limits of  e r r  r toward o u r  higher  

cur best value &id a s s i g n  i L  a n  accuracy o f  230%. 

DISCUSSION x 
t 

The e f f e c t s  of  adding CO t o  t h e  H 2 - 0 2  system were discussed previously.2 
However, i n  t h i s  s tudy an a d d i t i o n a l  cons idera t ion  i important due to  t h e  
high d e n s i t i e s  used here .  The r e a c t i o n  0 + CO + M + $5 C02 t M, a l though slow, L 

i 
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was taken i n t o  account. 
cubic equation w a 8  obtained f o r  a, w i c h  i n  t u r n  was solved f o r  k4 . Using 
a value of 1 x 10 liter2/mole2-sec,k, t h e r e  was a n e g l i g i b l e  change i n  t h e  
ca lcu la ted  k4. We performed four  experiments with 0.5% CO and obtained from 
t h e s e  experiments ca lcu la ted  k4 values  i n  agreement with t h e  o t h e r s  performed 
with mixtures containing 3% C O .  

recent ly  reported by Getzinger and Blair.7 
2.5 x lo9 i n  t h e  temperature range 1500-1700°K. 
t h e i r  temperature range, we c a l c u l a t e  va lues  10-20% higher  than t h e i r s .  
va lues  f o r  k 4 ,  e s p e c i a l l y  for k t 2 ,  have been repor ted  near  800°K based on 
explosion-l imit  s tud iesR 
and repor t  va lues  f o r  k42 near  8 x 109 liter2/mole-sec. '  Converting these  
t a a lue  f o r  khr g ives  1.4 x lo9 (assuming t h e  p r e s e n t l y  accept  d r a t i o  

e h r a h a t i o n  i o f f e r e d  a t  t i$ t i m e  t o  account f o r  t h i s  l a r g e  discrepancy. 

flame s t u d i e s  near  13500K.9 I f  t h i s  value i s  ad jus ted  t o  give a value f o r  
k t r  using k?Z0/k 

e r r o r  l i m i t s  a r e  r a t h e r  l a r g e  and t h e  cor rec t ion  f o r  t h e  r e l a t i v e  e f f i c i e n c y  
o f  water i s  somewhat uncer ta in .  

I t  was added t o  t h e  k i n e t i c  mechanism anfra new 

A r  Our r e s u l t s  a r e  v i r t u a l l y  i n  complete agreement with t h e  value f o r  k4 
They r e p o r t  a value of kAr = 4 Extrapolat ing our  value i o  

Other 

These s t u d i e s  are i n  f a i r  agr  ement with one another  

k'2 ,Iir 5 ) .  A t  800°K our  kAr expression g i v e s  t h e  value 6 x 10 8 . No 

A value f o r  k$2' = 100 x 10 4 has been repor ted  by Fenimore and Jones f r o m  

ment with our k$ $ curve  The agreement might w e l l  be f o r t u i t o u s ,  s ince  t h e i r  
= 20, it y i e l d s  a value somewhat higher  but  i n  good agree- 

CONCLUSIONS 

The end-on technique provides  a means of  making measurements during 
the induct ion 9er iod  of  chain-branching r e a c t i o n s .  Since during t h i s  per iod 
r a d i c a l  concent ra t ions  a r e  low, only  those react ions.  which have a s i n g l e  
r a d i c a l  r e a c t a n t  have an apprec iab le  r a t e .  Hence. t h i s  technique al lows 
one t o  study combustion processes  unperturbed by r a d i c a l - r a d i c a l  reac t ions .  
I n  t h e  case o f  H2 t 0 
va lues  for k l .  k2. an2 k4. I n  o t h e r  systems where t h e  mechanism i s  not  
c l e a r l y  understood. measurements o f  t h e  chain-branching c o e f f i c i e n t  under 
a v a r i e t y  o f  i n i t i a l  condi t ions  could help t o  i d e n t i f y  t h e  important  reac t ions .  

reac t ion ,  use of  t h e  end-on technique has  r e s u l t e d  i n  
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Table I - 
Experimental Results of induction period emission experiments 
%, = 0.0050; % = 0.0050; xc0 = 0.030; XAr = 0.960 

2 
Low Density Experiments 

8 KAr x 10-l' u '  x 10 
O T  (l$ter2/mole2-sec) I sec-1) ( mole/l i  t e r )  (liter/mole-sec) ( K )  

1.U 1.096 13.300 2040 
1.48 1.096 13.500 2040 
1.40 1.152 12.130 2000 
1.38 1.204 11.140 1943 
1 . 1 5  1.298 8.860 1793 
9.8 1.271, 7.700 - 1750 
1.01 1.382 7.310 170 5 
0.728 1.238 5.890 1655 
0.836 1.528 5.490 1613 
0.920 1.466 5.280 1608 
0.921 1.584 5.820 1600 
0.808 1.510 5.350 1577 
0.783 1.510 5.180 1576 
0.813 1.498 5.430 1555 
0.705 i.650 4.270 151; 
0. Ti02 1.740 4.040 1465 
0.562 1.614 3.480 1455 
0. LO2 1.840 3.300 1440 
0.511 1.408 3.180 1437 
0.527 1.744 3.020 1395 
0 * 434 1.856 2.220 1355 
0.4l8 2.024 2.060 1325 
0.391 1.880 2.080 1296 

:MI x lo2 
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Low 1. -  'Density Experiments .- " I ?  

a x 1.9-5 [MI x lo2 a t  x 10 T KAr x lolo 

0.339 2.040 1.660 1296 
0.359 2.020 1.780 ,1280 
0.333 2.080 1.600 1270 
0.250 2.138 1.170 1220 
0.2!+0 7.080 1.150 1192 
0.206 2.070 1.000 1182 
0.218 2.200 0.990 1173 
0.202 2.000 1.010 1160 
0.159 7.260 0.702 1130 
0.160 7.040 I ,  0.783 1110 
0.150 2.420 0.620 110 5 
0.160 2 . 0 0  , 0.673 1100 
0.142 2.120 0.670 1100 
0.150 2.536 0.592 1060 

8 

sec ) (mole/liter) (liter/mole-sec) (OK) ( 14ter2/mole2-sec) 

Hinh Density Experiments 
1.035 4.75 2.180 1370 0.419 
1.065 4.59 2.320 1370 0.337 
0.885 4.75 1.865 1295 0.173 
0.561 5.30 1.060 1260 0.458 
0.522 5.44 0.960 1220 0.334 
0.338 5.52 0.610 1700 0.453 
0.404 5.56 0.727 1180 0.307 
0.768 5.80 0.462 117 5 0.511 
0.383 5.54 0.690 117 5 0 ;309 

0.198 5.77 0.343 1 1 5 5  0.423 
0.163 5.83 0.279 1175 0.362 
0.113 5.92 0.191 1130 0.422 

V0.832 5.22 1.590 1285 0.270 
*0.381 5.42 0.700 1185 0.346 
"0.284 5.67 0.501 1166 0.380 
*0.186 5.81 0.320 1135 0.371 

0.279 5.59 0.529 1160 0 - 404 

* Experiments performed with: lk, = 0.0050; % = 0.0050; xc0 = 0.005; XAr = 0.985 
2 
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T ( O K )  

2000 1750 1500 1250 loo0 
I 1 I I 

0 

Low I jensi ty  (3% C o )  
High Density (3% C O )  
High Density (0.5% CO) 

0 

1 
1 

I I I 1 I 1 I 
0.5 0.6 0.7 a .a 0.9 1 .o 

i / ~  x io3 ( " K - ~ )  
FiCLire I .  p l o :  o f  :. / = I O 2  xz. l/T. 

o From 3% CO 
A From 0.5% CO 

Getzinger  and 
?l%i r see  t e x t )  

G P  0 . 5  0.6 0.7 
I / T  x io3 

0 -8 0 .D 1.0 . 
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