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. .  : 1 ... . . ’ _ ,  

T h e  chemical k i n e t i c s  of  t h e  high-temperature reac t ion  between hydrogen and 
oxygen has been the  subjec t  of numerous, exper imenta l . s tud ies .  For t h e  case of 
-:ombzstion i n  shock waves through hydrogen-oxygen mixtures h ighly  d i l u t e d  with 
argon, the k i n e t i c s  may be divided i n t o  t h r e e  regimes: i n  t h e  i n i t i a t i o n  regime, 
small  concentrat ions of atoms and/or r a d i c a l s  a r e  generated by slow, unknown reac- 
t i o n s ;  i n  t h e  induct ion regime, bimolecular branching chain r e a c t i o n s  lead t o  ex- 
ponept ia l  increase i n  t h e  concent ra t ’ons  of  H,O and OH; i n  t h e  recombination regime, 
termolecular  reac t ions  cause evaluat ion of  hea t  and establ ishment  of  chemical 
equi l ibr ium. The induct ion reg-ime k i n e t i c s  a r e  thought t o  be expl icable  i n  terms 
of t h e  mechanism 

H + O2 = OH + 0 

0 + H 2  = OH f H  

OH + H2 = H20 + H 

(1) 

( 2 )  

( 3 )  
!.,!hen t h e  Of r a d i c a l  concentrat ion i s  high, t h e  f a s t  reac t ion  

OH + OH = H 2 0  + 0 (4)  
a l s o  cont r ibu tes  t o  interconversion of spec ies .  Neglecting t h e  s t e p  

w!!ich i s  important f o r  I, >I atm, T < 1200“K, def ines  t h e  l i m i t s  of  v a l i d i t y  of 
t h i s  nechanism. Rate constant  expressions f o r  a l l  of these  s t e p s ,  based on a 1 v a r i e t y  o f  experiments, h.we been proposed . , The agreement among t h e  var ious  inves- 
t i E + t o r s  i s  good. 

H + O2 + M = H02 + M ( 5  1 - N 

The separa t ion  between induct ion and recombination regimes l i e s  e s s e n t i a l l y  
i n  t h e  f t ic t  t h a t  t h e  termolecular  reac t ions  of t h e  l a t t e r  a r e  f a r  slower than the  
bimolecular reac t ions  of t h e  former. Steps (1-4) have, a s  a consequence, almost 
equal  forward and reverse rat s during t h e  recombination regime, leading t o  a con- 

+;?:at i n  mixture:: with 1 H2J/L0,] = R e i t h e r  >> 1 or <<1 t h e  t r a n s i t i o n  between 
in~- lu~r t ion  regime k i n e t i c s ,  governed by t h e  r a t e s  of (1-3) and t h e  p a r t i a l  e q u i l i -  
k . r i w .  :onditl on, governed by t h e  equi l ibr ium const.:nts of (1-3) could involve 
transient e f f e c t s  capable of  y ie ld ing  worthwhile information on t h e  rate constants  
of’ (1-4) .  
?tor?. spike:, an,; from t h e  experimental absence of  OH spikes ,  they  were a b l e  t o  
4 e * ! u c ~  z n  >:?per l i m i t  f o r  k /k 
The 03 spike: absent i n  R>3 1 3 ~ i x t u r e s  a r e  found t o  be q u i t e  pronounced fo r  
R <  .l. 
C .  “d;e:, p. = 10 t o r r ,  1400 < T <  2500°K is  reported here .  
:or:oined Di -oncentrat ion measurement by t h e  Bi(3067) m e t k ‘  with conventional 
shock tube nethods. 

, I : + ’  5 - > . o n  of p2r t ia . l  equi l ibr ium . It was shown r e c e n t l y  by H a m i l t o n  and Schott3 

They inves t iga ted  t h e  s i t u a t i o n  with R)) 1. They predicted l a r g e  0- 

We have inves t iga ted  t h e  s i t u a t i o n  f o r  R <<l. 

Cuant i tc t ive  i n v e s t i g a t i o n  of inc ident  shocks i n  H /02 /Ar  =. i/ic/89 mix- 
experimental technique 

3-e 09 absorpt ion s i c n a l  f o r  a run a t  1 6 8 0 ~ ~  i s  shown i n  Fig.  1. 
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4 OH .ABSORPTION 

Po = 10 mm Hg 

T = 1680 'K 
H2/02/Ar = 1/10/89 

c LASER SIGNAL - SHOCK FRONT ARRIVAL Figure 1. t -  

In or,der t o  convert t h e  da ta  t o  graphica l  form, some approximations a r e  needed. 
F i r s t ,  t h e  ex t inc t ion  c o e f f i c i e n t  f o r  t h e  Bi(3067) method f l u c t u a t e s  considerably 

.from run t o  run.  
po in t ,  a n ?  Beer's Law was taken  t o  c a l c u l a t e  t h e  r a t i o  [OH](spike)/[OH](partial 
equi l ibr lum) ,  with t h e  l e v e l  por t ion  of  t h e  t r a c e  assigned t o  t h e  p a r t i a l  equilibrium 
con:!ition, f o r  which [OH] can be r e a d i l y  computed from t h e  shock speed. To ass ign  
e r ro r  l i m i t s  t o  t h i z  r a t i o ,  t h e  appropriate  extreme poin ts  were read from t h e  records 
and Likewise s u b s t i t u t e d  i n t o  Beer ' s  Law t o  ge t  t h e  upper and lower l i m i t s  f o r  t h e  
[OH](spike)/[OH](partial equi l ibr ium)  r a t i o .  
i s  d i f f i c u l t  t o  determine both on the  experimental records and on t h e  oomputed pro- 
f i l e s ,  we use the apparent f u l l  width a t  h a l f  h e i g h t  f o r  t h e  q u a n t i t a t h e  shape 
parameter. By apparent h a l f  width i s  meant t h e  width which would be obtained on 
t h e  accurate  computer p l o t o u t  of  t h e  p r o f i l e  by ex t rapola t ing  t h e  s l i g h t l y  sloped 
post-spike [OH]  ( a  small amount of recombination does occur on t h e  time sca le  of  
these  experiments v i a  Reaction ( 5 ) )  back t o  the  c e n t e r  of t h e  spike, and then 
measuring t h e  full width of t h e  spike h a l f  way between t h e  back ex t rapola t ion  and 
t h e  top.  
t h e  c o r r e c t  h a l f  he ight .  The r e s u l t s  a r e  presented i n  Figs .  2 and 3 .  

For these  experiments each run was used a s  i t s  own c a l i b r a t i o n  

Since t h e  full width of the  sp ikes  

On t h e  records themselves, t h i s  means r e a p p l i c a t i o n  of Beer's Law t o  g e t  

. .  

The f i r s t  approach t o  i n t e r p r e t  t h e s e  d a t a  i s  t o  search f o r  a s e t  of r a t e  
c o n s t a n t s  f o r  the mechanism (1-4) which w i l l  p r e d i c t  t h e - c o r r e c t  spike he ights  and 
spike dura t ions .  
and a suggest ion by Schot t  t h a t  lean mixture maxima would be favored by l a r g e  values  
of  t h e  r a t i o  k /k 
Saldwin and Me?viAib, t h e  k2 expression given by Clyne and Thrushlc, an& t h e  k 
s ~ d  '?4 expressions given by Kaufman and DelGrecola. 
and S c h o t t l f  provides a new va lue  f o r  kl which can a l s o  be used as input .  
t h e  c r i t i c a l  1.. 
and Thrush, a 1  

has  been reported by Dixon-Lewi's, Wilson and Westenberglh. 
t h e  k /k 
spike i n  the  OH p r o f i l e ,  t h e  induct ion per iod r e a c t i o n s  must behave i n  such a way 
t h a t  OH production temporar i ly  exceeds OH des t ruc t ion  as the  H concentrat ion sud- 
rlenly drops  from i t s  induct ion  period value t o  i t s  p a r t i a l  equi l ibr ium value.  
Reaction (4 )  unambiguously des t roys  OH r a p i d l y  a t  t h i s  time; Reaction (1) provides  , 

r e a c t a n t s  f o r  both ( 2 )  and ( 3 )  at equal  rates; t h i s  leaves  (2)  and (3)  a s  t h e  primary 
genera tors  of the OH p r o f i l e .  
w i l l  hsve rates which drop suddenly as  t h e  l as t  H2 i s  consumed. 
OH by (2 )  can then lead  t o  more OH than can be consumed by ( 3 )  when H 2  comes i n t o  

This i s  g r e a t l y  a s s i s t e d  by t h e  a v a i l a b i l i t y  of  much good data ,  

given by We s t a r t e d  with t h e  r a t e  cons tan t ,express ion  f o r  k 

A recent  experiment by Guzman 
For 

t h e r e  a r e  t h r e e  s t u d i e s  which supercede t h e  consensus of  Clyne 
giving h igher  va lues  of  k . these  were done by Wong and P o t t e r l g  ?' . . 

annin. A- higher  7cah.e ef Ir!. Westenberg and (le Hassle, and Gutman ,and 8&o+.tlf -.". -.. 
A . 4  

The h i n t  regarding 
I n  order  t o  produce a r s t i o  may be understood i n  t h e  following way. 

2 3  

2 

Both of them have t h e  same dependence on H2, so both 
Oyerproduction of 
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shor t  supply, snd an overshoot occurs .  This ana lys i s  is  r a t h e r  oversimplif ied,  as 
our s:tbsequenr; ana lys i s  w i l l  show; however, t h e  d i r e c t i o n  of  seeking high values  of 
k, i s  c lear .  
depend on t h e - v a l u e  of k4. 

c a l  in tegra t ion  Esing t h e  k 
?!?e h e l f  widths a re  approxiAately c o r r e c t ,  but t h e  he ights  a r e  f a r  lower than t h e  
d a t a  ind ica te .  Immediately we can conclude t h a t  it ;s unnecessary t o  i n v e s t i g a t e  
f u r t h e r  with t h e  k, value of Clyne and Thrush, f o r  it i s  lower than  Gutman and 
S c h o t t ' s  a t  1500"Kdby f a c t o r  2. Next, increase  the  value of k2 and  see what hap- 
pens. J u s t  as expected, t h e  he ights  increase ;  t h e  h a l f  widths decrease. By t r i a l  
and e r r o r ,  a k2 value 5 times t h a t  of Clyne and Thrush, or 2-112 t imes t h a t  of 
nutman and Schot t ,  i s  found t o  g ive  t h e  r i g h t  he ight  and h a l f  width a t  1500 OK. 

I n  subsequent c a l c u l a t i o n  it i s  found t h a t  t h e  r i g h t  temperature dependence i s  found 
a l s o ,  although the.  high temoerature va lues  a r e  perhaps somewhat high.  The inf luence 
of k, i n  place of t h e  Gutman and Schott value.  
minof.. Varying k has i i t t l e  e f f e c t .  When t h e  r a t e s  of the  reac t ions  a re  checked, 
it i s  found t h a t  ?he lack  of e f f e c t  of  k 
most;;- consumed by (4 )  r a t h e r  than ( 3 )  a2 t h e  spike time. .Therefore, i n  order  t o  
tr:j t o  reproduce %he spike by lowering t h e  OH consumption r a t e  a t  t h e  time of t h e  
q i k e ,  k must be reduced. I t  i s  indeed poss ib le  t o  increase  t h e  he ights  somewhat 
by  t h i s  procedure; however, t h e  pred ic ted  h a l f  widths a re  seen t o  become f a r  too  
la rge ,  6nd we conclude t h a t  it is  u s e l e s s  t o  t r y  t o  p r e d i c t  t h e  sp ikes  by lowering 
tile OH des t ruc t ion  r a t e  from t h a t  predicted by t h e  consensus r a t e  constants .  

Whether or  not it w i l l  be f r u i t f u l  t o  seek low va lues  of k w i l l  3 

F i r s t  consider  t h e  peak he ights  and half  widths xhich a r e  pred ic ted  by numeri- 
and k2 va lues  of Gutman and Schot t .  (Figs .  2 and 3 , )  

It i s  seen t h a t  t h e  d i f fe rence  i s  

i s  simply due t o  t h e  f a c t  t h a t  OH i s  

4 

To swrmarize thi:: approach t o  pred ic t ing  t h e  spikes  by numerical in tegra t ion  of 
??e conventional mechanism, we f i n d  t h a t  reasonably s a t i s f x t o r y  agreement i s  ob- 
te ined i f  k, i s  taken as about 2-3 times t h e  value predic ted  by t h e  expressions of 
0.. a d a n  c 

is the  only way t o  predict, spikes  with t h i s  mechanism. The shortcomings of t h i s  
a p p n a c ?  a re  the  disagreement with o ther  values  f o r  k2'and t h e  imposs ib i l i ty  of 
re onci l lnq  high v i l u e s  f o r  k 
3. 

and s c h o t t ,  Wong and P o t t e r ,  or Westenberg and de Haas. Furthermore, t h i s  

with t h e  observed dependence of i g n i t i o n  delays upon E 2 

?here a re  s e v e r a l  o ther  ways i n  which OH-spikes might be produced. The pos- 
slbilit:! t h ? t  t h e  observed osc i l loscope  t r a c e s  a r e  due t o  an inadequacy i n  t h e  
Xi(5067) method a r i s i n g  from i t s  s e n s i t i v i t y  t o  OH(v=O) may be r e j e c t e d  a s  a quan- 
t i t a t i v e  explanat ion by not ing t h a t  a t  1500°K only 7% of t h e  OH molecules a r e  i n  
exci ted v i b r a t - o n a l  s t a t e s .  The maximum thermal e f f e c t s  of v i b r a t i o n a l  re laxa t ion  
w e  onl;? 3-k$ f o r  these mixtures .  Trace amounts of impur i t ies  could only a f f e c t  
t he  r e s - l t s  by  bimolecular c a t a l y s i s  o f  the  recombination r e a c t i o n s  or by interven-  
xion in the  al ready f a s t  branching mechanism. We see  no way t o  accomplish e i t h e r  of  
Lzese, although they  cannot be r e j e c t e d  on our evidence. F ina l ly ,  it must be allowed 
t h a t  some -:onbination of eamer, could be t h e  source of t h e  observed spikes .  
L 1  

WE ,:onelude t h z t  t h e  observed OH p r o f i l e s  i n  shock-induced combustion of lean 
3--0 -?-.r c i x t u r e s  c m  be explained on t h e  b a s i s  of the conventional mechanism i f  
+fie r a t e  f o r  0 + 5 = OH + H i s  assumed t o  be about twice t h e  c u r r e n t  b e s t  value 
from other  ex_oerimen-.s. Since such an assumption leads  t o  s u b s t a n t i a l  discrepancies  
In  t h e  i n t e r p r e t a t i o n  of o ther  experiments, we consider  t h i s  explanat ion t o  be sug- 
z e s t i v e  only, and sub,ject t o  refinement as f u r t h e r  experimentation i s  done on t h e  
bigh-tercperature chemistry of t h e  H2-02 reac t ion .  

2 
2 
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Votp f o r  Fig:. 2 and 3. 
metho.1; the  dashed e r ro r  b w s  denote runs made using the  water lamp method. 

The s o l i d  e r r o r  bars  denote runs made using the  Bi(3067) 
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