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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

IN RECENT YEARS , combustion science has undergone a dramatic transfor
mation as modern analytical tools have been applied to the study of 
combustion systems. Techniques involving molecular beams and lasers, 
which have been so successful at breaking new ground in the fields of 
spectroscopy and chemical reaction kinetics and dynamics, are now yielding 
information in increasingly microscopic detail about the physics and chemis
try of combustion processes. These new techniques, particularly laser tech
niques, have gone beyond the demonstration stage and have made significant 
contributions to our knowledge. 

This volume focuses on the understanding of chemical aspects of 
combustion processes that has been achieved with these new experimental 
methods and with the concurrent increase in theoretical work. The signifi
cance of these topics in current combustion science is due principally to their 
role in the strongly linked areas of energy conservation, pollutant emissions, 
and safety. For example, the subject of detonations is of primary importance 
in the transportation safety of natural gas in both the liquid and gaseous 
state. New methods of ignition may yield more efficient combustion pro
cesses in automobile engines. A better understanding of the chemistry of fuel 
nitrogen conversion to nitric oxide will aid in reducing nitric oxide emissions 
from coal-fired combustors and from combustors utilizing heavy fuels made 
from coal and shale. A determination of the mechanism of soot formation 
and destruction will help to make the highly efficient diesel engine more 
environmentally acceptable in transportation vehicles and should also aid in 
reducing soot emissions from combustors burning coal and heavy liquid 
fuels. 

I would like to thank the authors and speakers for their contributions 
that made this symposium such a worthwhile endeavor. Thanks are also due 
to the publishers for providing the means to record the proceedings of this 
symposium. 

T H O M P S O N M. S L O A N E 
General Motors Research Laboratories 
Warren, Michigan 

December 1983 

vu 
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1 
Role of C 4 Hydrocarbons in Aromatic Species 
Formation in Aliphatic Flames 

J. A. COLE1, J. D. BITTNER2, J. P. LONGWELL, and J. B. HOWARD 
Department of Chemical Engineering, Massachusetts Institute of Technology, Cambridge, 
MA 02139 

The free-radical addition reaction expressed as 
1,3-butadienyl + acetylene --> benzene + H-atom 
is shown to account for benzene formation in the 
preheat region of a low-pressure, near-sooting, 
premixed 1,3-butadiene flame using an estimated 
rate constant, Log k = 8.5 - 3.7/2.3 RT l/(mol·s), 
and measured species concentration profiles. Using 
similarly estimated rate constants with activation 
energies of 1.8, 0.6, and 3.7 kcal/mol it is shown 
that 1,3-butadienyl addition to C4H2, C4H4, and 
C3H4 also accounts for the formation of phenylace-
tylene and styrene but not toluene. Other reaction 
mechanisms involving C-4 hydrocarbons also are con
sidered but are too slow in this flame. Concentra
tion and molar flux profiles obtained by molecular– 
beam sampling with on-line mass spectrometry are 
presented for 31 species. 

Aromatic hydrocarbons are known to be important in soot formation 
in flames. The aromatic structure may abet molecular growth lead
ing to PAH and soot formation through its ability to stabilize 
radicals formed from addition of aromatic radicals to unsaturated 
aliphatics such as acetylenic species (1*2)· Accordingly, both 
aromatics and unsaturated aliphatics would be important for growth 
processes. Both types of species are prevalent in the flame zone 
where growth occurs. Aromatic structures with unsaturated side 
chains also are observed there (1̂ 2) · 

1 Current address: Energy and Environmental Research Corporation, 18 Mason, Irvine, CA 
92714 

2Current address: Cabot Corporation, Concord Road, Billerica, MA 01821 

0097-6156/84/0249-0003506.00/0 
© 1984 American Chemical Society 
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4 CHEMISTRY OF COMBUSTION PROCESSES 

I n a l i p h a t i c flames a r o m a t i c r i n g s must be formed from non-
a r o m a t i c p r e c u r s o r s , but an accepted mechanism f o r t h i s c r i t i c a l 
s t e p has not appeared i n the l i t e r a t u r e . Attempts t o d e r i v e mech
anisms f o r benzene f o r m a t i o n i n flames have s u f f e r e d p r i m a r i l y 
from the l a c k of p e r t i n e n t k i n e t i c o r thermodynamic d a t a . F u r t h e r 
more, we have found no l i t e r a t u r e w h e r e i n f o r m a t i o n r a t e s of ben
zene, o r o t h e r a r o m a t i c s , p r e d i c t e d from a mechanism are compared 
w i t h r a t e s measured i n a flame. 

We w i l l not attempt to r e v i e w here the many mechanisms which 
have been proposed t o account f o r a r o m a t i c f o r m a t i o n i n a l i p h a t i c 
f lames. S u f f i c e i t to say t h a t these f a l l b a s i c a l l y i n t o t h r e e 
c a t e g o r i e s : i o n i c mechanisms; c o n c e r t e d , p e r i c y c l i c mechanisms; 
and f r e e r a d i c a l mechanisms. 

The r e a c t i o n k i n e t i c s of d i f f e r e n t hydrocarbon i o n s i n flames 
are not s u f f i c i e n t l y understood t o p e r m i t t e s t i n g of proposed i o n -
m o l e c u l e r e a c t i o n s l e a d i n g t o a r o m a t i c f o r m a t i o n . T h i s a r e a i s of 
i n t e r e s t f o r f u r t h e r s t u d y , e s p e c i a l l y of growth mechanisms f o r 
l a r g e r a r o m a t i c s p e c i e s and s o o t . With r e g a r d t o p e r i c y c l i c mech
anisms such as D i e l s - A l d e r r e a c t i o n s , o b s e r v a t i o n s made i n b u t a 
diene flames have l e d t o p r o p o s a l s t h a t b u t a d i e n e r e a c t i n g w i t h 
o t h e r o l e f i n s might be r e s p o n s i b l e f o r a r o m a t i c f o r m a t i o n ( 4 - 6 ) . 
Flame and p y r o l y s i s s t u d i e s , however, have shown no evidence of 
D i e l s - A l d e r r e a c t i o n s . As d e s c r i b e d below, we have compared known 
r e a c t i o n r a t e s w i t h measured f o r m a t i o n r a t e s i n b u t a d i e n e flames 
and found D i e l s - A l d e r r e a c t i o n s to be too slow t o be s i g n i f i c a n t 
( 7 , 8 ) . 

N e v e r t h e l e s s , a l i n k between f o u r - c a r b o n s p e c i e s and PAH f o r 
m a t i o n would be c o n s i s t e n t w i t h the prominence of C-4 hydrocarbons 
i n flames where PAH or soot a r e b e i n g formed. I n p a r t i c u l a r , 
l-buten-3-yne (C4H4; v i n y l a c e t y l e n e ) c o n c e n t r a t i o n p r o f i l e s mimic 
those of benzene and PAH i n many f u e l - r i c h flames ( 9 ) . 

I n t h i s work the net f o r m a t i o n r a t e s of benzene, t o l u e n e , 
p h e n y l a c e t y l e n e , and s t y r e n e , and c o n c e n t r a t i o n s of p o s s i b l e p r e 
c u r s o r s , were determined as a f u n c t i o n of d i s t a n c e from the burner 
i n t h e p r i m a r y r e a c t i o n zone of a l o w - p r e s s u r e , n e a r - s o o t i n g 1,3-
butadiene-oxygen-4% argon flame. These r a t e s a r e compared w i t h 
e s t i m a t e d r a t e s f o r s e v e r a l r e a c t i o n mechanisms. 

E x p e r i m e n t a l 

The apparatus i s a l o w - p r e s s u r e f l a t - f l a m e burner w i t h a m o l e c u l a r -
beam sampling i n s t r u m e n t h a v i n g a q u a r t z probe and an o n - l i n e quad-
r u p o l e mass-spectrometer ( F i g u r e 1 ) . The d e s i g n f e a t u r e s and 
measurement t e c h n i q u e s are the same as those d e s c r i b e d elsewhere 
(1,10). 

A n e a r - s o o t i n g l a m i n a r premixed f l a t flame was produced a t a 
burner chamber p r e s s u r e of 2.67 kPa (20 t o r r ) w i t h 52.1 normal 
cm 3 · s " 1 (0.1 MPa, 298 K) of f e e d gas c o n s i s t i n g of 29.5 mol% 
1,3-butadiene, 67.5 mol% oxygen, and 3.0 mol% argon, c o r r e s p o n d i n g 
to a f u e l - e q u i v a l e n c e r a t i o , φ, of 2.4 and a c o l d - g a s v e l o c i t y of 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
24

9.
ch

00
1

In The Chemistry of Combustion Processes; Sloane, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



1. COLE ET AL. C4 Hydrocarbons in Aromatic Species Formation 5 

0.5 m·s a t 298 Κ. At t h i s p r e s s u r e and co l d - g a s v e l o c i t y the 
s o o t i n g l i m i t was found a t φ « 2.46. 

A l l of the gases used were more than 99% pure and were used 
as s u p p l i e d by the m a n u f a c t u r e r s . 

I n d i v i d u a l s p e c i e s were i d e n t i f i e d by mass and i o n i z a t i o n po
t e n t i a l . T h e i r mole f r a c t i o n s were measured a t the c e n t e r l i n e of 
the flame as a f u n c t i o n o f d i s t a n c e from the bur n e r as d e s c r i b e d 
elsewhere (1,10). 

E s t i m a t e d p r o b a b l e e r r o r s f o r s p e c i e s mole f r a c t i o n a r e shown 
i n Table I below. The mole f r a c t i o n s of the l a r g e s t hydrocarbon 

Table 1. E s t i m a t e d P r o b a b l e E r r o r s f o r S p e c i e s M o l e - F r a c t i o n 
Measurements 

S p e c i e s 
Major S p e c i e s 
H 20 
^2^2 
H y d r o x y l 
H-atom 
Other r a d i c a l s 
S p e c i e s l a r g e r than Benzene 

E s t i m a t e d P r o b a b l e E r r o r 
+ 3% 
+ 8% 
+12% 
+17% 
+19% 
+50% 

f a c t o r of two 

s p e c i e s were determined r e l a t i v e t o each o t h e r w i t h g r e a t e r accu
r a c y than the e r r o r s a s s o c i a t e d w i t h t h e i r a b s o l u t e mole f r a c t i o n s 
would suggest. 

The mole f r a c t i o n p r o f i l e s were n u m e r i c a l l y smoothed and d i f 
f e r e n t i a t e d i n o r d e r to determine the s p e c i e s 1 molar f l u x e s . T h i s 
p r o c e s s was repeated on the f l u x p r o f i l e s i n o r d e r t o p r o v i d e n e t 
molar r a t e s of f o r m a t i o n o r d e s t r u c t i o n f o r each s p e c i e s . The 
n u m e r i c a l t e c h n i q u e s have been d e s c r i b e d p r e v i o u s l y (1,2,7,10). 
P r o b a b l e e r r o r s a s s o c i a t e d w i t h f l u x e s and r e a c t i o n r a t e s so de
termined cannot be s t a t e d e x p l i c i t l y because the p e r t u r b a t i o n o f 
the sampling probe on the one-dimensional flame assumption has not 
been assessed q u a n t i t a t i v e l y . 

N e v e r t h e l e s s , the o v e r a l l a c c u r a c y suggested by element b a l 
ances i s enco u r a g i n g . The c a l c u l a t e d t o t a l - c a r b o n mass f l u x agrees 
t o w i t h i n 30% throughout the flame w i t h the v a l u e determined from 
the measured f u e l f e e d r a t e . The agreement i s t o w i t h i n 5% i n the 
r e g i o n o f the flame c o n s i d e r e d i n t h i s work. 

The gas temperature p r o f i l e s used f o r t h i s a n a l y s i s were c a l 
c u l a t e d from the assumption of e q u i l i b r i u m i n the r e a c t i o n 

H- + H 20 % H 2 + OH (1) 

T h i s r e a c t i o n appears t o be e q u i l i b r a t e d beyond the pri m a r y r e a c 
t i o n zone ( r e g i o n of t o t a l f u e l and/or oxygen consumption) i n t h i s 
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6 CHEMISTRY OF COMBUSTION PROCESSES 

flame and elsewhere ( 1 1 ) . The temperature was c a l c u l a t e d by com
p a r i n g the e q u i l i b r i u m e q u a t i o n 

v _ X H X H 9 0 
X H 2

 X 0 H 

w i t h the known s t a n d a r d Gibbs energy charge,Δ G°, f o r R e a c t i o n (1) 
as a f u n c t i o n of temperature ( 1 2 ) . I n t h i s case the e q u i l i b r i u m 
c o n s t a n t , K, i s r e l a t e d to ÙG° by 

AG° = -RT I n Κ 

The r e s u l t i n g temperature p r o f i l e i s shown i n F i g u r e 2. The temp
e r a t u r e i n the p r i m a r y r e a c t i o n zone was e s t i m a t e d by l i n e a r ex
t r a p o l a t i o n to 300 Κ a t the b u r n e r . P r o p a g a t i o n of e r r o r c a l c u l a 
t i o n s suggests a maximum p r o b a b l e e r r o r of +150 K. 

E x p e r i m e n t a l R e s u l t s and D i s c u s s i o n 

The m o l e - f r a c t i o n and m o l a r - f l u x p r o f i l e s o b t a i n e d f o r 31 s p e c i e s 
are shown i n F i g u r e s 3-8. I n s p e c t i o n of the f l u x p r o f i l e s i n 
F i g u r e 3 r e v e a l s l i t t l e e v i d e n c e of r e a c t i o n up t o about 5 mm from 
the b u r n e r . Butadiene i s consumed i n the r e g i o n 5-10 mm, a l t h o u g h 
p r i m a r i l y beyond 7 mm ( F i g u r e 3 ) . Oxygen consumption, however, 
does not become n o t i c a b l e u n t i l about 8.5 mm ( F i g u r e 4) and p r o 
d u c t i o n of CO, 0 0 2 , and H 20 o c c u r s l a t e r s t i l l ( F i g u r e s 3 and 5 ) . 
N e v e r t h e l e s s some o x i d a t i o n o c c u r s p r i o r t o 8.5 mm as i s evidenced 
by the f l u x e s of the oxygenated s p e c i e s i n F i g u r e 4. The s p e c i e s 
C3H4O and C4H5O p r o b a b l y r e s u l t from t r i p l e t (ground s t a t e ) 0-atom 
a t t a c k on b u t a d i e n e and aliène (13,14). T h e r e f o r e 0-atom may p l a y 
a r o l e i n b u t a d i e n e d e s t r u c t i o n . Such b e h a v i o r would be c o n s i s t e n t 
w i t h the o b s e r v a t i o n t h a t the f r a c t i o n a l d e c o m p o s i t i o n r a t e ( s ~ l ) of 
b u t a d i e n e a t the 1120 Κ p o s i t i o n i n t h i s f lame, where 0 atoms ar e 
a v a i l a b l e by d i f f u s i o n from the o x i d a t i o n zone, i s s i g n i f i c a n t l y 
l a r g e r than t h a t measured i n the presence of 0 2 a t 1120 Κ i n an 
a p p r o x i m a t e l y i s o t h e r m a l f l o w r e a c t o r ( 1 5 ) . 

Hydrocarbon s p e c i e s w i t h one, two, or t h r e e carbon atoms ar e 
r e p r e s e n t e d i n F i g u r e 6; those w i t h f o u r carbon atoms i n F i g u r e 7. 
The b e h a v i o r and p o s i t i o n of the C4H4 mole f r a c t i o n p r o f i l e ( F i g 
ure 7) a r e s t r i k i n g l y s i m i l a r t o those o f a l l the a r o m a t i c s p e c i e s 
shown i n F i g u r e 8. I n c o n t r a s t , the p r o f i l e s of d i a c e t y l e n e 
(C4H2, F i g u r e 7) and the p o l y a c e t y l e n e s ( C 6 H 2 and C gH 2, F i g u r e 8) 
are s i m i l a r t o those of a c e t y l e n e ( F i g u r e 6 ) . 

F i g u r e 8 shows t h a t benzene and the o t h e r s i n g l e - r i n g aromat-
i c s whose f o r m a t i o n r a t e s a r e s t u d i e d here are formed m a i n l y i n the 
r e g i o n of b u t a d i e n e consumption. T h e i r maximum net r a t e s of form
a t i o n o c c u r p r i o r t o 9.5 mm. S i n c e s i g n i f i c a n t 0 2 consumption 
b e g i n s a t 8.5 mm and o x i d a t i o n i s e v i d e n t p r i o r t o t h a t , the ques
t i o n a r i s e s as t o whether o x i d a t i v e consumption of a r o m a t i c s con
t r i b u t e s s i g n i f i c a n t l y t o t h e i r net r e a c t i o n r a t e s i n the r e g i o n 
of i n t e r e s t here 
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1. COLE ET AL. C4 Hydrocarbons in Aromatic Species Formation 

ELECTRON 
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OUADRUPOLE MASS 
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CHOPPER 

CALIBRATION GAS — 
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F i g u r e 1. M o l e c u l a r beam mass spectrometer flame sampling 
a p p a r a t u s . 

I 1 LU 1 .—: 1 

Ο 10 20 30 40 

HEIGHT ABOVE BURNER (mm) 
F i g u r e 2 . Temperature p r o f i l e i n n e a r - s o o t i n g . P o i n t s , c a l c u l a t e d 
assuming e q u i l i b r a t i o n o f H + E^O zz£ OH + Η ·, and c u r v e , e s t i m a t e d 
and used i n d a t a a n a l y s i s and mechanism p r e d i c t i o n s . C o n d i t i o n s : 
0= 2 Λ ; C^Hg/0 2/3.0#Ar flam e ; c o l d gas v e l o c i t y = 0.5 m/s ; and 
p r e s s u r e = 2 . 6 7 kPa. 
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CHEMISTRY OF COMBUSTION PROCESSES 

F i g u r e 3. Mole f r a c t i o n and f l u x p r o f i l e s o f major s p e c i e s i n 
n e a r - s o o t i n g . C o n d i t i o n s same as i n F i g u r e 2. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
24

9.
ch

00
1

In The Chemistry of Combustion Processes; Sloane, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



1. COLE ET AL. C4 Hydrocarbons in Aromatic Species Formation 9 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
24

9.
ch

00
1

In The Chemistry of Combustion Processes; Sloane, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



10 CHEMISTRY OF COMBUSTION PROCESSES 

F i g u r e 5. Mole f r a c t i o n and f l u x p r o f i l e s o f H, H^, OH, and E^O 
i n n e a r - s o o t i n g . C o n d i t i o n s same as i n F i g u r e 2. 
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I. COLE ET AL. C4 Hydrocarbons in Aromatic Species Formation 11 

6 8 10 12 14 16 II 
DISTANCE FROM BURNER, mm 

TIME, ms 

F i g u r e 6 . Mole f r a c t i o n and f l u x p r o f i l e s o f one-, two-, and 
t h r e e - c a r b o n s p e c i e s i n n e a r - s o o t i n g . C o n d i t i o n s same as i n F i g 
ure 2 . 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
24

9.
ch

00
1

In The Chemistry of Combustion Processes; Sloane, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



F i g u r e Τ· Mole f r a c t i o n and f l u x p r o f i l e s o f f o u r - c a r b o n s p e c i e s 
i n n e a r - s o o t i n g . C o n d i t i o n s same as i n F i g u r e 2 . 
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1. COLE ET AL. C4 Hydrocarbons in Aromatic Species Formation 13 

DISTANCE FROM BURNER,mm 

TIME, ms 

F i g u r e 8 . Mole f r a c t i o n and f l u x p r o f i l e s o f s p e c i e s w i t h masses 
between 7^ and 10U amu i n n e a r - s o o t i n g . C o n d i t i o n s same as i n 
F i g u r e 2 . 
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14 CHEMISTRY OF COMBUSTION PROCESSES 

U s i n g the r a t e c o n s t a n t of T u l l y e t a l . ( 1 6 ) , the temperature 
p r o f i l e of F i g u r e 2, and the measured benzene and h y d r o x y l mole 
t i o n s , the p r e d i c t e d r a t e of benzene d e s t r u c t i o n by OH i s i n s i g n i f 
i c a n t compared t o the measured net benzene f o r m a t i o n r a t e u n t i l 
a f t e r the l a t t e r passes through i t s maximum v a l u e a t 8.5 mm. At 
8.5 mm the p r e d i c t e d d e s t r u c t i o n of benzene by h y d r o x y l i s one p e r 
cent of the measured f o r m a t i o n r a t e , i n c r e a s i n g o n l y to t e n p e r c e n t 
a t 9.3. A s i m i l a r e s t i m a t i o n was made f o r benzene d e s t r u c t i o n by 
0-atom u s i n g the r a t e c o n s t a n t of N i c o v i c h e t a l . (17) and r e a s o n 
a b l e e s t i m a t i o n s f o r 0-atom mole f r a c t i o n s . T h i s y i e l d e d v a l u e s of 
two p e r c e n t and 17 p e r c e n t a t 8.5 mm and 9.3 mm r e s p e c t i v e l y . The 
l a c k of a d d i t i o n a l o x i d a t i o n r a t e c o n s t a n t s p r e c l u d e d s i m i l a r c a l 
c u l a t i o n s f o r the o t h e r a r o m a t i c s p e c i e s . 

Benzene Formation Mechanisms 

The f o r m a t i o n of a r o m a t i c s by r e a c t i o n s i n v o l v i n g 1,3-butadiene was 
c o n s i d e r e d . S e v e r a l D i e l s - A l d e r r e a c t i o n s were c o n s i d e r e d , the 
f a s t e s t of which i s C^H 6 + C 2 H 2 owing t o i t s l a r g e A r r h e n i u s f a c t o r 
and the h i g h c o n c e n t r a t i o n of a c e t y l e n e . However, the r a t e of t h i s 
r e a c t i o n i s l e s s than 10~3 of the measured r a t e of benzene forma
t i o n . T h e r e f o r e D i e l s - A l d e r r e a c t i o n s do not appear to be s i g n i f i 
cant f o r a r o m a t i c s f o r m a t i o n i n t h i s system. 

Free r a d i c a l mechanisms i n v o l v i n g 1,3-butadiene a l s o have been 
c o n s i d e r e d . The r e a c t i o n sequence 

C 2 H 3 - + C 4 H 6 * C 6 V ( 2 ) 

W * C-C6V ( 3 ) 

c-C 6H 9- t c-C 6H g + H- (4) 
c-C 6H 8 -v C 6 H 6 + H 2 (5) 

p r o v i d e s a thermodynamically f a v o r a b l e r o u t e t o benzene f o r m a t i o n 
i n the 1,3-butadiene flame d i s c u s s e d here. The r a t e l i m i t i n g s tep 
i n t h i s sequence i s R e a c t i o n 5 w i t h a r a t e c o n s t a n t Log k^ = 
12.Α-4Α/Θ ( s " 1 ) , where θ = 2.3 RT k c a l / m o l (18,19). However, the 
c o n c e n t r a t i o n o f C £ H Q i n t h i s flame i s o n l y a few p e r c e n t of t h a t 
of benzene ( 2 0 ) . T h i s l e a v e s R e a c t i o n 5 too slow by a f a c t o r of 
1 0 5 to 1 0 6 . 

An a l t e r n a t i v e to R e a c t i o n 5 i s the r e a c t i o n sequence 

c-C 6Hg + R- t c-C 6H ?- + RH (6) 
c-C 6H ?- t C 6 H 6 4- H- (7) 

R e a c t i o n 6 i s r a t e l i m i t i n g here w i t h a t y p i c a l r a t e c o n s t a n t of 
Log k^ = 8.5-5.5/0 ( i l • m o l " s" 1) (21) f o r m e t a t h e s i s by hydrocarbon 
r a d i c a l s . Η-abstraction by Η-atom might be f a s t e r , w i t h an A r r h e n -
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1. COLE ET AL. C4 Hydrocarbons in Aromatic Species Formation 15 

i u s f a c t o r c o n c e i v a b l y as l a r g e as l O ^ - . However, the p r e d i c t e d 
r a t e of benzene f o r m a t i o n would s t i l l be l e s s than a few p e r c e n t of 
t h a t which i s observed. 

I n a d d i t i o n r e a c t i o n sequences i n v o l v i n g C/H^ as a benzene 
p r e c u r s o r were c o n s i d e r e d . Because of the r e q u i r e d p r o t o n a t i o n of 
the number 3 carbon atom, however, a l l of these mechanisms proved 
to be too slow ( 7 ) . 

R a d i c a l a d d i t i o n of 1 , 3 - b u t a d i e n y l t o a c e t y l e n e p r o v i d e s a 
r o u t e t o benzene f o r m a t i o n through the sequence 

The 1 , 3 - b u t a d i e n y l r a d i c a l i s p r i m a r i l y a by-product of b u t a d i e n e 
p y r o l y s i s i n t h i s system but r e s u l t s from v i n y l a d d i t i o n t o ace
t y l e n e i n flames of o t h e r a l i p h a t i c f u e l s . I n a r o m a t i c flames 1,3-
b u t a d i e n y l may be produced by o x i d a t i v e and p y r o l y t i c d e c o m p o s i t i o n 
of a r o m a t i c s p e c i e s , as suggested i n a study of benzene flames ( 1 0 ) . 

A l t h o u g h R e a c t i o n 8 has not been s t u d i e d e x p l i c i t l y , a r a t e 
c o n s t a n t of Log k^Q - 8.5-3.7/Θ (£-mol~ls~l) was i n f e r r e d from 
measured d a t a f o r s i m i l a r r e a c t i o n s Ç7). Comparison of t h i s v a l u e 
w i t h r a t e e s t i m a t e s f o r s i m i l a r r e a c t i o n s (22) suggests t h a t t h i s 
a c t u a l l y may be a r a t h e r c o n s e r v a t i v e f i g u r e . R e a c t i o n 8 i s r a t e 
l i m i t i n g i n t h i s sequence. 

F i g u r e 9 shows the agreement between the p r e d i c t e d benzene 
f o r m a t i o n r a t e u s i n g t h i s mechanism and the measured r a t e through
out the r e g i o n of net benzene p r o d u c t i o n . The measured r a t e i s 5 
t o 10 times h i g h e r than the p r e d i c t e d r a t e . I n view of the u n c e r 
t a i n t i e s encountered a t each s t e p i n the a n a l y s i s we f e e l t h a t t h i s 
l e v e l of agreement, coupled w i t h the congruence of the f o r m a t i o n 
r a t e p r o f i l e s , p r o v i d e s evidence of the v i a b i l i t y of t h i s mechanism 
i n the 1,3-butadiene flame. 

Formation of Other Aromatic S p e c i e s 

Because o t h e r a c e t y l e n i c s p e c i e s were a l s o p r e s e n t i n the b u t a d i e n e 
flame, r a t e c o n s t a n t s were e s t i m a t e d f o r the a d d i t i o n of t h r e e of 
them, C3H4 (propyne), C4H2 ( b u t a d i y n e ) , and C4H4 (buten-3-yne) t o 
1 , 3 - b u t a d i e n y l ( 7 ) . These a d d i t i o n r e a c t i o n s w i t h subsequent cy-
c l i z a t i o n of the adduct, f o l l o w e d by Η-elimination (analogous t o 
R e a c t i o n s 8, 9, and 7) l e a d to f o r m a t i o n of t o l u e n e , p h e n y l a c e t y -
l e n e , and s t y r e n e , r e s p e c t i v e l y . 

The r a t e c o n s t a n t s shown below (Table I I ) were e x t r a p o l a t e d 
from r a t e d a t a u s i n g an E v a n s - P o l a n y i approach s i m i l a r t o t h a t d i s 
cussed r e c e n t l y by M c M i l l e n and Golden ( 2 3 ) . The assumption of e q u a l 
A r r h e n i u s parameters i s i n h e r e n t i n the e s t i m a t i o n t e c h n i q u e . Sub
sequent c y c l i z a t i o n and Η-elimination s t e p s a r e a f f e c t e d n e g l i g i b l y 

1,3-C 4H 5- + C 2 H 2 * C 6H y-
C 6H 7- * c-C 6H 7-

(8) 
(9) 
(7) 
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16 CHEMISTRY OF COMBUSTION PROCESSES 

Table I I . Rate Constants f o r A d d i t i o n of A c e t y l e n i c S p e c i e s t o 
1 , 3 - b u t a d i e n y l a t 800 Κ 

E q u a t i o n Rate Constant, k, £*mol 1 * s " 1 

1 Q8.5-3.7/0 

1 08.5-1.8/θ 

Q8.5-0.6/0 

:4 H5* + C 3 H 4 
-> <- C ?H 9- (10) 

: 4 Η 5 ' + C 4 H 2 
-> (11) 

;4 Η5' + C 4 H 4 W (12) 

by the presence of s i d e c h a i n s on the a r o m a t i c r i n g ( 2 4 ) . Conse
q u e n t l y , R e a c t i o n s 10-12 are r a t e l i m i t i n g f o r t h e i r r e s p e c t i v e 
r e a c t i o n sequences. 

F i g u r e s 10-12 show the measured r a t e s of f o r m a t i o n of t o l u e n e , 
p h e n y l a c e t y l e n e , and s t y r e n e compared w i t h the r a t e s p r e d i c t e d by 
R e a c t i o n s 10-12. Of these t h r e e , o n l y t o l u e n e ( F i g u r e 10) shows a 
s e r i o u s disagreement between p r e d i c t i o n and o b s e r v a t i o n . The e a r l y 
d e c l i n e i n the t o l u e n e f o r m a t i o n r a t e (^7;5 mm) may be due to r a p i d 
b e n z y l r a d i c a l f o r m a t i o n . A c u r s o r y e x a m i n a t i o n of the C7H7 and 
CyHg f l u x p r o f i l e s i n F i g u r e 8 s u p p o r t s t h i s p o s s i b i l i t y . Never
t h e l e s s , the magnitude of d i s c r e p a n c y between measured and p r e d i c t 
ed r a t e s suggests t h a t some o t h e r mechanism i s p r o b a b l y r e s p o n s i b l e 
f o r t o l u e n e f o r m a t i o n i n t h i s system. 

Role of V i n y l a c e t y l e n e 

The b e h a v i o r of C4H4 r e l a t i v e to benzene and PAH has been observed 
i n o t h e r a l i p h a t i c f l a m e s , i n c l u d i n g those of methane (25,26), 
a c e t y l e n e (7,27), and e t h y l e n e ( 2 7 ) , as w e l l as benzene flames ( 1 , 
10). As an example, F i g u r e 13 shows da t a f o r e t h y l e n e and a c e t y 
l e n e flames e x t r a c t e d from the works of C r i t t e n d e n (28) and C r i t 
tenden and Long ( 2 7 ) . T h i s c o r r e l a t i o n may be e x p l a i n e d i f 1,3-
b u t a d i e n y l can be shown to be the primary p r e c u r s o r f o r f o r m a t i o n 
of C 4 H 4 , as w e l l as PAH. 

That C4H4 i s indeed r e l a t e d t o C 4 H 3 i s i n d i c a t e d by the p r e s 
ent d a t a as w e l l as d a t a from two o t h e r flames s t u d i e d i n the same 
e x p e r i m e n t a l system a t the same burner v e l o c i t y and p r e s s u r e , name
l y , a s t o i c h i o m e t r i c 1,3-butadiene flame (7) and a n e a r - s o o t i n g 
benzene flame ( 1 0 ) . I n a l l t h r e e c a s e s , the r a t i o of the peak con
c e n t r a t i o n of C4H5 to t h a t of C4H4 i s about 1:30 (e.g., F i g u r e 7 ) , 
and the C^H^ peak o c c u r s about 1 mm (or about 0.3 ms) b e f o r e t h a t 
of C 4 H 4 . T h i s b e h a v i o r i s i n d i c a t i v e of an i n t e r m e d i a t e / p r o d u c t 
r e l a t i o n s h i p between C^H^ and C 4 H 4 . The k i n e t i c s of the r e l a t i o n 
s h i p seems to v a r y l i t t l e among these d i f f e r e n t f l a m e s . 

I n the p r e s e n t d a t a , the net f o r m a t i o n r a t e of C4H4 peaks ex
a c t l y where the net r a t e of C4H5 consumption i s maximum (9.3 mm), 
and the former i s about 10-times the l a t t e r . I t i s l i k e l y t h a t 
C 4 H 4 * s formed by R e a c t i o n ( 1 3 ) . E q u i l i b r i u m f o r t h i s r e a c t i o n 
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1. COLE ET AL. C4 Hydrocarbons in Aromatic Species Formation 17 

• · MEASURED RATE _ 

= I I I I I I I I L I—= 
0 1 2 3 4 5 6 7 8 9 10 

HEIGHT ABOVE BURNER (mm) 

F i g u r e 9. Comparison o f measured net r a t e s o f benzene f o r m a t i o n 
w i t h p r e d i c t e d f o r m a t i o n r a t e s f o r n e a r - s o o t i n g . C o n d i t i o n s same 
as i n F i g u r e 2 . 

< ce 
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• · MEASURED RATE 

- " k-[c 3H 4 ] [ l -C 4H 5 -f ; 
ι ι ι ι ι ι ι ι ι 1 

0 1 2 3 4 5 6 7 8 9 10 

HEIGHT A B O V E BURNER (mm) 

F i g u r e 1 0 . Comparison o f measured net r a t e s o f t o l u e n e f o r m a t i o n 
w i t h p r e d i c t e d f o r m a t i o n r a t e s f o r n e a r - s o o t i n g . C o n d i t i o n s same 
as i n F i g u r e 2 . 
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18 CHEMISTRY OF COMBUSTION PROCESSES 

F i g u r e 11 . Comparison o f measured net r a t e s o f p h e n y l a c e t y l e n e 
f o r m a t i o n w i t h p r e d i c t e d f o r m a t i o n r a t e s f o r n e a r - s o o t i n g . Condi
t i o n s same as i n F i g u r e 2 . 

< ce 
Ο 
Q 

• MEASURED RATE 

• k - [ c 4 H 4 ] [ l - C 4 H 5 ] 

• · 
• · · 

0 1 2 3 4 5 6 7 8 9 10 

HEIGHT A B O V E BURNER (mm) 

F i g u r e 12 . Comparison o f measured net r a t e s o f s t y r e n e f o r m a t i o n 
w i t h p r e d i c t e d f o r m a t i o n r a t e s f o r n e a r - s o o t i n g . C o n d i t i o n s same 
as i n F i g u r e 2 . 
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1. COLE ET AL. C4 Hydrocarbons in Aromatic Species Formation 19 

2 4 6 8 10 12 14 16 

HEIGHT A B O V E BURNER (cm) 

F i g u r e 1 3 . %^o9 C 4 H U ' a n ( i P A H mole f r a c t i o n p r o f i l e s i n (top) 
C 2Hp / 0 2/Ar flame and (bottom) C H^/0 /Ar flame. Data from 
C r i t t e n d e n and Long (27) and C r i t t e n d e n ( 2 8 ). The dashed l i n e f o r 
CgHg i n t h e lower f i g u r e suggests a d i s c r e p a n c y between t h e d a t a 
p r e s e n t e d i n the two r e f e r e n c e s . 
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20 CHEMISTRY OF COMBUSTION PROCESSES 

1,3-C 4H 5 t C 4 H 4 + H- (13) 

f a v o r s p r o d u c t i o n throughout the r e g i o n of PAH p r o d u c t i o n (<9 
mm). Furthermore, u s i n g an e s t i m a t e d r a t e c o n s t a n t (7) of 
Log k 1 3 = 13.8 - 41.7/Θ ( s " 1 ) the p r e d i c t e d r a t e of C4H4 p r o d u c t i o n 
from 1 , 3 - b u t a d i e n y l exceeds the measured r a t e by a f a c t o r of n e a r l y 
200 a t 9.3 mm. 

C o n c l u s i o n s 

The observed r e l a t i o n s h i p between the p r o f i l e s of C4H4 and aromat
i c s i n hydrocarbon flames i s c o n s i s t e n t w i t h the h y p o t h e s i s t h a t 
1 , 3 - b u t a d i e n y l i s the c r i t i c a l i n t e r m e d i a t e s p e c i e s f o r the forma
t i o n of these compounds. The h y p o t h e s i s i s supported by c o n s i d e r 
a b l e agreement between p r e d i c t e d r a t e s of a d d i t i o n r e a c t i o n s of 
1, 3 - b u t a d i e n y l r a d i c a l and measured net f o r m a t i o n r a t e s of benzene, 
p h e n y l a c e t y l e n e , and s t y r e n e i n a 1,3-butadiene flame. However, 
the need f o r b e t t e r r a t e d a t a i s c l e a r l y i n d i c a t e d . 

The h y p o t h e s i s t h a t 1,3-butadiene may be r e s p o n s i b l e f o r ben
zene p r o d u c t i o n i s i n c o n s i s t e n t w i t h the d a t a p r e s e n t e d h e r e . 
However, t h i s c o n c l u s i o n i s based on the low measured mole f r a c 
t i o n s of the i n t e r m e d i a t e s p e c i e s c y c l o h e x a d i e n e (C^Hg) which may 
be p e c u l i a r t o these e x p e r i m e n t a l c o n d i t i o n s . T h e r e f o r e , t h i s 
c o n c l u s i o n does not r u l e out the p o s s i b l e s i g n i f i c a n c e of 1,3-
but a d i e n e i n o t h e r combustion systems. 
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2 
Quantitative Chemical Mechanism for Heterogeneous 
Growth of Soot Particles in Premixed Flames 

S T E P H E N J. HARRIS 

Physical Chemistry Department, General Motors Research Laboratories, Warren, MI 48090 

In this article we present the first quantitative chem
ical mechanism for the heterogeneous growth of soot 
particles in premixed flames. We have found that the 
increased surface growth rate in sootier (richer) 
flames is due primarily to an increase in the surface 
area available for growth; the concentration of the 
gas phase growth species is similar from flame to 
flame. Growth decreases as the soot ages in the 
flame, but this is due to a decrease in the reac
tivi ty of the soot and not to a depletion of growth 
species. Acetylene supplies nearly all of the mass 
for soot growth, and our data suggest that soot 
growth can be understood in terms of a first order 
decomposition reaction of acetylene on the soot 
surface. 

Soot f o r m a t i o n i n premixed flames may be d i v i d e d i n t o p a r t i c l e 
i n c e p t i o n ( " n u c l e a t i o n " ) and growth stages ( 1 ) . I n the n u c l e a -
t i o n s tage t i n y (1-2 nm) soot p a r t i c l e s a r e c r e a t e d , w h i l e d u r i n g 
the growth stage the soot p a r t i c l e s c o a l e s c e and a l s o a c c r e t e 
hydrocarbon m o l e c u l e s ("growth s p e c i e s " ) from the burned gases. 
These growth s p e c i e s r e a c t c h e m i c a l l y w i t h and become i n c o r p o r 
a t e d i n t o the soot p a r t i c l e s i n a heterogeneous p r o c e s s known as 
s u r f a c e growth, and they account f o r n e a r l y a l l the f i n a l soot 
mass. Great e f f o r t s have been made towards u n d e r s t a n d i n g soot 
n u c l e a t i o n , and a number o f mechanisms have been proposed ( 1 ) ; 
however, no comparable e f f o r t has been made towards u n d e r s t a n d i n g 
s u r f a c e growth. I n t h i s a r t i c l e we propose the f i r s t q u a n t i t a t i v e 
c h e m i c a l mechanism of soot p a r t i c l e s u r f a c e growth i n premixed 
fla m e s . A more d e t a i l e d account o f t h i s work w i l l be p u b l i s h e d 
elsewhere ( 2 ) . 

0097-6156/ 84/ 0249-0023506.00/ 0 
© 1984 American Chemical Society 
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24 CHEMISTRY OF COMBUSTION PROCESSES 

E x p e r i m e n t a l 

Premixed flames of and a 79-21 m i x t u r e of Ar and 0^ were 
s t a b i l i z e d on a w a t e r - c o o l e d porous p l u g burner w i t h a n i t r o g e n 
shroud. Because the flames were n e a r l y 1 - d i m e n s i o n a l , measure
ments made as a f u n c t i o n of h e i g h t above the burner c o u l d be con
v e r t e d i n t o measurements made as a f u n c t i o n of time from know
ledge of the hot gas v e l o c i t y . Soot was d e t e c t e d u s i n g s t a n d a r d 
R a y l e i g h s c a t t e r i n g and e x t i n c t i o n t e c h n i q u e s (3,4) u s i n g an 
argon l a s e r , a l l o w i n g sc^ot number ̂ d e n s i t y , mean p a r t i c l e d i a m e t e r , 
and volume f r a c t i o n (cm - s o o t / cm -flame) to be determined. A l l 
measurements were made f a r downstream from the soot n u c l e a t i o n 
zone (The s m a l l e s t p a r t i c l e s d e t e c t e d had diameters of about 8 
nm.) i n a r e g i o n of the flame where r a d i c a l c o n c e n t r a t i o n s had 
dropped to t h e i r e q u i l i b r i u m v a l u e s (5) and where soot growth was 
the main c h e m i c a l process o c c u r r i n g . Temperatures, determined 
from the b r i g h t n e s s and e m i s s i v i t y of the s o o t , v a r i e d m a i n l y 
between 1650 and 1750 K. Samples of burned gases were c o l l e c t e d 
w i t h a w a t e r - c o o l e d q u a r t z microprobe and b a t c h a n a l y z e d f o r CO, 
CO^, C^H^, and CH. w i t h IR and mass s p e c t r o m e t r y . In the r e g i o n 
of the flame examined, A r , CO, C0«, H^, and H^O made up about 97% 
of the gas phase m a t e r i a l ; Co H2' CH^, and t r a c e amounts of o t h e r 
hydrocarbons made up the r e s t . Soot and condensable hydrocarbons 
( " v o l a t i l e s " ) were c o l l e c t e d on a w a t e r - c o o l e d p l a t e and sub
j e c t e d to t h e r m o g r a v i m e t r i c , e l e m e n t a l , and B.E.T. s u r f a c e a r e a 
a n a l y s i s (B.E.T. a n a l y s i s determines the s u r f a c e area of f i n e l y 
d i s p e r s e d p a r t i c l e s by measuring the amount of adsorbed on the 
p a r t i c l e s a t 77 K.) 

R e s u l t s 

Two dynamical p r o c e s s e s occur i n the burned gas r e g i o n of premixed 
flames ( 4 ) . F i r s t , s m a l l s p h e r i c a l soot p a r t i c l e s c o l l i d e and 
c o a l e s c e i n t o l a r g e s p h e r i c a l p a r t i c l e s , a p r o c e s s which reduces 
the t o t a l amount of s u r f a c e a r e a w i t h o u t changing the t o t a l mass. 
The second p r o c e s s i s s u r f a c e growth, which accounts f o r an i n 
c r e a s e i n the t o t a l soot mass and adds s u r f a c e a r e a . The net 
e f f e c t i s t h a t w h i l e the number d e n s i t y f a l l s ajnd the mean diam
e t e r r i s e s , the t o t a l soot s u r f a c e a r e a per cm of flame, mea
sured o p t i c a l l y , changes v e r y l i t t l e as the soot ages. These 
e f f e c t s a re d i s p l a y e d i n F i g u r e s 1 and 2. However, F i g u r e 2 
shows t h a t t h e r e i s a steep i n c r e a s e i n the soot s u r f a c e a r e a as 
the flames become r i c h e r . Curves i n the upper p a r t of F i g u r e 3 
show soot volume f r a c t i o n s f o r f i v e flames w i t h d i f f e r e n t C/0 
(carbon/oxygen) r a t i o s as a f u n c t i o n of time (soot age). A l l of 
the i n c r e a s e i n mass i n each flame i s a t t r i b u t e d to s u r f a c e 
growth. 

To o b t a i n s u r f a c e growth r a t e s we d i f f e r e n t i a t e the volume 
f r a c t i o n c u r v e s , c o n v e r t i n g volume to mass u s i n g a d e n s i t y of 1.8 
g/cm . A l t h o u g h a l l the curves appear to have s i m i l a r s l o p e s 
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F i g u r e 1. Mean diameter and soot p a r t i c l e d e n s i t y as a f u n c t i o n 
o f time ( h e i g h t above t h e b u r n e r ) f o r a t y p i c a l flame. 
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F i g u r e 2 . T o t a l soot s u r f a c e a r e a (π < d > N) p e r cm o f flame. 
The symbols r e f e r t o the s t o i c h i o m e t r y : ·, -C/0 = Ο . 7 6 ; m , - 0 . 8 2 ; 
and • , - 0 . 9 Λ . (Reproduced w i t h p e r m i s s i o n from Ref. 2 . Copy
r i g h t 1 9 8 3 , Gordon and Breach.) 
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2 6 CHEMISTRY OF COMBUSTION PROCESSES 

F i g u r e 3 . Top, soot volume f r a c t i o n s f o r flames w i t h t h e ^ i n d i -
c a t e d C/0 r a t i o s ; and bottom, s u r f a c e growth r a t e s p e r cm o f soot 
s u r f a c e . (Reproduced w i t h p e r m i s s i o n from Ref. 2 . C o p y r i g h t 19Ô3, 
Gordon and Breach.) 
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2. HARRIS Heterogeneous Growth of Soot Particles 27 

when p l o t t e d on se m i - l o g paper, the d e r i v a t i v e s a r e a c t u a l l y 
q u i t e d i f f e r e n t and i n c r e a s e v e r y s u b s t a n t i a l l y w i t h the C/0 
r a t i o . However, o f more fundamental i n t e r e s t than the to t a ] , 
growth r a t e (g/s) i s the s p e c i f i c s u r f a c e growth r a t e (g/cm - s ) , 
which takes i n t o account the g r e a t e r s u r f a c e area a v a i l a b l e f o r 
growth i n the r i c h e r ( s o o t i e r ) flames ( F i g u r e 2 ) . S p e c i f i c 
s u r f a c e growth r a t e s , p l o t t e d i n the lower h a l f of F i g u r e 3, v a r y 
r e l a t i v e l y weakly w i t h C/0 r a t i o compared to the t o t a l s u r f a c e 
growth r a t e s . 

D i s c u s s i o n 

In o r d e r t o i n t e r p r e t the s u r f a c e growth r e s u l t s q u a n t i t a t i v e l y , 
we assume t h a t s u r f a c e growth i s d e s c r i b e d by 

dM/dt = S Σ k . [ g i ] j i (1) 

where M i s the scjot mass c o n c e n t r a t i o n , S i s the t o t a l soot s u r 
f a c e a r e a per cm of flame, [g.] i s the mole f r a c t i o n of the i ' t h 
growth s p e c i e s , k^ i s the r a t e c o n s t a n t f o r the s u r f a c e r e a c t i o n 
which c o n v e r t s g. i n t o s o o t , and j . i s the r e a c t i o n o r d e r . The 
f a c t t h a t the s p e c i f i c s u r f a c e growth r a t e s (1/S) dM/dt are s i m i 
l a r i n flames which have v e r y d i f f e r e n t t o t a l growth r a t e s and 
which produce v e r y d i f f e r e n t amounts of soot a l l o w s us to p l a c e 
s e v e r a l s i g n i f i c a n t c o n s t r a i n t s on the growth p r o c e s s and on the 
s u r f a c e growth s p e c i e s . ( i ) S u r f a c e growth i s much f a s t e r i n 
r i c h e r flames p r i m a r i l y because t h e r e i s more s u r f a c e a r e a a v a i l 
a b l e f o r growth; t h u s , growth s p e c i e s c o n c e n t r a t i o n s a r e s i m i l a r 
i n the d i f f e r e n t f lames. ( i i ) Growth r a t e s f a l l s t e e p l y as the 
soot ages, but t h i s f a l l i s not due to d e p l e t i o n of the growth 
s p e c i e s . The reason i s t h a t i f the [g.] are r o u g h l y independent 
of the s t o i c h i o m e t r y , and i f they are èigh enough to supply a l l 
of the mass i n c r e a s e i n the r i c h e s t f lame, then t h e r e must be an 
excess of them i n a l l the l e a n e r f l a m e s , where the i n c r e a s e i n 
soot mass i s much l e s s . S i n c e the s p e c i f i c growth r a t e i n the 
r i c h e s t flame i s almost the same as i n the l e a n e r f l a m e s , t h e r e 
i s a l s o no d e p l e t i o n o f growth s p e c i e s i n the r i c h e s t flame, 
( i i i ) From the t o t a l amount of soot mass p i c k e d up i n the r i c h e s t 
flame, we c a l c u l a t e t h a t e i t h e r the growth s p e c i e s mole f r a c t i o n s 
t o t a l more than 0.1/W, where W i s the (mean) m o l e c u l a r weight of 
the growth s p e c i e s , o r t h a t they a r e i n r a p i d (compared t o r e a c 
t i o n w i t h s o o t ) e q u i l i b r i u m w i t h a r e s e r v o i r of o t h e r s p e c i e s 
whose mole f r a c t i o n s t o t a l more than 0.1/W. Among the h y d r o c a r 
bons i n the burned gases, o n l y methane and a c e t y l e n e have mole 
f r a c t i o n s t h a t h i g h . ( i v ) The youngest soot p a r t i c l e s t h a t we 
d e t e c t have diameters of about 8 nm and m o l e c u l a r w e i g h t s w e l l 
above 100,000 but c o n t a i n o n l y of the o r d e r of 10 n u c l e i ( 6 , 7 ) . 
Thus they a r e composed almost e n t i r e l y of growth s p e c i e s . S i n c e 
t h e r e i s no obvious way by which the young growing p a r t i c l e s can 
l o s e pure carbon, the C/H (carbon/hydrogen) r a t i o of the growth 
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s p e c i e s cannot be h i g h e r than t h a t of the young s o o t , about 2 to 
2 . 5 ( 3 ) . (As the soot ages i t s C/H r a t i o i n c r e a s e s to about 8 
(3).) 

To i d e n t i f y the growth s p e c i e s , we c o n s i d e r which h y d r o c a r 
bons i n the post flame gases s a t i s f y the above c o n s t r a i n t s . The 
v o l a t i l e m a t e r i a l may e a s i l y be e l i m i n a t e d . For example, i t s 
c o n c e n t r a t i o n i s about 100 times h i g h e r i n benzene flames than i n 
flames of a l i p h a t i c f u e l s ( 8 ) , but the growth r a t e s are n e a r l y 
i d e n t i c a l ( 9 ) . A l s o , t h e r e i s always much l e s s v o l a t i l e m a t e r i a l 
than soot i n the flame ( 3 ) , so t h e r e cannot be enough of i t (con
s t r a i n t s ( i i ) and ( i i i ) ) to account f o r the l a r g e i n c r e a s e i n 
soot mass w i t h age. 

P o l y a c e t y l e n e s (C,H 2 to C H have been observed) are e q u i l i 
b r a t e d w i t h a c e t y l e n e i n flames ( 1 0 ) . Bonne et a l . (10) and 
Homann and Wagner (8) argued t h a t the l a r g e s t of these are r e s 
p o n s i b l e f o r most of the s u r f a c e growth, but t h e i r arguments were 
o n l y c o r r e l a t i o n s and were t h e r e f o r e not c o n v i n c i n g . I n f a c t , 
the evidence shows t h a t they are not i m p o r t a n t . For example, 
except f o r d i a c e t y l e n e ( C ^ t ^ ) , a l l of the p o l y a c e t y l e n e s v i o l a t e 
c o n s t r a i n t ( i v ) . Furthermore, i n o r d e r f o r the h i g h e r p o l y a c e t y 
l e n e s to be as important as C^H^, t h e i r would have to be 
s u b s t a n t i a l l y h i g h e r s i n c e t h e i r c o n c e n t r a t i o n s are so much lower 
(10). However, Tesner has found (11) t h a t i n any homologous 
s e r i e s of hydrocarbons an i n c r e a s e i n m o l e c u l a r weight l e a d s to 
o n l y a " t i n y " i n c r e a s e i n the s u r f a c e growth r a t e s . F i n a l l y , 
deep i n the post flame gases f a r beyond the n u c l e a t i o n zone, 
oxygen has been consumed and C^H^ w i l l be formed from C^H^ by 
the p y r o l y s i s mechanism modelled by Tanzawa and G a r d i n e r Î12)· 
For the r i c h e r flames the model g i v e s a C^H^ f o r m a t i o n r a t e o n l y 
20% of the peak measured r a t e of soot f o r m a t i o n . T h i s r e s u l t 
means t h a t d i a c e t y l e n e cannot be r e s p o n s i b l e f o r s u r f a c e growth, 
s i n c e the e q u i l i b r i u m r e a c t i o n s c o n n e c t i n g C2H2 and C^H 2 would be 
too slow to prevent d i a c e t y l e n e from b e i n g d e p l e t e d , v i o l a t i n g 
c o n s t r a i n t s ( i i ) and ( i i i ) . Even i f the model were not a c c u r a t e 
enough to e l i m i n a t e d i a c e t y l e n e on t h i s b a s i s a l o n e , i t a l s o 
makes an important q u a l i t a t i v e p r e d i c t i o n . I f d i a c e t y l e n e i s 
i m p o r t a n t l y i n v o l v e d i n soot growth, then d e s t r u c t i o n of d i a c e t y 
l e n e on the soot s u r f a c e w i l l s u b s t a n t i a l l y p e r t u r b the v a l u e of 
the e q u i l i b r i u m r e l a t i o n s h i p between a c e t y l e n e and d i a c e t y l e n e , R 
= [C,H 2][H ] / [ C 2 H 2 ] . However, v a l u e s o f R measured i n h e a v i l y 
s o o t i n g (10) and i n n o n s o o t i n g (13) flames were e s s e n t i a l l y 
i d e n t i c a l , i m p l y i n g t h a t s u r f a c e growth i s i n f a c t a n e g l i g i b l e 
s i n k f o r C,H~. 

Only C j L and CH a r e p r e s e n t a t h i g h enough c o n c e n t r a t i o n 
to s a t i s f y c o n s t r a i n t ( i i i ) . However, g i v e n methane's c o n c e n t r a 
t i o n and the f a c t t h a t methane and a c e t y l e n e are not e q u i l i b r a t e d 
i n the flames ( 1 3 ) , CH, c o u l d not p r o v i d e a major f r a c t i o n o f the 
m a t e r i a l f o r soot growth w i t h o u t b e i n g s u b s t a n t i a l l y d e p l e t e d , 
v i o l a t i n g c o n s t r a i n t ( i i ) and c o n t r a d i c t i n g our c o n c e n t r a t i o n 
measurements. Thus, methane i s not important f o r s u r f a c e growth. 
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2. HARRIS Heterogeneous Growth of Soot Particles 29 

( S i m i l a r l y , v i n y l a c e t y l e n e c o u l d not be important s i n c e i t too 
i s not e q u i l i b r a t e d w i t h a c e t y l e n e (13).) T h e r e f o r e , whether o r 
not ^2^2 ^ t s e - ^ a c t u a l l y decomposes on the soot s u r f a c e , c o n s e r 
v a t i o n o f mass r e q u i r e s t h a t p r a c t i c a l l y a l l o f the soot mass i s 
p r o v i d e d , d i r e c t l y o r i n d i r e c t l y , by the a c e t y l e n e i n the burned 
gases. 

I t remains to determine whether s u r f a c e growth can be f u l l y 
accounted f o r by d i r e c t d e c o m p o s i t i o n of C^R^. Bonne et a l . (10) 
argued t h a t C^H^ c o u l d not be important s i n c e growth ceased a t 
l o n g times w h i l e the ^2^2 c o n c e n t r a t i ° n remained h i g h . However, 
growth may cease even m the presence o f the growth s p e c i e s i f 
the soot becomes u n r e a c t i v e as i t ages. The f a c t s t h a t as i t 
ages soot l o s e s i t s r a d i c a l c h a r a c t e r (10) and t h a t i t s c h e m i c a l 
c o m p o s i t i o n becomes more g r a p h i t i c suggest t h a t i t s r e a c t i v i t y 
does indeed f a l l . ( S i n c e the temperatures v a r y w i t h s t o i c h i o m e t r y 
by as much as 100 K, the s u b s t a n t i a l f a l l i n the r a t e c o n s t a n t 
w i t h time i s not due p r i m a r i l y t o the decrease i n temperature 
w i t h h e i g h t above the b u r n e r , which i s a l s o about 100 K.) I f we 
assume t h a t a c e t y l e n e i s the p r i n c i p a l growth s p e c i e s , then a p l o t 
of l n ( s p e c i f i c growth r a t e ) vs lnf C ^ H ^ ] g i v e s a r e a c t i o n o r d e r o f 
j=0.9±0.7 (2 sigma); t h a t i s , the r e a c t i o n i s f i r s t o r d e r . The 
apparent f i r s t o r d e r r a t e c o n s t a n t k may then be determined, and 
i t i s p l o t t e d i n F i g u r e 4. The spread i n the data which appears 
i n the lower p a r t o f F i g u r e 3 i s l a r g e l y e l i m i n a t e d . 

Independent data on s u r f a c e growth have been p r o v i d e d by 
Are|eva e£ a l . ( 1 4 ) . At 1700 Κ they measured a r a t e c o n s t a n t of 
10 g/cm -s-atm f o r s u r f a c e growth on pure carbon from ^2^2* 
which i s s i m i l a r t o the r a t e c o n s t a n t t h a t we c a l c u l a t e f o r o l d 
( h i g h C/H r a t i o ) soot i n our flame. The agreement supp o r t s the 
c o n c l u s i o n t h a t s u r f a c e growth i s c o n t r i b u t e d p r i m a r i l y by a c e t y 
l e n e . 

F i n a l l y , we note t h a t s i n c e the s p e c i f i c growth r a t e s a r e 
s i m i l a r i n flames which produce v e r y d i f f e r e n t amounts of s o o t , 
the p r o c e s s e s c o n t r o l l i n g the u l t i m a t e soot l o a d i n g must occur 
p r i o r to the growth s t a g e ; t h a t i s , d u r i n g the n u c l e a t i o n s t a g e . 
Thus, even though s u r f a c e growth i s r e s p o n s i b l e f o r p r a c t i c a l l y 
a l l o f the mass of mature soot p a r t i c l e s , i t appears t h a t r i c h e r 
flames produce more soot because they have a h i g h e r n u c l e a t i o n 
r a t e and t h e r e f o r e more s u r f a c e area from the b e g i n n i n g o f the 
growth s t a g e . 

Summary and C o n c l u s i o n s 

(1) We have found t h a t the i n c r e a s e d s u r f a c e growth i n r i c h e r 
flames i s accounted f o r p r i m a r i l y by the i n c r e a s e d s u r f a c e area 
a v a i l a b l e f o r growth i n these f l a m e s , and not by a h i g h e r con
c e n t r a t i o n of growth s p e c i e s . Thus, r i c h e r flames a r e s o o t i e r 
because they have a h i g h e r n u c l e a t i o n r a t e . 

(2) D e p l e t i o n of growth s p e c i e s does not occur i n our flames . 
T h e r e f o r e , the f i n a l s i z e reached by the soot p a r t i c l e s , when s u r -
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F i g u r e h. Apparent 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 t he r e a c t i o n 
c o n v e r t i n g a c e t y l e n e t o s o o t . (Reproduced w i t h p e r m i s s i o n from 
Ref. 2 . C o p y r i g h t 1 9 8 3 , Gordon and Breach.) 

f a c e growth has v i r t u a l l y ceased, i s not determined by d e p l e t i o n 
but r a t h e r by a decrease i n the r e a c t i v i t y of the s o o t . 

(3) We have shown t h a t the a c e t y l e n e i n the burned gases i s 
the source f o r most of the mass of mature soot p a r t i c l e s . F u r 
thermore, we have found t h a t the measured growth r a t e s a r e c o n s i s 
t e n t w i t h the assumption t h a t a f i r s t o r d e r d e c o m p o s i t i o n r e a c t i o n 
of a c e t y l e n e w i t h the soot s u r f a c e i s r e s p o n s i b l e f o r most of the 
soot growth, a l t h o u g h d i a c e t y l e n e may a l s o p l a y some r o l e . 
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3 
Ion Concentrations in Premixed Acetylene-Oxygen 
Flames near the Soot Threshold 

D. G. KEIL, R. J. GILL, D. B. OLSON, and H. F. CALCOTE 
AeroChem Research Laboratories, Inc., Princeton, ΝJ 08542 

Total ion concentration profiles were measured through 
the flame front of laminar, premixed, low pressure 
acetylene-oxygen flames at equivalence ratios, ф, from 
1.5 to 4.0. Peak total ion concentrations decrease 
with increasing ф up to and beyond the soot threshold 
(ф = 2.4). At close to the soot threshold, a second 
peak appears in the ion profiles. This second peak 
contains some of the same ions, e.g., C1 3H9+, as the 
first peak which is ascribed to chemi-ionization. The 
second peak reaches a minimum, at ф = 2.9, well on 
the fuel rich side of the soot threshold, and then 
rises again with increase in equivalence ratio. In a 
sooting, ф = 3.0, flame the concentrations measured 
are in reasonable agreement with measurements by 
others using molecular beam sampling techniques. The 
results refute the arguments against an ionic mecha
nism based on reported observations that the total 
ion concentration increases at the soot threshold. The 
measured ion concentrations are consistent with an 
ionic mechanism of soot nucleation. 

Ions a r e observed i n a l l premixed hydrocarbon f l a m e s . I n near 
s t o i c h i o m e t r i c f l a m e s , the major i o n s a r e s m a l l ( m o l e c u l a r weight 
< 100 amu); they r e s u l t from the pri m a r y c h e m i - i o n i z a t i o n r e a c 
t i o n CH + 0 = CH0 + and subsequent i o n - m o l e c u l e r e a c t i o n s . Recent 
flame i o n sampling mass s p e c t r o m e t r i c s t u d i e s (1) of premixed 
C 2H 2/0 2 flames have shown t h a t as the flames a r e e n r i c h e d t o near 
or beyond soot t h r e s h o l d , the l i g h t e r mass i o n s (< 300 amu) de
creas e i n c o n c e n t r a t i o n r e l a t i v e t o the growth of l a r g e r i o n s ( > 
300 amu). T h i s has been c i t e d as evidence t h a t r a p i d i o n - m o l e c u l e 
r e a c t i o n s c o n v e r t s m a l l hydrocarbon " p r e c u r s o r " i o n s ( e . g . , C 3 H 3

+ , 
C 5 H 3

+ , and C 7 H 5
+ ) to l a r g e r and l a r g e r i o n s which e v e n t u a l l y be

come soot p a r t i c l e s ( 2 , 3 ) . The i n t e r m e d i a t e s i z e i o n s w i t h masses 
between about 100-500 amu correspond t o p o l y c y c l i c a r o m a t i c hydro-

0097-6156/84/0249-0033506.00/0 
© 1984 American Chemical Society 
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34 CHEMISTRY OF COMBUSTION PROCESSES 

carbon (PCAH) i o n s . The h i g h e r mass i o n s a r e l e s s w e l l i d e n t i 
f i e d , b e i n g g e n e r a l l y grouped i n mass ranges, but a r e assumed t o 
i n v o l v e c o n t i n u e d growth t o soot p a r t i c l e s . I n s t u d i e s of s o o t i n g 
C 2 H 2 / O 2 f l a m e s , Homann (4) and Homann and S t r o e f e r (5) have ob
t a i n e d low r e s o l u t i o n i o n mass da t a t o about 1 0 5 amu, c o v e r i n g the 
range from p u r e l y m o l e c u l a r i o n s t o charged p a r t i c l e s o b s e r v a b l e 
by e l e c t r o n microscopy ( e q u i v a l e n t t o spheres w i t h diameters of 
about 6 nm). A l t h o u g h they found the mean i o n mass i n c r e a s e d 
throughout the flame, they d i d not a s s o c i a t e these i o n s w i t h the 
low mass PCAH i o n s s i n c e the t o t a l i o n i z a t i o n i n c r e a s e d s h a r p l y a t 
the h e i g h t i n the flame f o r the onset of s o o t i n g . Due t o the 
f a i r l y low i o n masses observed i n t h i s r e g i o n ( i . e . , h i g h i o n i z a 
t i o n p o t e n t i a l s ) , t h e r m a l i o n i z a t i o n was a l s o r u l e d o u t . S e v e r a l 
p o s s i b l e mechanisms f o r the p r o d u c t i o n of such l a r g e m o l e c u l a r 
i o n s have r e c e n t l y been c o n s i d e r e d by C a l c o t e (6) who concluded 
t h a t c o n t i n u e d growth of s m a l l e r chemi-ions by r e a c t i o n s w i t h 
major flame n e u t r a l s p e c i e s such as C 2 H 2 or C4H2 i s the most l i k e 
l y mechanism f o r the p r o d u c t i o n of l a r g e m o l e c u l a r i o n s i n f l a m e s . 
On the o t h e r hand, Goodings, Tanner, and Bohme (7_) and Michaud, 
D e l f a u , and B a r a s s i n (8) f a v o r b u i l d u p of l a r g e n e u t r a l s p e c i e s by 
f r e e r a d i c a l r e a c t i o n s f o l l o w e d by an i o n - m o l e c u l e r e a c t i o n of a 
s m a l l i o n w i t h the n e u t r a l s p e c i e s t o produce a l a r g e i o n . Homann 
and S t r o e f e r f a v o r t h e r m a l i o n i z a t i o n of the l a r g e n e u t r a l s p e c i e s 
by energy a c c u m u l a t i o n as the s p e c i e s grows ( 5 ) . 

D e l f a u e t a l . (9.) measured the t o t a l i o n c o n c e n t r a t i o n p r o 
f i l e s i n a s e r i e s of low p r e s s u r e C 2 H 2 / O 2 / N 2 premixed flames from 
n o n s o o t i n g to h e a v i l y s o o t i n g u s i n g Langmuir probes and a molecu
l a r beam Faraday cage t e c h n i q u e . On the f u e l l e a n s i d e of the 
soot t h r e s h o l d , the peak i o n c o n c e n t r a t i o n s decreased w i t h i n 
c r e a s i n g e q u i v a l e n c e r a t i o whereas on the f u e l r i c h s i d e , the peak 
i o n c o n c e n t r a t i o n s i n c r e a s e d w i t h e q u i v a l e n c e r a t i o . S i n c e the 
minimum peak i o n c o n c e n t r a t i o n seemed to occur near the c r i t i c a l 
e q u i v a l e n c e r a t i o f o r soot f o r m a t i o n , D e l f a u e t a l . and then 
Haynes and Wagner (10) concluded t h a t the i o n s i n the s o o t i n g 
flames are the r e s u l t of soot f o r m a t i o n and not the cause. C l o s e 
e x a m i n a t i o n of the r e s u l t s of D e l f a u e t a l . ( 9 ) , however, d i s 
c l o s e s t h a t the i o n c o n c e n t r a t i o n reaches a minimum v a l u e somewhat 
r i c h e r than the c r i t i c a l e q u i v a l e n c e r a t i o f o r soot f o r m a t i o n , φ α; 
compare φ α = 2.2 w i t h φ f o r minimum i o n c o n c e n t r a t i o n of 2.3. 
A d d i t i o n a l l y , t h e r e have been q u e s t i o n s about the v a l u e of the 
t o t a l i o n c o n c e n t r a t i o n i n near s o o t i n g and s o o t i n g f l a m e s , com
pared to the u l t i m a t e soot p a r t i c l e c o n c e n t r a t i o n s (10-12). 

These c o n f l i c t i n g i n t e r p r e t a t i o n s of the i o n i z a t i o n b e h a v i o r 
near soot t h r e s h o l d s — b o t h w i t h v a r i a t i o n s of the e q u i v a l e n c e 
r a t i o and the peak l o c a t i o n s i n the f l a m e — and the q u e s t i o n s 
about the t o t a l i o n c o n c e n t r a t i o n s prompted us t o measure a b s o l u t e 
i o n c o n c e n t r a t i o n p r o f i l e s i n the w e l l s t u d i e d 2.7 kPa (50 cm s~* 
unburned gas v e l o c i t y ) premixed C 2 H 2 / 0 2 flame i n an attempt t o 
b e t t e r d e f i n e the t h r e s h o l d b e h a v i o r and t o determine the a b s o l u t e 
i o n c o n c e n t r a t i o n s . 
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Ex p e r i m e n t a l Apparatus and Procedures 

Low P r e s s u r e Flame Apparatus. A l l experiments were performed on 
f l a t , premixed low p r e s s u r e , 2.7 kPa (20 T o r r ) C 2H 2/0 2 flames s t a 
b i l i z e d on a water c o o l e d b u r n e r . T h i s 8.6 cm diam burner was 
c o n s t r u c t e d o f a p p r o x i m a t e l y 900, 0.12 cm i . d . s t a i n l e s s s t e e l 
tubes m i c r o b r a z e d i n t o two s t a i n l e s s s t e e l p e r f o r a t e d p l a t e s t o 
form a water j a c k e t around the tubes. Gases were metered u s i n g 
c a l i b r a t e d c r i t i c a l f l o w o r i f i c e s . The burner was i n s t a l l e d i n a 
low p r e s s u r e v e s s e l pumped by a 140 L s ^ 1 (300 CFM) m e c h a n i c a l 
vacuum pump. Unburned gas v e l o c i t i e s (298 Κ and 2.7 kPa) i n a l l 
cases were 50 cm s " 1 . E q u i v a l e n c e r a t i o s from φ = 1.5 t o 4.0 were 
s t u d i e d w i t h most emphasis on a s o o t i n g φ = 3.0 flame. V i s i b l e 
soot e m i s s i o n became apparent a t a soot t h r e s h o l d of φ = 2.4 t o 
2.5. 

Langmuir Probe. A w a t e r - c o o l e d e l e c t r o s t a t i c probe was c o n s t r u c 
te d from s e v e r a l t e l e s c o p i n g b r a s s tubes around a 0.124 cm i . d . 
s t a i n l e s s s t e e l tube c o n t a i n i n g a P t / 1 0 % Rh probe w i r e i n s u l a t e d 
by f i n e q u a r t z and T e f l o n s l e e v e s . The probe w i r e , u s u a l l y 0.025 
cm diam, p r o t r u d e d 0.1 t o 1.0 cm from the end of the tubes exposed 
to the flame gases. T h i s probe assembly i s r e f e r r e d t o as the 
" f i x e d probe." A s i m i l a r assembly was a l s o used i n which t h e P t / 
Rh w i r e c o u l d be q u i c k l y extended i n t o t h e flame from an e n c l o s i n g 
h o u s i n g by f i x e d amounts (0 t o 1 cm) o r withdrawn i n t o t he c o o l e d 
housing by e x t e r n a l l y moving a 0.127 cm diam Pt/Rh w i r e b u t t w e l d e d 
to the f i n e probe w i r e . A vacuum t i g h t s l i d i n g 0 - r i n g s e a l was 
used around the l a r g e r w i r e . T h i s " p u l s e d " probe apparatus m i n i 
mized soot d e p o s i t i o n on the probe w i r e by i n s e r t i n g the w i r e i n 
the flame j u s t l o n g enough t o t a k e a measurement. T h i s probe was 
used a t a d i s t a n c e of 0.5 cm or f a r t h e r from the bu r n e r , where 
soot d e p o s i t i o n on the probe was a problem. 

I n b o t h c o n f i g u r a t i o n s , t he probe was b i a s e d r e l a t i v e t o the 
grounded burner w i t h a v a r i a b l e d.c. power s u p p l y . Probe c u r r e n t s 
were measured w i t h an e l e c t r i c a l l y f l o a t i n g K e i t h l e y Model 602 
e l e c t r o m e t e r . Probe r e s i s t a n c e t o ground was t y p i c a l l y 1 0 1 3 ohms, 
measured b e f o r e and a f t e r each experiment. 

F u l l c u r r e n t - v o l t a g e p r o f i l e s i n low p r e s s u r e C 2H 2/0 2 flames 
w i t h φ = 1.5 t o 3.5 were measured u s i n g the " f i x e d " probe t o d e t e r 
mine the probe c u r r e n t a t plasma p o t e n t i a l , Vp, by e x t r a p o l a t i o n . 
The " p u l s e d " probe was used o n l y a t co n s t a n t v o l t a g e s (-20 and 
-40 V) i n o r d e r t o m i n i m i z e exposure times ( = 1-2 s) to the flame 
and was used m a i n l y under s o o t i n g c o n d i t i o n s , 2.4 § φ ^ 4 . 0 . 

Probe Theory. E x p e r i m e n t a l probe c u r r e n t s a t the plasma p o t e n t i a l , 
where d i f f u s i v e t r a n s p o r t of i o n s t o the probe dominates convec-
t i v e t r a n s p o r t , were c o n v e r t e d t o i o n c o n c e n t r a t i o n s u s i n g the 
e q u a t i o n d e r i v e d by C a l c o t e ( 1 3 ) : 
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η + 1 + 
1.5 r I 

Ρ Ρ 
4λ + Β I n ( D 

Here n_j_ i s the i o n c o n c e n t r a t i o n (cm" 3) of i o n s w i t h mass m+ and 
mean f r e e path λ +. ( I + ) p i i s the c u r r e n t a t plasma p o t e n t i a l c o l 
l e c t e d by a c y l i n d r i c a l probe w i r e of r a d i u s r p and l e n g t h £ p . The 
symbols e, k, and Τ r e p r e s e n t t h e e l e c t r o n charge, Boltzmann's con
s t a n t , and t h e temperature (Κ), r e s p e c t i v e l y . The parameters X 
and Β a r e d e f i n e d : X = £ p + 2λ + and Β = ( X 2 - 4 ( r p + λ + ) 2 ) ι / 2 . 

Probe c u r r e n t s measured a t h i g h n e g a t i v e b i a s e s were c o n v e r t 
ed to i o n c o n c e n t r a t i o n s u s i n g the Clements and Smy t h i c k sheath 
t h e o r y (14) f o r i o n c o l l e c t i o n i n a f l o w i n g plasma under c o n d i 
t i o n s where c o n v e c t i v e r a t h e r than d i f f u s i v e t r a n s p o r t of i o n s t o 
the probe r e g i o n dominates: 

where μ + i s the i o n m o b i l i t y , e Q i s the p e r m i t t i v i t y of space, Vf 
i s the l o c a l f l o w v e l o c i t y , and I + i s the probe c u r r e n t c o l l e c t e d 
a t n e g a t i v e V p v o l t s r e l a t i v e t o plasma p o t e n t i a l . 

S i n c e the assumed mode of i o n t r a n s p o r t to the probe w i r e d i f 
f e r s i n the d e r i v a t i o n of E q u a t i o n s 1 and 2, the most a p p r o p r i a t e 
type of measurement depends on the l o c a l flame c o n d i t i o n s , the 
degree of i o n i z a t i o n , the mass d i s t r i b u t i o n of i o n s , e t c . E s t i 
mates of t h i s i n f o r m a t i o n were used a l o n g w i t h c e r t a i n probe 
the o r y c r i t e r i a t o s e l e c t the most a c c u r a t e method f o r each i n d i 
v i d u a l measurement (15). 

The a p p l i c a t i o n of E q u a t i o n s 1 and 2 r e q u i r e s i n f o r m a t i o n on 
flame temperatures, f l o w v e l o c i t i e s , and i o n m o b i l i t i e s / m e a n f r e e 
paths throughout the flame, as w e l l as the probe w i r e dimensions. 
T h i s i n f o r m a t i o n i s used b o t h t o s e l e c t the type of measurement to 
make (e.g., probe c u r r e n t s a t plasma p o t e n t i a l o r a t l a r g e nega
t i v e p o t e n t i a l s ) and t o c a l c u l a t e the i o n c o n c e n t r a t i o n , n + . De
t a i l s of probe t h e o r y s e l e c t i o n as w e l l as the d e t e r m i n a t i o n of 
the n e c e s s a r y l o c a l flame and i o n t r a n s p o r t p r o p e r t i e s a r e g i v e n 
elsewhere. The approach, however, i s summarized h e r e . 

Flame temperature p r o f i l e s a g a i n s t d i s t a n c e from the burner 
a r e based on sodium l i n e r e v e r s a l measurements of Bonne and Wagner 
(16) i n s i m i l a r 2.7 kPa, 50 cm s " 1 C 2H 2/0 2 flames. I n flames not 
measured by Bonne and Wagner, the p r o f i l e s were s c a l e d w i t h c a l c u 
l a t e d a d i a b a t i c flame temperatures. An u n c e r t a i n t y of 100 Κ i n 
the temperature r e s u l t s i n a minor (< 10%) e r r o r i n the c a l c u l a t e d 
i o n c o n c e n t r a t i o n s . Flow v e l o c i t i e s a r e determined from the l o c a l 
temperature and e q u i l i b r i u m c o m p o s i t i o n (mole change). 

Ion t r a n s p o r t p r o p e r t i e s are e s t i m a t e d on the b a s i s of the 
i o n masses i n the flame. The method used t o e s t i m a t e these num
ber s i s not s t r a i g h t f o r w a r d s i n c e an e x t r e m e l y wide range of i o n 

2A (πμ + ε ^ 1 / 3 ( n + e v f V p ) 2 / 3 

^ . 
f l n ( I + / 2 n + e v f r p i , p ) ] 2 

(2) 
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3. KEIL ET AL. Ion Concentrations in Acetylene-Oxygen Flames 37 

masses i s observed i n s o o t i n g flames. We have c o n s i d e r e d i o n 
masses observed i n our flame i o n mass s p e c t r o m e t r i c s t u d i e s of low 
mass i o n s ( < 300 amu) and i n the heavy flame i o n (100 < mass < 1 0 s 

amu) s t u d i e s by Homann and coworkers C4,.5) u s i n g t h e i r v a r i a b l e 
h i gh-pass i o n mass f i l t e r i n s o o t i n g flames (φ = 2.8-3.25). 

Our mass s p e c t r o s c o p i c s t u d i e s have shown t h a t i n n o n s o o t i n g 
flames the dominant i o n s a r e e i t h e r H 3 0 + (19 amu) or C 3 H 3

+ (39 
amu) w i t h C 3 H 3

+ dominating i n the r i c h e r of the no n s o o t i n g flames. 
I n s o o t i n g flames (φ ̂ 2 . 4 ) C 3 H 3

+ a l s o dominates w i t h i n about 1 cm 
from the burner. Beyond t h i s r e g i o n , the i o n masses r a p i d l y i n 
c r e a s e so we must depend on the s t u d i e s of Homann e t a l . 

The r e c e n t i o n mass r e s u l t s of Homann and S t r o e f e r (_5) were 
s c a l e d to Homann 1s more complete r e s u l t s (4) (heavy i o n mass d i s 
t r i b u t i o n s determined a t more d i s t a n c e s from the burner i n h i s φ = 
2.9, 2.7 kPa f l a m e ) . The r e s u l t a n t p r o f i l e of median i o n mass 
ve r s u s d i s t a n c e from the burner was s h i f t e d 0.2 cm c l o s e r t o the 
burner (based on Homann and S t r o e f e r ^ experiments on the e f f e c t 
of f l o w v e l o c i t y on i o n p r o f i l e s ) t o c o r r e c t f o r the s m a l l v e l o c i 
t y d i f f e r e n c e between t h e i r unburned gas v e l o c i t y ( = 4 3 cm s""1) 
f o r which they r e p o r t d a t a and our unburned gas v e l o c i t y (50 cm 
s"" 1 ) . T h i s s h i f t i s c o n s i s t e n t w i t h t h e i r observed s h i f t of the 
peak i o n s i g n a l l o c a t i o n w i t h v e l o c i t y . S i n c e Homann and S t r o e f e r 
found l i t t l e d i f f e r e n c e i n the 2 cm mass d i s t r i b u t i o n between φ = 
2.8 and φ = 3.5, the r e s u l t s s h o u l d a p p l y e q u a l l y to a φ = 3.0 
flame. "Smooth" e x t r a p o l a t i o n s of t h e i o n masses were made beyond 
4 cm and to mass 39 a t 0.9 cm. 

T h i s procedure r e s u l t e d i n the median i o n mass p r o f i l e shown 
i n F i g u r e 1 as a smooth c u r v e . A l s o shown a r e t h r e e p o i n t s of 
median charged p a r t i c l e masses from the e l e c t r o n - m i c r o s c o p e study 
of Adams (17). A p a r t i c l e d e n s i t y of 1.5 g cm""3 was used to con
v e r t Adams 1 r e p o r t e d p a r t i c l e diameter t o masses. There i s good 
agreement w i t h i n a f a c t o r of 2 between the charged p a r t i c l e masses 
and the median i o n mass p r o f i l e . The g r e a t e s t u n c e r t a i n t i e s i n 
the median i o n mass are seen t o occur a t d i s t a n c e s between 1 and 2 
cm from the burner where the mass i n c r e a s e s by more than two 
or d e r s of magnitude. 

I n the r e d u c t i o n of our Langmuir probe d a t a we assumed t h i s 
i o n mass p r o f i l e i n a l l s o o t i n g flames w i t h φ ̂ 2 . 7 5 . I n the 
s l i g h t l y s o o t i n g φ = 2.5 flame, we used the i n t e r m e d i a t e p r o f i l e 
shown as a dashed l i n e i n F i g u r e 1, based on a somewhat a r b i t r a r y 
geometric mean between the i o n masses i n a n o n s o o t i n g φ = 2.0 
flame (m_j_ = 39 amu) and those i n a h e a v i l y s o o t i n g flame. The 
u n c e r t a i n t i e s i n t r o d u c e d by these a p p r o x i m a t i o n s w i l l be d i s c u s s e d 
w i t h p r e s e n t a t i o n of the r e s u l t s of t h i s study. 

Our mass s p e c t r o m e t r i c s t u d i e s have shown t h a t major i o n s <: 
500 amu are c o n s i s t e n t i n mass w i t h p o l y c y c l i c a r o m a t i c h y d r o c a r 
bon (PCAH) i o n s . E x p e r i m e n t a l i o n m o b i l i t i e s of a wide mass range 
of PCAH i o n s (18,19) were e x t r a p o l a t e d t o v e r y h i g h masses i n o r 
der t o e s t i m a t e the m o b i l i t i e s of t h e heavy median mass i o n s ( F i g 
ure 1 ) . T h i s e x t r a p o l a t i o n p a r a l l e l s a Langevin-type e q u a t i o n , 
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F i g u r e 1. E s t i m a t e d median i o n masses based on Homann and co
workers heavy i o n masses (see t e x t ) i n s o o t i n g f l a m e s . S o l i d 
l i n e used t o c o n v e r t Langmuir probe c u r r e n t s t o i o n c o n c e n t r a t i o n s 
i n flames w i t h 0 > 2 . 5 ; dashed l i n e i s geometric mean o f s o l i d 
l i n e and mass 39 and was used i n 0 = 2 . 5 flame, o, charged p a r 
t i c l e mass ( I T ) ; and d e n s i t y = 1 .5 g cm~^. 
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3. K E I L E T A L . Ion Concentrations in Acetylene-Oxygen Flames 39 

g i v i n g us c o n f i d e n c e i n the procedure. C o r r e c t i o n s of the r e s u l 
t a n t i o n m o b i l i t i e s were made f o r flame temperature, p r e s s u r e , and 
f o r c o m p o s i t i o n u s i n g B l a n c 1 s law. 

R e s u l t s and D i s c u s s i o n 

Ion c o n c e n t r a t i o n s were d e r i v e d from the e x p e r i m e n t a l probe data 
based on the mass d i s t r i b u t i o n s i n F i g u r e 1 i n s o o t i n g flames (φ ^ 
2.5) except i n r e g i o n s c l o s e t o the burner (0 to 1 cm) where 39 
amu (C 3H 3+) was used f o r the mass of the flame i o n s . I n the l e a n 
er flames (φ < 2.4), mass 39 was used i n the c a l c u l a t i o n s w i t h the 
e x c e p t i o n of the φ = 1.5 flame i n which our flame i o n sampling 
mass s p e c t r a l s t u d i e s i n d i c a t e t h a t beyond about 1.2 cm, the domi
nant i o n i s H 3 0 + (mass = 19 amu). The r e s u l t a n t p r o f i l e s a r e 
shown i n F i g u r e 2 where the dashed l i n e s a r e based on C a l c o t e ' s 
t h e o r y and the s o l i d l i n e s a r e based on the t h i c k sheath t h e o r y of 
Clements and Smy. The e r r o r bar a t 5 cm on the φ = 3.0 p r o f i l e i s 
r e p r e s e n t a t i v e of the r e p r o d u c i b i l i t y of the a b s o l u t e c o n c e n t r a 
t i o n s determined a t d i f f e r e n t t i m e s . The r e p o r t e d p r o f i l e s r e p r e 
sent p o i n t by p o i n t averages. The peak i o n c o n c e n t r a t i o n s i n the 
s o o t i n g flames were g e n e r a l l y more r e p r o d u c i b l e than were the con
c e n t r a t i o n s f a r t h e r away from the b u r n e r . The t r a n s i t i o n s between 
dashed p r o f i l e s and s o l i d p r o f i l e s i n s o o t i n g flames were s u b j e c t 
to some smoothing, b e i n g based on s e p a r a t e e x p e r i m e n t s , but the 
o v e r l a p was w i t h i n the u n c e r t a i n t i e s . The r e g i o n near the burner 
i n s o o t y flames gave the l e a s t r e l i a b l e measurements, due i n p a r t 
to l a r g e temperature g r a d i e n t s , r a p i d l y changing i o n masses, and 
low i o n c o n c e n t r a t i o n s . 

The n o n s o o t i n g flames (φ = 1.5, 2.0) e x h i b i t a s i n g l e peak 
which decreases i n magnitude and s h i f t s downstream w i t h i n c r e a s i n g 
φ. At φ = 2.5, near the t h r e s h o l d f o r s o o t i n g , (φ α = 2.4-2.5), a 
second peak c o n s i d e r a b l y f a r t h e r downstream b e g i n s t o appear. T h i s 
second peak o c c u r s a t a d i s t a n c e where the median i o n mass i s 
g r e a t l y i n c r e a s i n g ( F i g u r e 1 ) . The c a l c u l a t e d r e l a t i v e i o n concen
t r a t i o n s a t the f i r s t and second peak i n t h i s p r o f i l e a r e depend
ent on the r e l a t i v e i o n masses assumed i n the peak r e g i o n s through 
the i o n m o b i l i t i e s used i n E q u a t i o n 2. For the heavy i o n s i n the 
r e g i o n of the second peak, we have found t h a t the c o n v e r s i o n f a c 
t o r from probe c u r r e n t s t o i o n c o n c e n t r a t i o n s i s r o u g h l y p r o p o r 
t i o n a l t o m^.0"18 due to the f a i r l y weak dependence on μ +. I n genr-
e r a l , t h i s i s a s m a l l mass e f f e c t , but i t can be s i g n i f i c a n t i f 
the mass i s changing r a p i d l y ; an o r d e r of magnitude i n c r e a s e i n 
mass l e a d s t o a 50% g r e a t e r c a l c u l a t e d n_j_. I n r i c h e r , h e a v i l y 
s o o t i n g flames (φ = 3.0, 3.5) the second peak becomes more acce n 
t u a t e d w h i l e the f i r s t peak c o n t i n u e s t o decrease w i t h i n c r e a s i n g 
φ. I n these f l a m e s , the i o n probe c u r r e n t s show d i s t i n c t double 
peaks. Thus, a l t h o u g h t he second peak i n the φ = 2.5 flame might 
be c o n s i d e r e d an a r t i f a c t of t h e c o n v e r s i o n of probe c u r r e n t s t o 
i o n c o n c e n t r a t i o n s , i t c l e a r l y i s not so i n the r i c h e r f l a m e s . The 
magnitude of the second peak decreases as φ i n c r e a s e s from 2.5 t o 
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0 1 2 3 4 5 6 
DISTANCE ABOVE BURNER, cm 

Figure 2 . Tota l ion concentration p r o f i l e s from Langmuir probe. 
Results i n s o l i d l ines based on currents measured with large nega
t ive bias and Equation 2 (ik) ; dashed l ines based on currents at 
plasma potent ia l and Equation 1 ( 1 3 ) . Error bar at 5 cm for 0 = 
3 . 0 flame represents r e p r o d u c i b i l i t y of measurements at various 
times. 
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2.9. F u r t h e r enrichment of the flame t o φ = 3.5 r e v e r s e s the 
tre n d w i t h a l a r g e i n c r e a s e i n the magnitude of the second peak. 

The i o n c o n c e n t r a t i o n s a t the peaks a r e p l o t t e d as a f u n c t i o n 
of e q u i v a l e n c e r a t i o i n F i g u r e 3. I g n o r i n g f o r the moment any d i f 
f e r e n t i a l between the f i r s t and second maxima, i t i s seen t h a t 
peak i o n c o n c e n t r a t i o n i n a s e r i e s of flames of i n c r e a s i n g f u e l 
r i c h n e s s beyond φ = 1.5 decreases w e l l beyond (~0.5 e q u i v a l e n c e 
u n i t s ) the c r i t i c a l t h r e s h o l d f o r soot f o r m a t i o n , φ 0 , i n d i c a t e d by 
the shaded a r e a . T h i s phenomenon i s more marked than t h a t observed 
by D e l f a u e t a l . (9) i n t h e i r C 2 H 2 / O 2 / N 2 flames where the lowest 
maximum o c c u r r e d about 0.1 e q u i v a l e n c e u n i t g r e a t e r than φ 0. T h i s 
o b s e r v a t i o n r e f u t e s any argument a g a i n s t the i o n i c soot f o r m a t i o n 
mechanism based on an i n c r e a s e i n peak i o n i z a t i o n a t the soot 
t h r e s h o l d e q u i v a l e n c e r a t i o . 

As i n the i n v e s t i g a t i o n by D e l f a u et a l . , t he f i r s t maximum 
i n the pres e n t study i s a s s o c i a t e d w i t h i o n s d e r i v e d from normal 
flame c h e m i - i o n i z a t i o n p r o c e s s e s because, as the flame i s made 
i n c r e a s i n g l y f u e l r i c h , the p o s i t i o n of the maximum v a r i e s c o n t i n 
u o u s l y and i t s magnitude decreases w i t h i n c r e a s i n g φ even i n the 
s o o t i n g flames as one would expect. The second maximum i s ex
p l a i n e d by D e l f a u et a l . (9) as due t o " d i r e c t t h e r m a l i o n i z a t i o n 
of l a r g e p o l y n u c l e a r a r o m a t i c m o l e c u l e s and carbon p a r t i c l e s l e s s 
than 2 nm diameter of low i o n i z a t i o n p o t e n t i a l s . " T h i s e x p l a n a 
t i o n has a l r e a d y been q u e s t i o n e d by Howard and Prado (20). I n the 
D e l f a u et a l . paper and the r e f e r e n c e d d i s c u s s i o n , t h e second peak 
i s i d e n t i f i e d w i t h the " i o n i z e d p a r t i c l e " peak (a t h i r d peak) 
which w i l l be d i s c u s s e d below. Examination of F i g u r e 5 i n the 
paper of D e l f a u et a l . i n d i c a t e s t h a t t h e i r f i r s t and second peaks 
correspond t o our f i r s t and second peaks which both o c c u r , as w i l l 
be shown, b e f o r e the peak i n "charged p a r t i c l e s " as i d e n t i f i e d by 
Wersborg, Yeung, and Howard ( 2 1 ) . 

Another d i f f i c u l t y w i t h the D e l f a u et a l . e x p l a n a t i o n i s t h a t 
the second peak c o n t a i n s many of the same s m a l l i o n s as the f i r s t 
peak; see e.g., F i g u r e 4. We have i d e n t i f i e d s e v e r a l i o n s i n t h e 
second peak i n c l u d i n g : C i 3 H 9

+ , C i 5 H n + , C i 8 H n + , C i 9 H n + , and 
i o n s c o n t a i n i n g 21, 23, 25, 27, and 29 carbon atoms. These i o n s 
are f a r too s m a l l t o be produced by the r m a l i o n i z a t i o n and no 
m e c h a n i s t i c path has been i d e n t i f i e d f o r the p r o d u c t i o n of s m a l l 
i o n s from l a r g e i o n s — o r charged p a r t i c l e s ( 6 ) . 

The l o c a t i o n s of the two maxima a r e p l o t t e d as a f u n c t i o n of 
the e q u i v a l e n c e r a t i o i n F i g u r e 5. I n the no n s o o t i n g f l a m e s , the 
( f i r s t ) maxima tend t o move away from the burner w i t h i n c r e a s i n g 
e q u i v a l e n c e r a t i o , w h i l e the second maxima behave s i m i l a r l y i n the 
s o o t i n g f l a m e s . 

F i g u r e 6 shows a comparison of the t o t a l i o n c o n c e n t r a t i o n 
p r o f i l e determined i n the pr e s e n t study of the φ = 3.0 flame w i t h 
r e l e v a n t data from o t h e r s t u d i e s . These i n c l u d e p r o f i l e s of t o t a l 
i o n s , charged p a r t i c l e s , and n e u t r a l s p e c i e s . The p r o f i l e i n d i 
c a t e d by HS r e p r e s e n t s m o l e c u l a r beam Faraday cage measurements by 
Homann and S t r o e f e r (.5). The p r o f i l e i s a c t u a l l y an average of 
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42 CHEMISTRY OF COMBUSTION PROCESSES 

F i g u r e 3 . Maximum t o t a l i o n c o n c e n t r a t i o n s as a f u n c t i o n o f 
e q u i v a l e n c e r a t i o . Same flames as F i g u r e 2 . o , maxima c l o s e s t 
t o b u r n e r ; and • , second maxima. Soot t h r e s h o l d i s i n d i c a t e d 
by s h a d i n g . 

F i g u r e h. C-^Hp i o n p r o f i l e s u s i n g flame sampling mass s p e c t r o 
meter t e c h n i q u e i n C2H2/O2 flame ( 2 . 1 kPa, 50 cm s"~ unburned 
v e l o c i t y ) . C r i t i c a l t h r e s h o l d , 0 C « 2 . 5 . 
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F i g u r e 5 . L o c a t i o n s o f t h e two i o n c o n c e n t r a t i o n maxima i n F i g u r e 
3 . Soot t h r e s h o l d i n d i c a t e d by shad i n g . 
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F i g u r e 6 . Comparison o f p r e s e n t 0 = 3 . 0 Langmuir probe t o t a l i o n 
c o n c e n t r a t i o n p r o f i l e w i t h o t h e r r e s u l t s . AeroChem, Langmuir 
p r o b e ; H S , m o l e c u l a r beam Faraday cage (5_) (see t e x t ) ; n e u t r a l soot 
and charged soot ( '21); C 1 Q H Q and > 1000 amu, n e u t r a l s p e c i e s ( 2 2 ) . 
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t h e i r r e s u l t s f o r 6 = 2.8 and φ = 3.25 f l a m e s , which a r e s i m i l a r 
i n shape, the r i c h e r flame e x h i b i t i n g somewhat h i g h e r i o n concen
t r a t i o n s . The r e s u l t a n t p r o f i l e has a l s o been s h i f t e d 0.2 cm, 
v i d e supra, towards the burner t o c o r r e c t f o r t h e s m a l l v e l o c i t y 
d i f f e r e n c e between t h e i r flame and the o t h e r 50 cm s " 1 flames 
r e p r e s e n t e d i n the f i g u r e . There i s o v e r a l l good agreement be
tween t h e i r t o t a l i o n c o n c e n t r a t i o n p r o f i l e and the Langmuir probe 
r e s u l t . HS, however, d i d not observe the f i r s t peak 1 cm from the 
b u r n e r , p r o b a b l y because t h e i r t e c h n i q u e was l e s s s e n s i t i v e t o the 
lower mass i o n s observed i n t h i s r e g i o n of the flame. They may 
not have looked c l o s e r t o the burner because, as a l r e a d y d i s c u s s e d , 
t h i s i s a d i f f i c u l t r e g i o n i n which t o take measurements (see 
Homann*s comments f o l l o w i n g Ref. 22), and they had no reason t o 
expect another peak t h e r e . 

F i g u r e 6 shows two n e u t r a l s p e c i e s p r o f i l e s from the molecu
l a r beam mass s p e c t r o m e t r i c study by B i t t n e r and Howard (22). The 
p o l y c y c l i c s C i 0 H 8 and, a t about an o r d e r of magnitude lower concen
t r a t i o n , C i ^ H e (not shown) peak e a r l y i n the flame a t about 0.5 
and 0.7 cm, r e s p e c t i v e l y , w h i l e l a r g e n e u t r a l s > 1000 amu ( r e l a 
t i v e c o n c e n t r a t i o n s c a l e ) peak i n the r e g i o n of the second i o n 
maximum. Homann and Wagner (23) a l s o observed a peak of l a r g e 
n e u t r a l s p e c i e s they c a l l e d "soot p r e c u r s o r s " i n the r e g i o n where 
the second i o n maximum i s observed. The g e n e r a l correspondence of 
two maxima i n b o t h the i o n c o n c e n t r a t i o n and the l a r g e n e u t r a l 
s p e c i e s i n s o o t i n g flames r a i s e s s e v e r a l q u e s t i o n s . Are t h e s e 
i o n s and n e u t r a l s a s s o c i a t e d w i t h each o t h e r ? I f so, are the i o n s 
the source of the n e u t r a l s , or v i c e v e r s a ? They c e r t a i n l y appear 
t o have a common g e n e s i s . Does the appearance of the second i o n 
maximum h e r a l d soot f o r m a t i o n ? These q u e s t i o n s remain unanswered 
at t h i s time. 

A l s o shown i n F i g u r e 6 a r e p r o f i l e s f o r l a r g e (>1.5 nm) soot 
and charged p a r t i c l e s from m o l e c u l a r beam e l e c t r o n microscopy 
s t u d i e s of Howard and coworkers ( 2 1 ) . As shown above, the masses 
a s s o c i a t e d w i t h the charged p a r t i c l e s agree w e l l w i t h the median 
mass i o n p r o f i l e shown i n F i g u r e 1 based on Homann and S t r o e f e r 1 s 
work. The d i f f e r e n c e s between the HS and AeroChem probe p r o f i l e s 
and the charged p a r t i c l e p r o f i l e may be e x p l a i n e d by a r g u i n g t h a t 
the two t e c h n i q u e s used t o produce the HS and AeroChem p r o f i l e s do 
not respond t o heavy, charged soot p a r t i c l e s , w h i l e the e l e c t r o n 
microscope study used t o produce the charged soot p r o f i l e does not 
d e t e c t s m a l l i o n s . However, these d i s c r i m i n a t i o n e f f e c t s must be 
g r e a t e r than might be e s t i m a t e d i f the t h r e e p r o f i l e s are l o c a t e d 
c o n s i s t e n t l y w i t h r e s p e c t to the burner. At 2 cm, Homann and 
S t r o e f e r observed a median i o n mass of r o u g h l y 10** amu c o r r e s p o n d 
i n g to an " i o n " diameter (spheres w i t h d e n s i t y 1.5 g cm""3) g r e a t e r 
than 2.5 nm, w i t h i n the r e p o r t e d s e n s i t i v i t y of the e l e c t r o n micro
scope s t u d i e s (>1.5 nm) . I f the t h r e e measurement t e c h n i q u e s , 
Langmuir probe, Faraday cage, and e l e c t r o n m i c r o s c o p e , measure the 
same s p e c i e s , why do the measurements d i f f e r by an o r d e r of magni
tude a t t h i s d i s t a n c e ? Even a l l o w i n g an e f f e c t i v e lower détecta-
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b i l i t y l i m i t of 2.5 nm w i t h the e l e c t r o n microscope measurement, 
the mass d i s t r i b u t i o n from t h e Homann and S t r o e f e r study a t 2 cm 
(50% o f the i o n s >2.5 nm) i n d i c a t e s t h a t the t o t a l i o n c o n c e n t r a 
t i o n s f o r the t h r e e measurements should be i n much c l o s e r a gree
ment. The d i f f e r e n c e s a r e p r o b a b l y a t t r i b u t a b l e t o e x p e r i m e n t a l 
e r r o r and t o the f a c t t h a t t h r e e somewhat d i f f e r e n t systems were 
s t u d i e d . 

I f c o n s i s t e n c y i s evoked a t 3.5 cm from t h e burner by a r b i 
t r a r i l y s h i f t i n g t he Faraday cage (5) and Langmuir probe p r o f i l e s 
i n F i g u r e 6 to h i g h e r c o n c e n t r a t i o n s r e l a t i v e t o the Howard e t a l . 
p a r t i c l e measurements ( 2 1 ) , so t h a t a l l t h r e e c u r v e s match a t t h i s 
d i s t a n c e , then the peak i o n c o n c e n t r a t i o n s i n the s h i f t e d p r o f i l e s 
a r e 1.0 t o 1.4 χ 1 0 1 0 cm""3, compared t o the peak n e u t r a l p l u s 
charged p a r t i c l e c o n c e n t r a t i o n of 1.2 χ 1 0 1 0 cm - 3. The i o n concen
t r a t i o n i s s u f f i c i e n t l y l a r g e t o p r o v i d e support f o r the h y p o t h e s i s 
of i o n i c p r e c u r s o r s f o r the soot c o n c e n t r a t i o n observed i n the 
flame because the peak i o n c o n c e n t r a t i o n i s comparable t o the f i n a l 
s o ot c o n c e n t r a t i o n . I t sh o u l d be noted, however, t h a t i o n soot 
p r e c u r s o r q u e s t i o n s a r e u l t i m a t e l y more s t r o n g l y r e l a t e d t o f l u x e s 
and r a t e s of p r o d u c t i o n than t o c o n c e n t r a t i o n s . 

The c o r r e c t e d i o n and charged p a r t i c l e p r o f i l e s i n F i g u r e 6, 
coupled w i t h the i n f o r m a t i o n i n F i g u r e 1, c o u l d be loo k e d a t as a 
smooth p r o g r e s s i o n from s m a l l i o n s t o l a r g e m o l e c u l a r i o n s t o l a r g e 
charged soot p a r t i c l e s which produce n e u t r a l p a r t i c l e s on recombin
a t i o n , c o n s i s t e n t w i t h an i o n i c mechanism of soot f o r m a t i o n . 

I n summary, we have measured t o t a l i o n c o n c e n t r a t i o n p r o f i l e s 
i n a s e r i e s of premixed, low p r e s s u r e C 2 H 2 / 0 2 flames (2.7 kPa, 50 
cm s " 1 unburned v e l o c i t y ) . I n r i c h s o o t i n g f l a m e s , the i o n concen
t r a t i o n i s observed t o maximize a t two d i s t a n c e s from the bu r n e r . 
The maximum c l o s e s t t o the burner i s a t t r i b u t e d t o normal chemi-
i o n i z a t i o n w h i l e the second maximum has been shown t o c o n t a i n many 
l a r g e i o n s as w e l l as a number of the s m a l l e r i o n s observed i n the 
f i r s t maximum. With i n c r e a s i n g f u e l r i c h n e s s from n o n s o o t i n g t o 
h e a v i l y s o o t i n g f l a m e s , the peak i o n c o n c e n t r a t i o n i n the f i r s t 
maximum decreases m o n o t o n i c a l l y . The i o n c o n c e n t r a t i o n a t the 
second maximum, which b e g i n s t o appear i n flames near the c r i t i c a l 
e q u i v a l e n c e r a t i o f o r soot f o r m a t i o n (φ α = 2.4 t o 2.5), a l s o de
cre a s e s w i t h f u e l enrichment w e l l beyond φ 0 . T h i s d i f f e r s from the 
o b s e r v a t i o n s r e p o r t e d by D e l f a u e t a l . (9) f o r a s e r i e s of i n 
c r e a s i n g l y r i c h e r low p r e s s u r e C 2H 2/0 2/N 2 flames i n which the i o n 
c o n c e n t r a t i o n i n the second maximum i s lowest a t an e q u i v a l e n c e 
r a t i o j u s t t o the r i c h s i d e (about 0.1 e q u i v a l e n c e u n i t s ) of φ α. 
The source of the second maximum ( i n i o n s and n e u t r a l s ) i s not 
c l e a r but i t seems t o be r e l a t e d t o soot p r e c u r s o r s . 

The peak i o n c o n c e n t r a t i o n i n the w e l l - s t u d i e d φ = 3.0 flame 
(2.7 kPa, 50 cm s" 1) has been e s t a b l i s h e d t o be about 5 χ 1 0 9 cm" 3 

by two v a s t l y d i f f e r e n t t e c h n i q u e s i n two l a b o r a t o r i e s . T h i s con
c e n t r a t i o n i s comparable t o the n e u t r a l and charged soot concen
t r a t i o n s determined by a t h i r d t e c h n i q u e i n a t h i r d l a b o r a t o r y . 
D i f f e r e n c e s i n s p a t i a l i o n and charged p a r t i c l e c o n c e n t r a t i o n p r o -
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f i l e s can be a t l e a s t p a r t l y a t t r i b u t e d t o d i s c r i m i n a t i o n e f f e c t s 
i n t h e v a r i o u s t e c h n i q u e s used. The i o n c o n c e n t r a t i o n s a r e s u f f i 
c i e n t l y h i g h t o p r o v i d e i o n i c p r e c u r s o r s f o r t h e soot produced 
l a t e r i n t h i s flame. We conclude t h a t the i o n i c soot f o r m a t i o n 
mechanism remains v i a b l e . 
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4 
Reactivities and Structures of Some Hydrocarbon 
Ions and Their Relationship to Soot Formation 

JOHN R. EYLER 
Department of Chemistry, University of Florida, Gainesville, FL 32611 

The reactions of three ions, C3H3+, C5H5+, and C6H5+, 
which have been sampled from fuel-rich and sooting 
flames, have been studied with a variety of flame 
neutrals using an ion cyclotron resonance (icr) mass 
spectrometer. Three different mass spectrometric 
techniques have been used to differentiate isomeric 
forms of the ions whose reaction rate coefficients 
were measured. These include icr reactivity differ
ences, reactive collisions in a triple quadrupole mass 
spectrometer, and collision-induced dissociaton reac
tions in a reversed-geometry, double-focusing mass 
spectrometer. As a complement to experimental work, 
theoretical calculations have been carried out to 
predict the visible and ultraviolet absorption spectra 
of several isomeric forms of C3H3+ and C5H5+, as well 
as the relative stability of a number of isomeric 
forms of the latter ion. The structure determination 
and the ion/molecule reactivity studies both provide 
results consistent with and supportive of recently 
proposed ionic mechanisms for soot nucleation. 

The e x i s t e n c e of io n s i n flames has been known f o r many y e a r s , 
w i t h Langmuir probes (1) and mass s p e c t r o m e t r i c sampling (2) used 
i n a number of the e a r l y i n v e s t i g a t i o n s . However, i o n number 
d e n s i t i e s were found to be much h i g h e r than co u l d be e x p l a i n e d by 
e q u i l i b r i u m thermal i o n i z a t i o n at the temperatures o c c u r i n g i n 
flam e s . C a l c o t e (3) f i r s t suggested the c h e m i i o n i z a t i o n mechanism 

CH* + 0 + HCO + + e" (1) 

which i s now g e n e r a l l y accepted as the most important i o n forma
t i o n mechanism i n many flames. I n recen t years a number of groups 
( 4 - 7 ) have used improved mass s p e c t r o m e t r i c sampling techniques t o 

0097-6156/84/0249-0049506.00/0 
© 1984 American Chemical Society 
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50 CHEMISTRY OF COMBUSTION PROCESSES 

o b t a i n d e t a i l e d p r o f i l e s of ion s i n both f u e l - l e a n and - r i c h 
f l a m e s , and to e x p l a i n the i o n c h e m i s t r y i n v o l v e d i n the f o r m a t i o n 
and l o s s of the observed i o n s ( 8 ) . Since most combustion p r o 
cesses have been shown t o proceed v i a n e u t r a l and f r e e - r a d i c a l 
r e a c t i o n s , the importance of i o n s i n combustion (as opposed to 
t h e i r e x i s t e n c e ) has not been e s t a b l i s h e d . One area of combustion 
c h e m i s t r y where i o n s and i o n / m o l e c u l e r e a c t i o n s may p l a y a c r i t i 
c a l r o l e , and which has been emphasized i n our s t u d i e s to d a t e , i s 
t h a t of soot n u c l e a t i o n i n f u e l - r i c h flames. 

A re c e n t r e v i e w by C a l c o t e (9) d i s c u s s e s many of the proposed 
mechanisms of soot n u c l e a t i o n , both n e u t r a l and i o n i c , and p r e s 
ents the case f o r an i o n / m o l e c u l e scheme, b e g i n n i n g w i t h CoH^ 
and s e q u e n t i a l l y adding p r i m a r i l y a c e t y l e n e and p o l y a c e t y l e n e 
molecules i n r a p i d c o n d ensation and c o n d e n s a t i o n - e l i m i n a t i o n 
r e a c t i o n s which l e a d to p o l y c y c l i c a r o m a t i c hydrocarbon i o n s of 
m/z 500 - 1000 amu. T h i s p a r t i c u l a r i o n / m o l e c u l e soot n u c l e a t i o n 
model has been e l u c i d a t e d f u r t h e r i n an a r t i c l e by C a l c o t e and 
Olson ( 10) where a s e r i e s of i o n / m o l e c u l e r e a c t i o n s were combined 
w i t h a c e t y l e n e o x i d a t i o n r e a c t i o n s and a c o m p u t a t i o n a l model 
developed. T h i s model gave i o n p r o f i l e s r e a s o n a b l y s i m i l a r t o 
those a c t u a l l y observed i n s o o t i n g f l a m e s , and a l s o p r e d i c t e d 
c o n c e n t r a t i o n s of i o n s s u f f i c i e n t l y h i g h t h a t they might be con
s i d e r e d as soot n u c l e a t i o n s i t e s . Aspects of an i o n i c mechanism 
f o r soot n u c l e a t i o n are d i s c u s s e d i n more d e t a i l i n another a r t i 
c l e i n t h i s volume, so no more w i l l be s a i d at t h i s p o i n t about 
the g e n e r a l f e a t u r e s of the scheme. I t should be noted, however, 
t h a t o b j e c t i o n s t o i t have been r a i s e d r e c e n t l y ( 1 1 ) . 

Our work i n t h i s a r ea has been prompted by a number of weak
nesses of the io n / m o l e c u l e soot n u c l e a t i o n scheme of C a l c o t e and 
Olson ( 10) (noted by the authors i n t h e i r a r t i c l e ) . Very few 
e x p e r i m e n t a l s t u d i e s have been c a r r i e d out to determine the r a t e 
c o e f f i c i e n t s f o r r e a c t i o n s of s m a l l hydrocarbon i o n s w i t h v a r i o u s 
flame n e u t r a l s . N o t i n g t h i s l a c k of d a t a , C a l c o t e and Olson set 
a l l r a t e c o e f f i c i e n t s i n t h e i r model to the (not unreasonable) 
v a l u e of 2 χ 10~ cm / s . As w i l l be seen l a t e r i n t h i s a r t i c l e , 
a l a r g e number of i s o m e r i c s t r u c t u r e s are p o s s i b l e f o r even s m a l l 
hydrocarbon i o n s , and l i t t l e , i f any, r e l i a b l e thermochemical data 
e x i s t s f o r any of them. C a l c o t e and O l s o n , i n t h e i r model, chose 
what seemed t o be the most reasonable s t r u c t u r e f o r many of the 
i o n s i n v o l v e d , and e s t i m a t e d heats of f o r m a t i o n i n the many cases 
where none could be found i n the l i t e r a t u r e . 

In an attempt to p r o v i d e more a c c u r a t e d a t a on i o n / m o l e c u l e 
r e a c t i o n s , i o n s t r u c t u r e s , and i o n thermochemistry which may be 
r e l e v a n t to soot f o r m a t i o n , we have i n i t i a t e d a program to o b t a i n 
such i n f o r m a t i o n i n c o n t r o l l e d l a b o r a t o r y s t u d i e s . Ion/molecule 
r e a c t i o n r a t e c o e f f i c i e n t s f o r the r e a c t i o n s of major (and i n i 
t i a l l y low m o l e c u l a r weight) i o n i c s p e c i e s found i n f u e l - r i c h and 
s o o t i n g flames w i t h a v a r i e t y of flame n e u t r a l s have been and are 
c o n t i n u i n g to be determined. We have used s e v e r a l mass s p e c t r o 
m e t r i c t e c h n i q u e s , i n c l u d i n g i o n c y c l o t r o n resonance ( i c r ) mass 
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4. EYLER Hydrocarbon Ions and Soot Formation 51 

s p e c t r o m e t r y , t r i p l e quadrupole tandem mass s p e c t r o m e t r y , and 
c o l l i s i o n - i n d u c e d d i s s o c i a t i o n i n a reversed-geometry ZAB-2F mass 
spectrometer to probe the s t r u c t u r e s of s m a l l hydrocarbon i o n s . 
And we have complemented our e x p e r i m e n t a l s t u d i e s w i t h t h e o r e t i c a l 
c a l c u l a t i o n s of the en e r g i e s and s p e c t r a of c e r t a i n i o n s whose 
s t r u c t u r e s are not w e l l e s t a b l i s h e d . The remainder of t h i s a r t i 
c l e w i l l d i s c u s s our work on thre e i o n i c systems which are seen i n 
e a r l y stages of the ion / m o l e c u l e c h e m i s t r y i n f u e l r i c h f l a m e s : 
C3U3* , C 5 H 5

+ and C 6 H 5
+ . 

E x p e r i m e n t a l 

The m a j o r i t y of the s t u d i e s to be re p o r t e d here have been c a r r i e d 
out u s i n g i o n c y c l o t r o n resonance mass sp e c t r o m e t r y . T h i s v a r i a 
t i o n of mass spectrometry and i t s many a p p l i c a t i o n s have been 
d i s c u s s e d i n d e t a i l i n s e v e r a l review a r t i c l e s (12-14) and at 
l e a s t one book ( 1 5 ) . B r i e f l y , i t uses combinations of s t a t i c 
e l e c t r i c and magnetic f i e l d s t o t r a p gaseous i o n s at low p r e s s u r e s 
f o r time p e r i o d s of up to s e v e r a l seconds i n d u r a t i o n . D u r i n g 
these long t r a p p i n g p e r i o d s , the ions can be s u b j e c t e d t o e l e c t r o 
magnetic r a d i a t i o n , o f t e n from tunable l a s e r s , to study t h e i r 
s p e c t r o s c o p i c p r o p e r t i e s , or t h e i r r e a c t i v i t y w i t h v a r i o u s n e u t r a l 
compounds present i n the t r a p p i n g r e g i o n can be f o l l o w e d . With 
the pulsed i c r method ( 16) d e t e r m i n a t i o n of ion / m o l e c u l e r e a c t i o n 
r a t e c o e f f i c i e n t s f o r q u a s i - t h e r m a l i o n s at temperatures from ca. 
300 Κ to s e v e r a l hundred Κ h i g h e r can be made i n a s t r a i g h t f o r w a r d 
manner (17-19). The s t r u c t u r e s of i s o m e r i c i o n s can a l s o be 
probed w i t h t h i s technique s i n c e i o n s of d i f f e r e n t s t r u c t u r e o f t e n 
e x h i b i t d i f f e r e n t r e a c t i v i t i e s toward s e l e c t e d n e u t r a l s . T h i s 
approach was f i r s t employed by Gross and co-workers ( 20) i n a 
study of C^H, iso m e r s , and has been u t i l i z e d more r e c e n t l y by 
Ausloos and L i a s (21-22) f o r C 7 H 7

+ and C^H^ + i o n s . 
For one study i n v o l v i n g the d i f f e r e n t i a t o n of C^H^ iso m e r s , 

a F i n n i g a n t r i p l e quadrupole mass spectrometer was employed. T h i s 
type of mass s p e c t r o m e t r i c i n s t r u m e n t a t i o n has been d e s c r i b e d i n 
s e v e r a l p u b l i c a t o n s (23-24) and has been a p p l i e d t o a number of 
problems (25-26) i n a n a l y t i c a l c h e m i s t r y . The f i r s t quadrupole i s 
used t o s e l e c t an i o n of i n t e r e s t , the second, i n an r f - o n l y mode, 
i s used as a t r a p i n which the i o n undergoes ( i n our case r e a c 
t i v e ) c o l l i s i o n s w i t h a s e l e c t e d n e u t r a l gas, and the t h i r d qua
d r u p o l e i s used to anal y z e the r e s u l t s of those c o l l i s i o n s . Work 
on C,H^ + s t r u c t u r e d i f f e r e n t i a t i o n was c a r r i e d out on a VG A n a l y 
t i c a l Instruments ZAB-2F reverse-geometry d o u b l e - f o c u s i n g mass 
spectrometer (27) at the Naval Research L a b o r a t o r y i n Washington, 
DC. Usi n g the MIKES-CID (28) approach, a p a r t i c u l a r m/z i o n i s 
passed through the magnetic s e c t o r of the spectrometer and, w i t h 
k i n e t i c energy u s u a l l y i n the 4-8 keV range, c o l l i d e s w i t h a gas 
i n the second f i e l d f r e e r e g i o n . The products of t h i s c o l l i s i o n 
are energy analyzed by an e l e c t r o s t a t i c a n a l y z e r , w i t h t h i s i n f o r 
mation then r e l a t e d t o the mass of the c o l l i s i o n p r o d u c t s . 
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52 CHEMISTRY OF COMBUSTION PROCESSES 

T h e o r e t i c a l s t u d i e s on i o n s t r u c t u r e s and s p e c t r a were c a r r i e d out 
u s i n g i n i t i a l l y the Amdahl 450-V7 and more r e c e n t l y the IBM 3081D 
computer of the Northeast R e g i o n a l Data Center at the U n i v e r s i t y 
of F l o r i d a , and a D i g i t a l Equipment Corp. VAX 11/780 minicomputer 
i n the Quantum Theory P r o j e c t at UF. 

R e s u l t s 

CoHo^. C 3 H 3 + i s t n e major i o n sampled from a wide range of f u e l -
T i c h a n d s o o t i n g f l a m e s , and has been taken as the s t a r t i n g p o i n t 
f o r the i o n i c soot f o r m a t i o n scheme proposed by C a l c o t e and Olson 
( a l t h o u g h t h e r e i s s t i l some u n c e r t a i n t y as t o i t s exact f o r m a t i o n 
mechanism i n c e r t a i n f l ames) ( 1 0 ) . Two i s o m e r i c s t r u c t u r e s are 
important i n d i s c u s s i n g i t s r o l e i n flame systems. The f i r s t i s 
the c y c l o p r o p e n y l i u m isomer, I , which has been most o f t e n formed 

H 

C 

and s t u d i e d i n mass s p e c t r o m e t r i c and t h e o r e t i c a l work to date. 
T h i s i s g e n e r a l l y r e c o g n i z e d as the most s t a b l e C^H^ isomer, w i t h 
a t h e o r e t i c a l l y c a l c u l a t e d heat of f o r m a t i o n of 253 k c a l / m o l ( 2 9 ) , 
which i s i n q u i t e good agreement w i t h the 256 ± 2 k c a l / m o l d e t e r 
mined (30) by experiment. Ĉ Ĥ "*" i o n s p o s s e s s i n g t h i s s t r u c t u r e 
can be formed f o r study i n a mass spectrometer by e l e c t r o n impact 
on a number of p r e c u r s o r s , i n c l u d i n g aliène (C^H^) and the v a r i o u s 
p r o p a r g y l h a l i d e s (C^H^X). A second and p o t e n t i a l l y more impor
t a n t C^H^ s t r u c t u r e i s t h a t of the l i n e a r p r o p a r g y l i u m i o n , I I . 

H 

+ 
C = = C H 

H 

I I 
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4. EYLER Hydrocarbon Ions and Soot Formation 53 

The heat of f o r m a t i o n of t h i s i o n has been c a l c u l a t e d (29) t o be 
31-34 k c a l / m o l h i g h e r than t h a t of the c y c l o p r o p e n y l i u m i o n , a g a i n 
i n f a i r agreement w i t h the 25 k c a l / m o l d i f f e r e n c e found (30) 
e x p e r i m e n t a l l y . Far l e s s t h e o r e t i c a l and e x p e r i m e n t a l a t t e n t i o n 
has been g i v e n t h i s form of the Ĉ Ĥ "1" i o n , although there was at 
l e a s t one su g g e s t i o n (31) t h a t i t might be important i n flames . 
Mass s p e c t r o m e t r i c study of the pr o p a r g y l i u m isomer has become 
more s t r a i g h t f o r w a r d w i t h the r e p o r t (32) by Ausloos and L i a s t h a t 
s i g n i f i c a n t f r a c t i o n s of the isomer can be produced by charge 
t r a n s f e r r e a c t i o n s of s m a l l i o n s ( A r + , X e + , C 0 + , Ne +, e t c . ) w i t h 
p r o p a r g y l c h l o r i d e and bromide. Work i n our l a b o r a t o r i e s has 
shown t h a t even h i g h e r p r o p o r t i o n s of II r e l a t i v e t o I can be 
obtaine d by e i t h e r e l e c t r o n impact on or charge exchange w i t h 
p r o p a r g y l i o d i d e ( s y n t h e s i z e d by a h a l i d e exchange r e a c t i o n w i t h 
p r o p a r g y l bromide). Other i s o m e r i c C^H^* s t r u c t u r e s have been 
c a l c u l a t e d (29) t o be 1 eV or hi g h e r i n energy than I I , and have 
not been s e r i o u s l y s t u d i e d or d i s c u s s e d i n co n n e c t i o n w i t h flame 
mechanisms. 

Because of i t s s t a b i l i t y , the c y c l o p r o p e n y l i u m i o n , I , has 
been thought to be r e l a t i v e l y u n r e a c t i v e toward simple hydrocarbon 
f u e l s . T h i s has been confirmed i n a study (33) by workers from 
the N a t i o n a l Bureau of Standards, who found th a t I was u n r e a c t i v e 
w i t h e t h y l e n e , aliène, and more i m p o r t a n t l y , a c e t y l e n e and 
d i a c e t y l e n e . T h i s i s o m e r i c form of the i o n d i d show moderate 
r e a c t i v i t y toward some hydrocarbons such as iso-C^Hg, t r a n s - 2 -
pentane, and 1,3-cyclo-C^Hg. Ions w i t h the s t r u c t u r e II were 
q u i t e r e a c t i v e w i t h many or the 26 n e u t r a l s p e c i e s s t u d i e d . I n 
p a r t i c u l a r , r e a c t i o n of II w i t h a c e t y l e n e produced C5H3 and C^Hc 
i o n p o p u l a t i o n s w i t h r e a c t i v e and u n r e a c t i v e components. The 
r e a c t i v e isomers of these i o n s combined w i t h a c e t y l e n e t o form 
CyH x i o n s , which probably possessed a s t a b l e , c y c l i c s t r u c t u r e . 
I t thus appears t h a t i f an i o n i c soot f o r m a t i o n mechanism s i m i l a r 
t o t h a t proposed by C a l c o t e (9) i s important i n combustion 
systems, the l i n e a r , p r o p a r g y l i u m i o n , I I , i s the important 
r e a c t i v e p r e c u r s o r . 

A s u g g e s t i o n has been made (34) t h a t Ĉ Ĥ "1" does not r e a c t 
s e q u e n t i a l l y w i t h a c e t y l e n e t o form s m a l l p o l y c y c l i c i o n s , but 
r a t h e r d i r e c t l y w i t h aromatic n e u t r a l s (benzene, t o l u e n e , m e t h y l -
naphthalenes , indene) to form the i n i t i a l p o l y c y c l i c i o n s i n one 
st e p . While these n e u t r a l s have on l y been seen as minor compo
nents i n fl a m e s , t h e i r r e a c t i o n s w i t h C^H^ + may non e t h e l e s s be 
important s i n c e they would e l i m i n a t e 3-5 s e q u e n t i a l a c e t y l e n e 
r e a c t i o n s , each w i t h i t s p o s s i b i l i t y f o r branching i n t o u n r e a c t i v e 
as w e l l as r e a c t i v e s p e c i e s . We have used (35) e l e c t r o n impact on 
p r o p a r g y l i o d i d e t o produce both c y c l o p r o p e n y l i u m and p r o p a r g y l i u m 
i o n s i n our i c r mass spectrometer and then s t u d i e d t h e i r subse
quent i o n / m o l e c u l e r e a c t i o n s w i t h s m a l l a r o m a t i c n e u t r a l 
m o l e c u l e s . The r e s u l t s f o r both i o n i c s t r u c t u r e s are g i v e n i n 
Table I , alon g w i t h the expected r a t e c o e f f i c i e n t c a l c u l a t e d 
assuming an io n - i n d u c e d d i p o l e model ( 3 6 ) . One sees t h a t as w i t h 
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54 CHEMISTRY OF COMBUSTION PROCESSES 

o t h e r hydrocarbon s p e c i e s , the p r o p a r g y l i u m i o n r e a c t s q u i t e 
r a p i d l y w i t h a l l of the n e u t r a l s , w h i l e the c y c l o p r o p e n y l i u m form 
r e a c t s slower or not at a l l . These r e s u l t s i n d i c a t e t h a t d i r e c t 
r e a c t i o n of ^βΗβ* w i t h c y c l i c n e u t r a l s may indeed be an important 
channel i n an i o n i c soot f o r m a t i o n mechanism, s i n c e the r a t e 
c o e f f i c i e n t s are q u i t e h i g h . However, importance of t h i s channel 
r e l a t i v e t o s e q u e n t i a l a c e t y l e n e a d d i t i o n r e a c t i o n s cannot be 
assessed u n t i l more of the r a t e c o e f f i c i e n t s , i o n i c s t r u c t u r e s , 
and heats of f o r m a t i o n have been determined f o r the r e a c t i o n s i n 
the l a t t e r scheme. 

Table I . Rate C o e f f i c i e n t s f o r Some R e a c t i o n s of C^H-j 

C 3 H 3
+ + Reactant N e u t r a l -» P r o d u c t s 

Reactant N e u t r a l C y c l i c L i n e a r L a n g e v i n 

A c e t y l e n e (C2H2) 

Benzene (C^H^) 
Toluene (CyHg) 
Naphthalene ( C 1 Q H 8 ) 
1-Methylnaphthalene ( C ^ H ^ ) 
2-Methylnaphthalene ( c n H i o ^ 
Indene (CgHg) 

N.R. 12 11 
N.R. 15 16 
0.17 15-20 16 
0.17 7.0 13 
N.R 5.7 — 
0.21 1.6 — 
4.4 18-20 — 

A l l r a t e c o e f f i c i e n t s i n cm /s χ 10 . 
N.R. = no r e a c t i o n or r e a c t i o n l e s s than c e l l l o s s . 
— = not c a l c u l a t e d . 

The r e a c t i v i t y of the p r o p a r g y l i u m fgrm and the non-
r e a c t i v i t y of the c y c l o p r o p e n y l i u m form of C^H^ toward a c e t y l e n e 
l e d to development of a new mass s p e c t r o m e t r i c technique f o r the 
d i f f e r e n t i a t i o n of s t r u c t u r a l isomers. I n c o l l a b o r a t i o n (37) w i t h 
Drs. Yost and F e t t e r o l f i n our department we have used r e a c t i v e 
c o l l i s i o n s of low k i n e t i c energy i o n s i n the c e n t e r quadrupole of 
a t r i p l e quadrupole mass spectrometer to d i f f e r e n t i a t e between the 
two i s o m e r i c forms of C^H/**. C^H^ + i o n s were formed by e l e c t r o n 
impact on p r o p a r g y l c h l o r i d e , bromide, and i o d i d e , m a s s - s e l e c t e d 
i n the f i r s t quadrupole, then passed i n t o the second quadrupole 
w i t h e n e r g i e s of 2-20 eV where they r e a c t e d w i t h a c e t y l e n e ^ Ions 
r e s u l t i n g from these r e a c t i o n s , as w e l l as unreacted C^H^ i o n s , 
w e r e + t h e n mass-analyzed i n t h e t h i r d quadrupole. The i n t e n s i t y o f 
C Η , formed by the r e a c t i o n o f t h e p r o p a r g y l i u m form o f C Η + 
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4. EYLER Hydrocarbon Ions and Soot Formation 55 

with acetylene, increased s l i g h t l y re la t ive to unreacted C3H3 
when propargyl bromide instead of chloride was used as precursor 
of ; a marked increase was seen when propargyl iodide was 
used. These results are consistent with i c r ion r e a c t i v i t y data 
that show electron impact upon propargyl iodide produces predomi
nantly the l i n e a r , propargylium C^H^ + i on , while use of the 
bromide or chloride produces almost exclusively the cyclopropenyl
ium ion . Since quadrupole mass spectrometers have been employed i n 
some flame sampling studies, our d i f f erent ia t ion of ion structures 
with a t r i p l e quadrupole instrument suggests the p o s s i b i l i t y of 
actual ly determining the structures of selected ions sampled mass 
spectrometrically from flames. Such structure determination could 
serve to confirm, or further e lucidate , an ionic soot nucleation 
pathway. 

The number densit ies determined for Ĉ Ĥ "*" ions in several 
experimentally studied flames are s u f f i c i e n t l y high that use of 
laser induced fluorescence ( l i f ) might be considered as a r e l a 
t ive ly non-intrusive probe for mapping the intens i ty d i s t r i b u t i o n 
of these ions in the flame. However, some knowledge of the ener
gies of the various excited states of the ions is necessary before 
a serious attempt at using l i f can be made. The excited state 
energetics depend, of course, on the structure of the C ^ H ^ isomer 
under consideration. No experimental determination of the excited 
states of either form of the ion considered here has been carried 
out. One rather complete theoret ica l ca lculat ion has been per
formed (38) on the cyclopropenylium ion , with the SCF LCAO-MO CI 
results indicat ing that the f i r s t excited s inglet of the ion l i e s 
some 8.5 eV above the ground state. The exc i tat ion wavelength for 
l i f studies on this structure would thus be ca. 146 nm, shorter 
than that currently avai lable from commercial lasers . However^ 
one might expect that the l i n e a r , propargylium form of the C3H3 
ion would possess lower-lying excited states . No ca lculat ion of 
the excited state energetics of this s t ruc tura l isomer has been 
performed. In col laboration with Drs. Zerner and Edwards of the 
Univers i ty of F l o r i d a Quantum Theory Project , we are currently 
invest igat ing this problem. A spectroscopic INDO program (39) has 
been used to obtain exci tat ion energies for the propargylium 
structure , and to confirm the e a r l i e r (38) results for the 
cyclopropenylium ion . Several low ly ing excited states , in the 
range 3-5 eV above the ground state , have been predicted, but a l l 
are symmetry forbidden to f i r s t order, and the forbiddeness i s not 
broken by v ibronic coupling. A second, more detai led set of 
ca lcu la t ions , in col laborat ion with Drs. Sabin and Oddershede, 
using a po lar izat ion propagator method (40) has produced resul ts 
somewhat more promising than reported above. A t rans i t ion 
requiring 5.36 ev energy (corresponding to a photon wavelength of 
231 nm) with an o s c i l l a t o r strength of 0.14 has been predicted. 
This t rans i t ion might be excited by laser radiat ion from a 
frequency doubled dye laser mixed with the fundamental output of a 
Nd:YAG pump la ser . Thus l i f detection of l i n e a r , propargylium 
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5 6 CHEMISTRY OF COMBUSTION PROCESSES 

C3H3 i o n s i n flames i s a p o s s i b i l i t y , a l though i n t e r f e r e n c e s from 
other ( p o s s i b l y a r o m a t i c ) s p e c i e s e x c i t e d by l i g h t i n t h i s 
wavelength r e g i o n would have to be e l i m i n a t e d . 

^ H ^ . The C^H^"1" i o n , a l t h o u g h not a major i o n i n a c e t y l e n e 
Tlames, has been seen i n c e r t a i n other s t u d i e s ( 4 1 ) , i n c l u d i n g 
those p r o b i n g benzene flam e s . We a l s o observed t h i s i o n i n one of 
our e a r l y i n v e s t i g a t i o n s (42) of s e q u e n t i a l i o n / m o l e c u l e r e a c t i o n s 
i n a c e t y l e n e , where i t was produced by the r e a c t i o n of C ^ H ^ + i o n s 
w i t h the parent n e u t r a l compound. S i m i l a r t o the i c r r e s u l t 
d i s c u s s e d above f o r C^H^ , the C ^ H ^ + i o n was produced as a m i x t u r e 
of isomers^, one r e a c t i v e toward a c e t y l e n e , and one u n r e a c t i v e . As 
w i t h CUH^ , the two most l i k e l y i s o m e r i c s t r u c t u r e s are a c y c l i c 
one I I I , the phenylium i o n , and an a c y c l i c i o n IV. 

H 

III IV 

An ab i n i t i o (43) and a MINDO/3 (44) c a l c u l a t i o n have g i v e n some
what d i f f e r i n g v a l u e s f o r the heat of f o r m a t i o n of the phenylium 
i o n (280 vs. 245 k c a l / m o l , a l t h o u g h see r e f . 44 f o r a d i s c u s s i o n 
which r e s o l v e s t h i s d i f f i c u l t y ) . E x p e r i m e n t a l AH f v a l u e s are i n 
the range 266-270 k c a l / m o l (45, 46). S i m i l a r l y , the open c h a i n 
isomer IV has been c a l c u l a t e d to have a heat of f o r m a t i o n 17 and 
16 k c a l / m o l h i g h e r than the phenylium by the ab i n i t i o and MINDO/3 
c a l c u l a t i o n s , r e s p e c t i v e l y . The MINDO/3 r e s u l t s g i v e s u b s t a n 
t i a l l y h i g h e r heats of f o r m a t i o n f o r o t h e r i s o m e r i c forms. 

We used both i c r r e a c t i v i t y s t u d i e s and c o l l i s i o n - i n d u c e d 
d i s s o c i a t i o n ( c i d ) i n a ZAB-2F d o u b l e - f o c u s i n g , reversed-geometry 
mass spectrometer to study the s t r u c t u r e s of C ^ H c + isomers ( 4 7 ) . 
Both l i n e s of i n v e s t i g a t i o n made use of the e a r l i e r r e p o r t (48) 
th a t C ^ H ^ + i o n s p o s s e s s i n g the phenylium s t r u c t u r e could be formed 
by p r o t o n t r a n s f e r to halobenzenes, f o l l o w e d by the l o s s of HX. 
Ions so formed i n the i c r mass spectrometer were found to be 
u n r e a c t i v e toward a c e t y l e n e , i n d i c a t i n g t h a t i n s e q u e n t i a l 
i o n / m o l e c u l e r e a c t i o n s i n a c e t y l e n e , the phenylium C^-Hc isomer i s 
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4. EYLER Hydrocarbon Ions and Soot Formation 57 

unreactive and the acyc l i c isomer IV is the reactive species* 
This conclusion was further borne out by an extensive series of 
cid experiments carried out in col laborat ion with Dr. J . E . Campana 
at the Naval Research Laboratory. ^6 H 5 + * - o n s w e r e formed i n a 
variety of ways: d irect electron impact on a number of neutral 
precursors; proton-assisted dehydrohalogenation reactions l i k e 
those shown (48) to produce phenylium ions; and sequential ace
tylene ion/molecule react ions. The la t t er two formation schemes 
were carried out in the mass spectrometer's high-pressure chemical 
ion izat ion source. Mass selected C^H^ + ions were investigated 
using both charge s tr ipping (49) reactions and fragmentation into 
C^H^ and C^Hg ions, where the theoret ica l calculat ions (44) 
predicted that the acyc l i c isomer should produce r e l a t i v e l y more 
of the l a t t er i on . Both classes of high energy processes ver i f i ed 
that the reactive isomer produced by sequential ion/molecule 
reactions in acetylene has the acyc l i c structure IV and the 
unreactive isomer possesses the phenylium structure . Thus s imi lar 
behavior (acyc l ic react ive , cyc l i c unreactive) has been found for 
both C 3 H 3

+ and C 6 H 5

+ ions. 

C^Hç^. Reaction of the propargylium form of CoH~"*" with acetylene 
"Has" been shown ( 33) to produce both C^H^ + ana C ^ H 3

+ . In flame 
sampling experiments the l a t t er ion is usually more abundant (34) 
(although under certain conditions, the re la t ive abundances of the 
two product ions are reversed (50)). Our work to date has concen
trated on C^H^ + because i t can be formed i n r e l a t i v e l y high abun
dance in our i c r mass spectrometer from a number of neutral pre
cursors. There i s substantial confusion, however, as to the 
re la t ive s t a b i l i t y of the several possible isomeric structures of 
this ion . Most theoret ica l studies (51) have concentrated on the 
c y c l i c s tructure , V, 

H 

V 
while some experimental work was interpreted (52) i n terms of both 
a c y c l i c and an acyc l i c isomer. However, a number of other s t ruc 
tures , as seen i n Figure 1, can be envisioned, and a few of even 
the more un l ike ly looking of these have been the subject of 
theoret ica l calculat ions (53). We have formed C 5 H 5 ions from 
four neutral precursors and studied the ir reactions with various 
flame molecules. In addi t ion , because of the lack of a consistent 
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4. EYLER Hydrocarbon Ions and Soot Formation 59 

theoret ica l treatment of the energetics of the many possible 
isomeric forms of C c H ^ + , we have carried out MINDO/3 calculat ions 
on many of them, and more detai led ab i n i t i o calculations on three 
of them. 

Two dif ferent primary ionizat ion schemes were employed to 
form C ^ H ^ + ions. The f i r s t was conventional electron impact on 
cyclopentadiene, dicyclopentadiene, l-penten-3-yne, and norborna-
diene. The second involved charge transfer reactions i n the i c r 
analyzer c e l l from CO to norbornadiene (54). Results (55) of 
these reac t iv i ty studies are given in Tables II - V. As can be 
seen, di f ferent neutral precursors produce isomers of d i f f e r i n g 
r e a c t i v i t y , ranging from quite slow (ca. 3 χ 10 cc/s i n Table 
IV) to very high (ca. 5 χ 10~ 1 0 i n Table IV). Because of uncer
tainty in the ident i ty of the various C c H ^ + s t ructura l isomers, we 
have label led them simply A-D i n the Tables. The reaction c o e f f i 
cients determined for isomer A are at the lower range of those 
which can be conveniently measured by the i c r technique, and may 
represent non-reactive ion loss from the i c r analyzer c e l l . 

Table I I . Rate Coeff ic ients for Some Reactions of C c H q Ions 
Formed from Cyclopentadiene 

C 5 H 5

+ + Reactant Neutral — * Products 

Ion Structure 

Reactant Neutral A Β C D 

Acetylene 0.20 
0.45 
0.32 
0.16 
0.62 
0.27 A l i è n e (C~H,) 

Naphthalene 
1- Methylnaphthalene 
2- Methylnaphthalene 
Indene 

Benzene 
Toluene 

0.54 
0.56 
0.22 
0.18 
0.21 
0.39 

A l l rate coeff ic ients in cm /s χ 10 . 
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60 CHEMISTRY OF COMBUSTION PROCESSES 

Table I I I . Rate Coeff icients for Some Reactions of CjH^ Ions 
Formed from Dicyclopentadiene 

+ Reactant Neutral —«• Products 

Ion Structure 

Reactant Neutral A B C D 

Acetylene 0.71 
Ethylene 0.49 
Propane 0.70 
1,3-Butadiene 0.72 
A l i è n e 0.38 

Benzene 0.93 
Toluene 1.10 
Naphthalene 0.31 
1-Methylnaphthalene 0.33 
2-Methylnaphthalene 0.39 
Indene 0.46 

A l l rate coeff ic ients i n cm /s χ 10 · 

Table IV. Rate Coeff icients for Some Reactions of C 5 H 5 Formed 
from l-penten-3-yne 

C 5 H 5

+ + Reactant Neutral — •+ Products 

Ion Structure 

Reactant Neutral A Β C D 

Acetylene 0.070 0.40 
Ethylene 0.050 2.9 
Propane 0.070 1.10 
Methane 0.030 0.60 
1,3-Butadiene 0.16 2.5 
A l i è n e 0.020 2.3 

Benzene 0.40 3.4 
Toluene 0.30 4.0 
Naphthalene 0.030 1.0 
1-Methylnaphthalene N.R. 0.70 
2-Methylnaphthalene 0.023 3.0 
Indene 0.090 8.0 

A l l rate coeff ic ients i n cm /s χ 10 
N.R. = no reaction or reaction less than c e l l loss . 
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Table V· Rate C o e f f i c i e n t s f o r Some R e a c t i o n s of C 5 H 5
+ Ions 

Formed from Norbornadiene 

C 5 H 5
+ + Reactant N e u t r a l — + Products 

Ion S t r u c t u r e 

Reactant N e u t r a l A B C D 
Ac e t y l e n e 0.20 0.53 
Et h y l e n e — 
Propane 0.23 2.7 
Methane — 
1,3-Butadiene 0.63 2.2 
Aliène — 
Benzene 0.51 4.4 
Toluene — 
Naphthalene 
1- Methylnaphthalene 
2- Methylnaphthalene 0.27 2.4 
Indene 0.20 8.6 

3 10 
A l l r a t e c o e f f i c i e n t s i n cm /s χ 10 . 

Isomers Β and C, whose r a t e c o e f f i c i e n t s d i f f e r by l e s s than a 
f a c t o r of two i n most case s , may a c t u a l l y be the same isomer 
formed w i t h d i f f e r i n g degrees of i n t e r n a l e x c i t a t i o n . However, 
the s u b s t a n t i a l r e a c t i v i t y d i f f e r e n c e s between A and Β or C, and Β 
or C and D, lead us to the c o n c l u s i o n th a t at l e a s t t h r e e , and 
p o s s i b l y f o u r , d i f f e r e n t i s o m e r i c s t r u c t u r e s are formed from these 
p r e c u r s o r s . 

To a i d i n i s o m e r i c i d e n t i f i c a t i o n i n the C^H^ + r e a c t i o n s , we 
undertook a s e r i e s of MINDO/3 c a l c u l a t i o n s to determine the heats 
of f o r m a t i o n of the s t r u c t u r e s shown i n F i g u r e 1. The MINDO/3 
method has been demonstrated t o g i v e q u i t e reasonable r e s u l t s f o r 
geometries and heats of f o r m a t i o n of both n e u t r a l and p o s i t i v e l y 
charged hydrocarbon s p e c i e s ( 5 6 ) . We used a g r a d i e n t geometry 
o p t i m i z a t i o n r o u t i n e w i t h a m o d i f i e d MINDO/3 program on our campus 
Amdahl 450-V7 computer. The r e s u l t s (55) are shown i n Table V I , 
where the lowest energy isomer i s p r e d i c t e d t o be the v i n y l c y c l o -
propenylium i o n , w i t h s e v e r a l a c y c l i c isomers next h i g h e s t i n 
energy, and some of the c y c l i c s p e c i e s h i g h e r s t i l l . MINDO/3 i s 
known to have s e v e r a l d e f i c i e n c i e s , i n c l u d i n g u n d e r e s t i m a t i o n of 
s m a l l r i n g s t r a i n and p r e d i c t i o n of the s t a b i l i t y of t r i p l e bonds 
ca. 5 k c a l / m o l too low. Since the lowest heat of f o r m a t i o n found 
i n our c a l c u l a t i o n s was f o r a compound w i t h a three-membered r i n g , 
and s i n c e the a c y c l i c isomers c o n t a i n t r i p l e bonds, the MINDO/3 
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62 CHEMISTRY OF COMBUSTION PROCESSES 

Table V I . MINDO/3 R e s u l t s f o r 0ςΗ,-+ Isomers 

S t r u c t u r e * AH f ( k c a l / m o l ) 

m 288 
1, pyramid 270 
k, D^h, s i n g l e t 268 
j , d i m e t h y l e n e e y c l o p r o p e n y l i u m 266 
i , m e t h y l e n e c y c l o b u t e n y l i u m 257 
h 256 
c, g 255 
f , D c h , t r i p l e t 253 
e, c i s - " l i n e a r " 252 
d, t r a n s - " l i n e a r " 247 
b, " l i n e a r " 242 
a, v i n y l c y c l o p r o p e n y l i u m 238 

*See t e x t and F i g u r e 1 f o r s t r u c t u r a l d e t a i l s . 

r e s u l t s are s u s p e c t . We have thus chosen thr e e i s o m e r i c forms, a, 
b and c from F i g u r e 1 and c a r r i e d out ab i n i t i o c a l c u l a t i o n s u s i n g 
a 4-31G b a s i s set and a m o d i f i e d Gaussian 80 ( 57) package on our 
Quantum Theory P r o j e c t VAX 11/780 computer. These more d e t a i l e d 
c a l c u l a t i o n s c o n f i r m the order of s t a b i l i t y f o r the t h r e e isomers 
found u s i n g MINDO/3. We are c u r r e n t l y u s i n g a f o u r t h o r d e r many-
body p e r t u r b a t i o n theory package (58) which i n c l u d e s s i n g l e , 
double and quadruple e x c i t a t i o n s to see i f the r e l a t i v e s t a b i l i 
t i e s of the t h r e e i s o m e r i c forms chosen s h i f t f u r t h e r . 
P r e l i m i n a r y r e s u l t s show t h a t isomers a and b have e s s e n t i a l l y the 
same heat of f o r m a t i o n , w h i l e the ΔΗ^ of c remains ca. 15 k c a l / m o l 
h i g h e r . 

The r e l a t i v e s t a b i l i t y order p r e d i c t e d by our MINDO/3 c a l c u 
l a t i o n s has l e d t o a t e n t a t i v e assignment of i s o m e r s , 
a l t h o u g h t h i s may have to be m o d i f i e d when f i n a l r e s u l t s of the 
more d e t a i l e d quantum mechanical c a l c u l a t i o n s d i s c u s s e d above are 
a v a i l a b l e . We a s s i g n the v i n y l c y c l o p r o p e n y l i u m s t r u c t u r e (a) 
c a l c u l a t e d to be lowest i n energy, to the u n r e a c t i v e isomer A. 
The moderately r e a c t i v e isomers Β and C, which may be the same 
isomer w i t h d i f f e r e n t amounts of i n t e r n a l energy, we a s s i g n t o one 
or more of the a c y c l i c forms s i m i l a r to b i n F i g u r e 1. The h i g h l y 
r e a c t i v e isomer, D, we a s s i g n the next h i g h e r energy c y c l i c s t r u c 
t u r e , c, from F i g u r e 1. R e a c t i v i t y d i f f e r e n c e s between the 
s p e c i e s A and Β or C, and Β or C and D are so g r e a t t h a t we 
b e l i e v e they are the r e s u l t of the i o n s p o s s e s s i n g d i f f e r e n t 
i s o m e r i c s t r u c t u r e s , and not j u s t c o n t a i n i n g d i f f e r i n g amounts of 
i n t e r n a l energy. I f t h i s s t r u c t u r a l assignment proves c o r r e c t , i t 
p r o v i d e s a d i f f e r e n t case from t h a t which h e l d f o r Ĉ Ĥ "1" and 
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C^Hc . Now the c y c l i c isomer is less stable , and more react ive , 
with the acyc l i c less react ive , and a d i f f erent , mixed c y c l i c and 
l inear structure (the vinylcyclopropenylium ion) is the least 
reactive species. 

A synthesis of both experimental and theoret ica l results 
generated by e a r l i e r workers and our group s t i l l seems i n s u f f i 
cient to determine conclusively which isomeric structure should be 
assigned to the various reactive species which have been observed 
experimentally. The technique of photodissociation of gaseous 
ions trapped i n an i c r mass spectrometer has been used success
f u l l y for s t ruc tura l i d e n t i f i c a t i o n in a number of previous 
studies ( 59), and we hope to apply i t to the present case. 
However, i t i s necessary to have some idea of the approximate 
spectra of the various C^H^ + isomers which might be expected, i n 
order to see i f they are s u f f i c i e n t l y di f ferent that s t ructura l 
d i f f eren t ia t i on might be accomplished. Also , some idea of the 
posit ions of various absorption bands is necessary in order to 
know which l ight sources (and most often which wavelengths of 
tunable lasers) must be used for the photodissociat ion. In 
col laborat ion with Drs. Zerner and Edwards of the UF Quantum 
Theory Project , we have theoret i ca l ly predicted the spectra of 
four C5H5*" isomers, using the INDO spectral predict ion program 
(39). Results are shown in Figure 2 for four of the possible 
isomeric structures given i n Figure 1. One sees that at least one 
is predicted to have a moderately intense absorption band i n the 
near u l t r a v i o l e t region, which should be accessible by e i ther 
excimer-pumped or Nd:YAG-pumped dye lasers (but unfortunately not 
by our exist ing flashlamp-pumped dye l a s e r ) . With an improved 
laser capabi l i ty (or perhaps using multiple photon i r l a s e r -
induced d i ssoc ia t ion (60) with our cw CO2 l a s e r ) , we should be 
able to assign more completely the C^H^ + isomeric structures . 

Conclusion 

Studies of the structure and r e a c t i v i t i e s of the three ions d i s 
cussed in this a r t i c l e have continued to bear out the p o s s i b i l i t y 
of an ionic mechanism for soot formation. The reaction rate 
coeff ic ients are certa inly rapid and in general larger than those 
used by Olson and Calcote (10) in their model, at least for cer
tain isomeric forms of the ions and at the temperatures of ca. 325 
Κ used i n our work. However, u n t i l more sophisticated flame-
sampling mass spectrometers are employed, the exact isomeric form 
of the many ions seen in flames cannot be known, and thus cannot 
be related d i r e c t l y to our work. As is to be expected, deta i l s of 
the reac t iv i ty or nonreactivity of various isomers vary as one 
moves from one ion ic species to another. Thus i n some cases 
(C^H^ ) acyc l i c forms are less react ive , while the c y c l i c isomers 
react rap i d l y , while in others (C^H^"1", C^H/1") the opposite is the 
case. Those channels where the c y c l i c Ions are less reactive 
suggest an opportunity for the formation of c y c l i c neutrals i n 
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flames by ion recombination with electrons or hydride transfer 
react ions . Our findings on the r e a c t i v i t y of C3H3 ions with 
aromatic neutrals suggest that this may be an important channel in 
the formation of larger c y c l i c ions, as postulated e a r l i e r (34). 

While i so lated laboratory experiments involving reactions 
which may be important in flames provide information under con
t r o l l e d conditions, these conditions may be somewhat removed from 
those which are found in flames. Clear ly our reaction rate deter
minations should be extended to higher temperatures, which may 
cause the association reactions seen to have lower rates , due to 
d issoc iat ion of the ion/molecule reaction complexes formed. Also , 
studies at higher pressures should be performed, where there is 
increased opportunity for c o l l i s i o n a l s t a b i l i z a t i o n of the c o l l i 
sion complexes. As data from work in our laboratories and those 
of others accumulate, they can be used to refine computational 
models such as those already reported (10), in order to more f u l l y 
test the proposed ionic soot formation mechanism. 
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5 
Nitrogen Chemistry in Flames 
Observations and Detailed Kinetic Modeling 

A N T H O N Y M . D E A N , M A U - S O N G C H O U , and DAVID S T E R N 

Corporate Research—Science Laboratories, Exxon Research and Engineering Company, 
Linden, NJ 07036 

Spatially resolved concentration measurements of 
NH, NH2, NH3, NO and OH in atmospheric pressure 
ammonia flames are compared to predictions obtained 
with a one-dimensional flame algorithm using a 
detailed reaction mechanism. Several reactions 
were observed to be equilibrated, and this informa
tion was used to obtain estimates of the oscillator 
strength for NH2 as well as the heat of formation 
of NH. Use of a conventional mechanism of ammonia 
oxidation predicted concentration profiles in marked 
disagreement with the observations. However, it was 
possible to obtain much more satisfactory fi ts 
to the data by including reactions between various 
NHi (i = 1-2) species to form N-N bonds; these 
adducts could then decompose to form ultimately N2. 
These good fits were obtained with rate constants 
estimated from unimolecular decomposition theory 
and used with no adjustments. 

Recent advances i n b o t h l a s e r d i a g n o s t i c i n s t r u m e n t a t i o n and 
computer modeling a l g o r i t h m s have p r o v i d e d k i n e t i c i s t s w i t h 
e x c i t i n g new o p p o r t u n i t i e s f o r c h a r a c t e r i z a t i o n of complex chem
i c a l systems. I n t h i s paper we d e s c r i b e our use of these t o o l s 
t o e l u c i d a t e the k i n e t i c s of n i t r o g e n s p e c i e s i n fl a m e s . Our 
e f f o r t s have focused upon ammonia o x i d a t i o n s i n c e i t can be 
shown t o p l a y a key r o l e i n terms of NO p r o d u c t i o n i n f u e l - b o u n d -
n i t r o g e n flames (1) as w e l l as NO r e d u c t i o n v i a NH3 a d d i t i o n t o 
f l u e gas i n the Thermal DeNO x p r o c e s s ( 2 , 3 ) . A l t h o u g h t h e r e 
have been a ho s t o f p r e v i o u s s t u d i e s of ammonia o x i d a t i o n i n 
both shock tubes (4) and flames ( 5 ), c o n s i d e r a b l e a m b i g u i t y 
remains w i t h r e s p e c t t o the d e t a i l s of the mechanism. We have 
attempted t o remove some of these u n c e r t a i n t i e s by measuring 
a b s o l u t e c o n c e n t r a t i o n s of bot h s t a b l e s p e c i e s and r e a c t i v e 
i n t e r m e d i a t e s through the flame f r o n t r e g i o n and comparing these 
c o n c e n t r a t i o n - d i s t a n c e p r o f i l e s t o those o b t a i n e d by n u m e r i c a l l y 

0097-6156/84/0249-0071 $06.00/0 
© 1984 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
24

9.
ch

00
5

In The Chemistry of Combustion Processes; Sloane, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



72 CHEMISTRY OF COMBUSTION PROCESSES 

s o l v i n g the 1-D flame e q u a t i o n s . A d i s c u s s i o n of the measurement 
t e c h n i q u e s i s f o l l o w e d by t h e m e c h a n i s t i c a n a l y s i s . P o r t i o n s of 
t h i s m a t e r i a l have been covered i n more d e t a i l i n our r e c e n t 
papers ( 6 - 8 ) . 

E x p e r i m e n t a l Arrangement and O b s e r v a t i o n s 

F i g u r e 1 shows a schematic of the appa r a t u s . T h i s has been 
d e s c r i b e d i n d e t a i l i n R e f s . 6 and 7; o n l y an overview i s p r e 
sented h e r e . The 3.8 cm diameter burner i s designed t o produce a 
f l a t h o r i z o n t a l flame f r o n t so t h a t one can map out the flame 
c h e m i s t r y by measuring s p e c i e s c o n c e n t r a t i o n s a t v a r i o u s v e r t i c a l 
d i s t a n c e s above the burner s u r f a c e . T h i s geometry a l l o w s one the 
c o n s i d e r a b l e s i m p l i f i c a t i o n of u t i l i z i n g a one-dimensional flame 
code f o r the k i n e t i c a n a l y s i s . The l a s e r beam i s focused t o g i v e 
a c o n s t a n t beam diameter of «"w0.15 mm a c r o s s the flame. A g a i n 
t h i s s i m p l i f i e s the i n t e r p r e t a t i o n of the l i n e - o f - s i g h t a b s o r p t i o n 
measurements. Furthermore, t h i s s m a l l diameter p e r m i t s good 
s p a t i a l r e s o l u t i o n of the flame f r o n t r e g i o n . I n our atmospheric 
p r e s s u r e f l a m e s , t h e flame f r o n t was l e s s than 1 mm t h i c k . 
A v e r a g i n g t e c h n i q u e s were used f o r c o l l e c t i o n o f b o t h a b s o r p t i o n 
and f l u o r e s c e n c e d a t a , w i t h 100 l a s e r p u l s e s per d a t a p o i n t b e i n g 
t y p i c a l . The l a r g e temperature g r a d i e n t s near the burner s u r f a c e 
caused some beam s t e e r i n g , but d i r e c t measurement showed t h i s 
d e f l e c t i o n t o be n e g l i g i b l e , i . e . , l e s s than 0.08 mm, a t d i s t a n c e s 
l a r g e r than 0.3 mm above the s u r f a c e . 

The gas m i x t u r e s f e d t o the b u r n e r were prepared i n a s t a i n 
l e s s s t e e l m a n i f o l d u s i n g e l e c t r o n i c f l o w c o n t r o l l e r s . A range 
of r i c h ammonia flames was s t u d i e d i n which the f u e l e q u i v a l e n c e 
r a t i o ranged from 1.28 to 1.81. Flame temperatures were measured 
w i t h Pt/Pt-13%Rh thermocouples. The bead diameter was o n l y 0.12 
mm so t h a t the r a d i a t i o n c o r r e c t i o n was o n l y 80 K. 

OH, NH, NH^, and NH3 were measured i n a b s o r p t i o n w h i l e NO 
was measured i n f l u o r e s c e n c e . The a b s o r p t i o n measurements were 
reduced t o c o n c e n t r a t i o n s v i a curv e - o f - g r o w t h t e c h n i q u e s w h i l e 
the NO measurements were c a l i b r a t e d a g a i n s t a b s o r p t i o n i n a l e a n 
ammonia flame where the NO c o n c e n t r a t i o n was h i g h e r . I t was 
assumed t h a t the e x t e n t of f l u o r e s c e n c e quenching was the same i n 
the r i c h and l e a n flames ( 7 ) . S u f f i c i e n t s p e c t r o s c o p i c i n f o r m a 
t i o n was a v a i l a b l e f o r a l l but NH2 t o a l l o w a b s o l u t e c o n c e n t r a t i o n 
assignments. NH 2 d a t a c o u l d o n l y be o b t a i n e d as [NH^] # f , where 
f ^ was the unknown o s c i l l a t o r s t r e n g t h . 

S i n c e the OH a b s o r p t i o n measurements were made on i n d i v i d u a l 
r o t a t i o n a l l i n e s , i t was p o s s i b l e t o o b t a i n [ 0H]j. Assuming a 
Boltzmann d i s t r i b u t i o n f o r t h e r o t a t i o n a l energy l e v e l s , one can 
o b t a i n the r o t a t i o n a l temperature from a p l o t of l n [ 0 H ] j v e r s u s 
Ε . An example of such d a t a i s shown i n F i g u r e 2. 
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-4.8 H 

-6.4 H 

ψ = 1.28 
ζ = .9 mm 
T r n , = 2239 Κ ± 20 Κ 

1 1 1 I 1 1 1— 
0 500 1000 1500 2000 2500 3000 3500 

ROTATIONAL ENERGY (cm-1) 
F i g u r e 2 . Measurement o f OH r o t a t i o n a l temperature at a h e i g h t 
o f 0 . 9 mm above t h e bu r n e r f o r an ammonia flame w i t h an e q u i v a 
l e n c e r a t i o o f 1 . 2 8 . (Reproduced w i t h p e r m i s s i o n from Ref. 6 . 
C o p y r i g h t 1 9 8 2 , J . Chem. Phys.) 
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5. DEAN ET AL. Nitrogen Chemistry in Flames 75 

R e s u l t s and D i s c u s s i o n 

NH2 O s c i l l a t o r S t r e n g t h . As mentioned e a r l i e r , l a c k of a r e l i 
a b l e o s c i l l a t o r s t r e n g t h f o r NH2 prevented assignment of a b s o l u t e 

c o n c e n t r a t i o n s . However, we were a b l e t o combine a b s o l u t e 
measurements of OH, NH, and NH3 w i t h r e l a t i v e measurements of NH^ 
to demonstrate t h a t the r e a c t i o n s 

NH 3 + OH = NH 2 + H 20 (1) 

NH 2 + OH = NH + H 20 (2) 

were p a r t i a l l y e q u i l i b r a t e d . T h i s f a c t a l l o w e d us t o c a l c u l a t e 
a b s o l u t e NH2 c o n c e n t r a t i o n s and thus o b t a i n f ^ . The use of two 
r e a c t i o n s not o n l y a l l o w e d a c o n s i s t e n c y check, but a l s o s e r v e d 
t o p r o v i d e an e s t i m a t e f o r AH f°(NH). 

The approach used assumes t h a t H2O r a p i d l y assumes an e q u i l i 
b rium c o n c e n t r a t i o n i n fla m e s . With ^ 0 f i x e d i n t h i s way, one 
can e x p l i c i t l y v e r i f y whether o r not R e a c t i o n s 1 and 2 a r e e q u i 
l i b r a t e d by computing the r a t i o s : 

[NH 2].f x/C[NH 3].[OH]) (3) 

[ΝΗ]/([ΝΗ2].ί..[ΟΗ]) (4) 

R e p r e s e n t a t i v e v a l u e s of (3) and (4) a r e t a b u l a t e d i n Table I . 
Alt h o u g h the i n d i v i d u a l c o n c e n t r a t i o n s v a r y w i d e l y , each of these 
r a t i o s i s c o n s t a n t w i t h i n e x p e r i m e n t a l e r r o r a t d i f f e r e n t h e i g h t s 
above t h e b u r n e r , i n d i c a t i n g t h a t each of the r e a c t i o n s i s e q u i 
l i b r a t e d . C a l c u l a t i o n of Keq i s more u n c e r t a i n f o r R e a c t i o n 2 
because of the u n c e r t a i n heat of f o r m a t i o n of NH. Giv e n t h i s 
u n c e r t a i n t y , one can v a r y AHf°(NH) u n t i l f i o b t a i n e d from 
R e a c t i o n 2 agrees w i t h t h a t o b t a i n e d from R e a c t i o n 1. Such an 
approach y i e l d s f i = 5.05 χ 1 0 - 5 w i t h AHf 0(NH) = 89 k c a l / m o l e . 
T h i s v a l u e o f AHf 0(NH) i s c o n s i s t e n t w i t h the JANAF v a l u e o f 
90+4 k c a l / m o l e (9) but h i g h e r than the 84.2±2.3 k c a l / m o l e proposed 
by P i p e r ( 1 0 ) . S i n c e t h e r e a r e a d d i t i o n a l u n c e r t a i n t i e s i n 
AHf°(NH 2) and the a b s o l u t e c o n c e n t r a t i o n o f NH3, NH, and OH, these 
v a l u e s of f ^ and AHf°(NH) cannot be tak e n as d e f i n i t i v e a s s i g n 
ments, but they do r e p r e s e n t s i g n i f i c a n t improvements over e a r l i e r 
work. 

R o t a t i o n a l E x c i t a t i o n of OH. One of the most s u r p r i s i n g a s p e c t s 
of our d a t a was the o b s e r v a t i o n o f r o t a t i o n a l l y hot OH i n the 
flame f r o n t of φ = 1.28 and φ = 1.50 fl a m e s . R o t a t i o n a l 
temperatures ^200 Κ h i g h e r than r a d i a t i o n c o r r e c t e d thermocouple 
measurements were observed; these were not expected s i n c e r o t a 
t i o n a l energy t r a n s f e r i s so f a s t a t atmospheric p r e s s u r e . Such 
e x c i t a t i o n was not observed beyond the flame f r o n t i n any of our 
ammonia flames and not even w i t h i n the flame f r o n t of a methane 
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5. DEAN ET AL. Nitrogen Chemistry in Flames 11 

flame. I t appeared t h a t the source o f t h i s e x c i t e d OH was an 
exothermic r e a c t i o n which was unique t o t h e flame f r o n t r e g i o n o f 
the ammonia flame. A r a t e a n a l y s i s of the mechanism which i s 
d i s c u s s e d l a t e r i n d i c a t e s two r e a c t i o n s which s a t i s f y these 
c r i t e r i a : 

Both of these r e a c t i o n r a t e s peak i n the flame f r o n t r e g i o n , and 
both have the p o t e n t i a l t o produce v i b r a t i o n a l l y e x c i t e d OH. 
Si n c e v i b r a t i o n a l r e l a x a t i o n i s much slower than r o t a t i o n a l 
r e l a x a t i o n , a p p r e c i a b l e q u a n t i t i e s of v i b r a t i o n a l l y e x c i t e d OH 
c o u l d be formed. The observed r o t a t i o n a l e x c i t a t i o n c o u l d r e s u l t 
from c a s c a d i n g o f t h i s e x c i t a t i o n i n t o h i g h r o t a t i o n a l l e v e l s of 
the ground v i b r a t i o n a l l e v e l d u r i n g the r e l a x a t i o n p r o c e s s . 

D e t a i l e d K i n e t i c M o d e l i n g . Recent advances i n computation t e c h 
n i q u e s (11) have made i t much e a s i e r t o compute c o n c e n t r a t i o n -
d i s t a n c e p r o f i l e s f o r flame s p e c i e s . The one-dimensional i s o b a r i c 
flame e q u a t i o n s a r e s o l v e d v i a a steady s t a t e s o l u t i o n u s i n g 
f i n i t e d i f f e r e n c e e x p r e s s i o n s . An added s i m p l i f i c a t i o n i s t h a t 
the energy e q u a t i o n can be r e p l a c e d w i t h the measured temperature 
p r o f i l e . I n the a d a p t i v e mesh a l g o r i t h m , t he e q u a t i o n s a r e f i r s t 
s o l v e d on a r e l a t i v e l y c o a r s e g r i d . Then a d d i t i o n a l g r i d p o i n t s 
c o u l d be i n c l u d e d i f n e c e s s a r y , and the p r e v i o u s s o l u t i o n i n t e r 
p o l a t e d onto the new mesh where i t served as the i n i t i a l s o l u t i o n 
e s t i m a t e . T h i s p r o c e s s was c o n t i n u e d u n t i l s e v e r a l t e r m i n a t i o n 
c r i t e r i a were s a t i s f i e d . 

The s t a r t i n g p o i n t i n development of an ammonia flame mech
anism was a mechanism p r e v i o u s l y used t o model ammonia o x i d a t i o n 
i n a f l o w tube near 1300 Κ ( 3 ) . A d d i t i o n a l r e a c t i o n s were added 
t h a t were thought t o be imp o r t a n t a t the h i g h e r flame temperatures. 
C a l c u l a t i o n s w i t h t h i s mechanism produced p r o f i l e s i n marked d i s 
agreement w i t h our d a t a . The p r e d i c t i o n s were sl o w e r than 
observed; decay of NH^ s p e c i e s was much too slow, and OH peaked 
too l a t e by about 2.5 mm. To make m a t t e r s worse, f a r too much NO 
was formed. The NO problem was e s p e c i a l l y troublesome i n t h a t 
attempts t o i n c r e a s e the r a t e of NHi decay o n l y s e r v e d t o produce 
even more NO, s i n c e NO was the pri m a r y decay channel f o r t h e NHi 
s p e c i e s . A p o s s i b l e r e s o l u t i o n of t h i s dilemma i n v o l v e s r e a c t i o n s 
of the NHi s p e c i e s w i t h each o t h e r t o form N-N bonds. These 
complexes c o u l d then s p l i t o f f Η atoms t o u l t i m a t e l y form N2-
I n t h i s way one c o u l d a c h i e v e an o v e r a l l f a s t e r decay of NH^ 
w i t h o u t p r o d u c i n g more NO. Indeed, c a l c u l a t i o n s u s i n g such a 
mechanism showed much b e t t e r agreement w i t h our d a t a . Table I I 
l i s t s t he " c o n v e n t i o n a l " mechanism as w e l l as t h e a d d i t i o n a l 
NHi + NHi r e a c t i o n s which d r a m a t i c a l l y improve the f i t . F i g u r e 3 

NH 2 + 0 NH + OH ΔΗ = -14 kc a l / m o l e 

NH + NO N 0 + OH ΔΗ = -96 k c a l / m o l e 
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Tabl e I I . Mechanism f o r R i c h Ammonia Flames 

k = A T n exp(-E/RT) 
R e a c t i o n Α η Ε(kcal/mole) Comments 

UPDATED FLOW REACTOR MECHANISM 

1. NH 3+M=NH 2+H+M 4.80E+16 0. 93929. Ref. 3 
2. NH3+H=NH2+H2 2.46E+13 0. 17071. Ref. 3 
3. NH3+0=NH2+OH 1.50E+12 0. 6040. Ref. 3 
4. NH3+OH=NH2+ H 20 3.26E+12 0. 2120. Ref. 3 
5. NH2+0=NH+OH 2.00E+13 0. 1000. Ref. 3 
6. NH2+0H=NH+H20 3.00E+10 0.68 1290. Ref. 3 
7. NH2+H=NH+H2 1.00E+12 0.5 2000. Ref. 8 
8. NH2+02=HNO+OH 

NH 2+N0=NNH+0H 
5.10E+13 0. 30000. Ref. 3 

9. 
NH2+02=HNO+OH 
NH 2+N0=NNH+0H 6.10E+19 -2.46 1866. Ref. 3 

10. NH2+NO=N2+H20 9.10E+19 -2.46 1866. Ref. 3 
11. NH2+NO=N20+H2 5.00E+13 0. 24800. Ref. 15 
12. NIT2+HNO=NH3+NO 

NH2+NNH=N2+NH3 

1.75E+14 0. 1000. Ref. 3 
13. 

NIT2+HNO=NH3+NO 
NH2+NNH=N2+NH3 1.00E+13 0. 0. Ref. 3 

14. NH+02=HN0+0 6.00E+12 0. 3400. Ref. 8 
15. NH+N0=N2+0H 1.20E+13 0. 0. Ref. 8 
16. NH4OH=N+H20 5.00E+11 0.5 2000. Ref. 16 
17. NH4OH=HN0+H 5.00E+11 0.5 2000. Ref. 16 
18. NH+H=N+H2 3.00E+13 0. 0. Ref. 1 
19. NH+0=N0+H 6.30E+11 0.5 0. Ref. 16 
20 NH+0=N+0H 6.30E+11 0.5 8000. Ref. 16 
21. NH+N=N2+H 6.30E+11 0.5 0. Ref. 16 
22. HN0+M=N0+H+M 1.86E+16 0. 48680. Ref. 3 
23. HN0+0H=N0+H20 3.60E+13 0. 0. Ref. 3 
24. HN0+H=N0+H2 4.80E+12 0. 0. Ref. 16 
25. HN0+0=N0+0H 5.00E+11 0.5 0. Ref. 16 
26. HN0+N=N0+NH 1.00E+11 0.5 2000. Ref. 16 
27. HN0+N=H+N20 5.00E+10 0.5 3000. Ref. 16 
28. NNH+M=N 2+H+M 1.50E+15 0. 35000. Ref. 8 
29. NNH+0H=N2+H20 3.00E+13 0. 0. Ref. 3 
30. NNH+N0=N 2+HNO 2.50E+12 0. 0. Ref. 3 
31. N+N0=N2+0 1.60E+13 0. 0. Ref. 16 
32. N+02=NO+0 6.40E+09 1.0 6300. Ref. 16 
33. N+OH=NO+H 6.30E+11 0.5 0. Ref. 16 
34. N20+M=N2+0+M 2.70E+14 0. 54100. Ref. 17 
35. N20+H=NH+N0 3.80E+14 0. 34500. Ref. 18 
36. N20+H=N2+OH 7.60E+13 0. 15100. Ref. 19 
37. N 2CHO=N 2+0 2 1.00E+14 0. 28020. Ref. 19 
38. N20+0=N0+N0 1.00E+14 0. 28020. Ref. 19 
39. H2+OH=H20+H 2.20E+13 0. 5150. Ref. 3 
40. H+02=0H+0 3.70E+17 -1.0 17500. Ref. 20 
41. 0+H2=0H+H 1.80E+10 1.0 8900. Ref. 3 
42. H+H02=0H+0H 2.50E+14 0. 1900. Ref. 3 
43. 0+HO2=O2+OH 4.80E+13 0. 1000. Ref. 3 
44. OH+H0 2=H 20+0 2 5.00E+13 0. 1000. Ref. 3 

Continued 
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T a b l e I I . Mechanism f o r R i c h Ammonia Flames (Continued) 

R e a c t i o n 
45. OH+OH=0+H20 
4 6 . H02+NO=N02+OH 
4 7 . H+N02=NO+OH 
48 . 0+N02=N04O2 
4 9 . H+02+M=H02+M 

H 20/21./*** 
50. N02+M=N0+0+M 
51. 0+0+M=02+M 
52. H+H+M=H2+M 

A η Ε (kcal/mole) Comments 
6.30E+12 0. 1090. Ret. 3 
3.43E+12 0. -260. Ref. 3 
3.50E+14 0. 1500. Ref. 3 
1.00E+13 0. 600. Ref. 3 
1.50E+15 0. -995. Ref. 3 

1.10E+16 0. 66000. Ref. 3 
1.38E+18 -1.0 340. Ref. 3 
3.60E+16 -0.6 0. Ref. 21 

H 2/2.5/ 
H 20/15./ 

Ref. 21 53. H+0H+M=H20+M 
Η /2 .57 
H 20/15./ 

8.80E+21 -2.0 0. Ref. 21 

INCLUSION OF NH + NH REACTIONS 

54. NH 2+NH 2=N 2H 3+H 1.00E+13 0. 16100. Ref. 8 
Ref. 8 55. NH 2+NH 2=N 2H 4 5.00E+12 0. 0. 
Ref. 8 
Ref. 8 

56. N 2H 4+H=N 2H 3+H 2 1.00E+12 0.5 2000. Same as N 2H 4+H=N 2H 3+H 2 

H+NH2 
57. Ν H+OH=N Η +H 0 3.00E+10 0.68 1290. Same as 57. 2 4 2 3 2 OH+NH2 
58. NoH.+0=NoH-+0H 2.00E+13 0. 1000 Same as 58. 

2 4 2 3 0+NH2 
59. N 2H 3=N 2H 2+H 1.20E+13 0. 58000. Ref. 8 
60. Ν Η +H=N 0H 0+H 0 1.00E+12 0.5 2000. Same as 60. 2 3 2 2 2 H+NH2 

61. N oH^+0H=N nH o+H o0 3.00E+10 0.68 1290. Same as 61. 2 3 2 2 2 0H+NH2 
62. N 0H 0+0=N 0H 0+OH 2.00E+13 0. 1000. Same as 

2 3 2 2 0+NH ? 

63. N2H2=NNH+H 3.40E+12 0. 65000. Ref. 8 
64. Ν 0H 0+H=NNH+H 1.00E+12 0.5 2000. Same as 64. 2 2 2 H+NH2 

65. N2H2+OH=NNH+H20 3.00E+10 0.68 1290. Same as 65. N2H2+OH=NNH+H20 
0H+NH2 

66. N2H2-K)=NNH+OH 2.00E+13 0. 1000. Same as 
0+NH 2 

67. NH+NH=NNH+H 5.00E+13 0. 0. Réf. S 
68 NH+NH2=N2H2+H 5.00E+13 0. 0. Ref. 8 

NOTE : Rate c o n s t a n t u n i t s a r e mole, cm, sec ,K. 

*** i . e . , r a t e c o n s t a n t i n c r e a s e d by a f a c t o r of 21 f o r H 20 as the 
t h i r d body. 
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80 CHEMISTRY OF COMBUSTION PROCESSES 

Distance Above Burner (mm) 

Figure 3. Comparison of ( l e f t ) observed and (right) calculated 
p r o f i l e s for an ammonia flame with an equivalence r a t i o of 1.50. 
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5. DEAN ET AL. Nitrogen Chemistry in Flames 81 

compares these p r e d i c t i o n s w i t h t he expanded mechanism to our 
o b s e r v a t i o n s f o r the φ = 1.50 flame. 

Both c a l c u l a t i o n s and o b s e r v a t i o n s c o n t a i n p o t e n t i a l s o u r c e s 
of e r r o r , and d e t a i l e d comparisons s h o u l d be made w i t h these i n 
mind. The c o n c e n t r a t i o n measurements of NH and OH a r e p r o b a b l y 
a c c u r a t e t o ±20%, except t h a t OH i n the flame f r o n t r e g i o n c o u l d 
be low i f t h e r e were a p p r e c i a b l e v i b r a t i o n a l e x c i t a t i o n . NO 
measurements were c a l i b r a t e d v i a a b s o r p t i o n (7) and sh o u l d a l s o 
be a c c u r a t e t o ±20%. NH3 i s more u n c e r t a i n , ±30%, s i n c e t h e r e i s 
a l a r g e r u n c e r t a i n t y i n the e x t i n c t i o n c o e f f i c i e n t used ( 1 2 ) . 
NH 2 i s p r o b a b l y o n l y a c c u r a t e t o w i t h i n a f a c t o r of two because 
of the u n c e r t a i n t i e s i n f j _ . U n c e r t a i n t y i s i n t r o d u c e d i n t o t he 
c a l c u l a t i o n s by th e u n c e r t a i n h e a t s of f o r m a t i o n of NH and NH2. 
With these u n c e r t a i n t i e s , major emphasis s h o u l d be p l a c e d upon 
comparison o f t h e shapes of the c o n c e n t r a t i o n p r o f i l e s . 

U s i n g these g u i d e l i n e s , t he co m p a r i s i o n s i n F i g u r e 3 a r e 
g e n e r a l l y q u i t e s a t i s f a c t o r y . Note t h a t NH i s p r o p e r l y d e s c r i b e d 
i n terms of bot h p r o f i l e shape as w e l l as a b s o l u t e c o n c e n t r a t i o n . 
The c a l c u l a t e d NO p r o f i l e near the burner i s too h i g h , but t h e 
o v e r a l l decay seems t o be r e a s o n a b l y w e l l d e s c r i b e d . T h i s d i s 
crepancy c l o s e t o the burner s u r f a c e can be r e s o l v e d by u s i n g a 
l a r g e r r a t e c o n s t a n t f o r the r e a c t i o n 

NH + NO + N 2 + OH 

However, c o n s i d e r i n g t he u n c e r t a i n t y i n a b s o l u t e c o n c e n t r a t i o n s , 
i t was f e l t t h a t t h i s was i n s u f f i c i e n t j u s t i f i c a t i o n f o r use of 
a h i g h e r v a l u e . OH i s a l s o p r o p e r l y p r e d i c t e d , w i t h t he e x c e p t i o n 
of the r e g i o n near t h e peak, and t h i s d i s c r e p a n c y may w e l l be a 
m a n i f e s t a t i o n of v i b r a t i o n a l l y e x c i t e d OH as d e s c r i b e d e a r l i e r . 
NH 2 can be seen t o have the proper shape, and the a b s o l u t e 
c o n c e n t r a t i o n p r e d i c t i o n s a r e p r o b a b l y a c c e p t a b l e c o n s i d e r i n g t he 
l a r g e e r r o r b a r s h e r e . The p r e d i c t e d ammonia decay r a t e a t 
l a r g e r d i s t a n c e s above the bu r n e r i s somewhat s l o w e r than 
observed. However, even i n t h i s case where the f i t l e a v e s some
t h i n g t o be d e s i r e d , i t i s v a s t l y improved over what i t was f o r 
the case where the NH. + NH. r e a c t i o n s were e x c l u d e d . 

I n g e n e r a l , t he J i t s i l l u s t r a t e d i n F i g u r e 3 a r e s i m i l a r t o 
those observed a t the o t h e r two e q u i v a l e n c e r a t i o s ( 8 ) . A 
p a r t i c u l a r l y encouraging a s p e c t of the c a l c u l a t i o n s a t a l l t h r e e 
e q u i v a l e n c e r a t i o s i s t h a t they p r o p e r l y p r e d i c t t he v a r i a t i o n 
of b o t h peak h e i g h t and peak l o c a t i o n of the r a d i c a l s p e c i e s 
w i t h r e s p e c t t o changes i n th e e q u i v a l e n c e r a t i o . Thus, i t 
appears t h a t the mechanism g i v e n i n T a b l e I I p r o p e r l y accounts 
f o r most of our e x t e n s i v e d a t a base on r i c h ammonia f l a m e s . 
A l t h o u g h i t i s i m p o s s i b l e t o prove t h a t t h i s i s the c o r r e c t 
mechanism, the proper p r e d i c t i o n of so many s p e c i e s over a range 
of c o n d i t i o n s s t r o n g l y suggests t h a t the scheme used i s a r e a s o n 
a b l e a p p r o x i m a t i o n t o r e a l i t y . I t i s e v i d e n t t h a t t he NH-̂  + NH^ 
r e a c t i o n s a r e the key i n g r e d i e n t t o o b t a i n i n g t h i s good f i t . As 
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82 CHEMISTRY OF COMBUSTION PROCESSES 

mentioned e a r l i e r , o m i s s i o n of these r e a c t i o n s l e d t o p r e d i c t i o n s 
which bore no resemblance t o our da t a ( 8 ) . 

F i g u r e 4 o u t l i n e s the imp o r t a n t r e a c t i o n s of the n i t r o g e n 
s p e c i e s i n r i c h ammonia fl a m e s . The most imp o r t a n t r e a c t i o n s 
p r o d u c i n g N 2 a r e NNH d i s s o c i a t i o n and NH + NO. I n t u r n , most of 
the NNH i s produced from N 2H2 d i s s o c i a t i o n which i s produced v i a 
the r e a c t i o n NH + NH2. Other NHi + NHi r e a c t i o n s a r e l e s s impor
t a n t . Thus, the NHi + ^ i r e a c t i o n s a r e p r i m a r i l y r e s p o n s i b l e 
f o r Ν 2 p r o d u c t i o n ; i t i s now c l e a r why o m i s s i o n of these channels 
l e d t o such marked changes i n the p r e d i c t e d p r o f i l e s . One would 
not expect such changes i n p r e d i c t e d p r o f i l e s i n l e a n ammonia 
fl a m e s ; here [NH^] would be s u f f i c i e n t l y low t h a t the NHi + NHi 
r e a c t i o n s c o u l d s a f e l y by o m i t t e d . 

F i g u r e 4 a l s o o u t l i n e s a p o s s i b l e reason f o r t h e c o n t i n u i n g 
c o n t r o v e r s y as t o the i d e n t i t y of the NHi s p e c i e s which was 
r e s p o n s i b l e f o r the NH^ + NO r e a c t i o n when examining NO p r o d u c t i o n 
i n t he combustion of n i t r o g e n doped f u e l s . An a n a l y s i s of the 
r e a c t i o n s i n F i g u r e 4 i n d i c a t e s t h a t t he r e l a t i v e c o n c e n t r a t i o n 
of NHi s p e c i e s w i l l v a r y w i t h c o n d i t i o n s . I n t h i s work where 
l a r g e q u a n t i t i e s of NH and NH2 a r e p r e s e n t , N2 p r o d u c t i o n o c c u r s 
v i a NHi + NHi a s d i s c u s s e d above. However, i n the more t y p i c a l 
case o f s m a l l amounts of n i t r o g e n o u s d i l u e n t , the NH^ c o n c e n t r a 
t i o n s s h o u l d be too low f o r these r e a c t i o n s t o be s i g n i f i c a n t . 
There the r e l a t i v e p o p u l a t i o n of the NHi s p e c i e s w i l l be governed 
by t he c o m p e t i t i o n between the v a r i o u s NH^ + NO r e a c t i o n s and the 
hydrogen a b s t r a c t i o n s : 

X + NH. ·> HX + NH. .. ι l - l 
L a r g e r r a d i c a l c o n c e n t r a t i o n s (X) would f a v o r h i g h e r c o n c e n t r a 
t i o n s o f Ν atoms; then Ν + NO would be i m p o r t a n t . Lower r a d i c a l 
c o n c e n t r a t i o n s would tend t o i n c r e a s e the importance of NH + NO. 
F i n a l l y , much lower temperatures, i . e . , 1200 Κ f o r the Thermal 
DeNO x p r o c e s s , would make NH^ + NO a key r e a c t i o n . 

E s t i m a t i o n of Rate Constants f o r N ^ + NĤ ^ and N Q H J D i s s o c i a t i o n . 
The keys t o the success of the mechanism a r e t h e NH^ + NH^ 
r e a c t i o n s as w e l l as the subsequent u n i m o l e c u l a r d i s s o c i a t i o n 
of the N^H^ s p e c i e s formed from these r e a c t i o n s . A t y p i c a l 
scheme i s the f o l l o w i n g : 

k f 
H„NNH T — NH + NH 2 H^NNH1 — H N N H + Η 

r 
k j M ] l k d 

H^NNH NNH + Η 
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Figure k. Important reactions of nitrogen species i n r i c h 
amnioni a f1ame s. 
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T h i s i s w r i t t e n i n the mechanism as the f o l l o w i n g sequence: 

(68) 

(63) 

w i t h 

NH + NH 2 = N 2 H 2 + H 

"68 

"63 

N 2 H 2 = NNH + H 

*H + k r + k s M 

and 

One thus o b t a i n s t h e apparent r a t e c o n s t a n t s IC53 and k63 by 
e v a l u a t i o n of the r a t e c o n s t a n t s f o r the elementary s t e p s ( k f , 
k r , k g , and k s ) and u s i n g t a b l e s of the K a s s e l i n t e g r a l (13) t o 
e s t i m a t e t he degree of f a l l - o f f ( I ) from the l i m i t i n g h i g h p r e s 
s u r e r a t e c o n s t a n t , k^. k f can be taken t o be the h i g h p r e s s u r e 
r e c o m b i n a t i o n r a t e c o n s t a n t ; k s i s the c o l l i s i o n a l s t a b i l i z a t i o n 
r a t e c o n s t a n t ; k r and k H a r e the u n i m o l e c u l a r r a t e c o n s t a n t s 
c o r r e s p o n d i n g t o N-N and N-H bond f i s s i o n , r e s p e c t i v e l y , o f the 
c o l l i s i o n complex. These decay r a t e c o n s t a n t s were e s t i m a t e d 
from the RRK e x p r e s s i o n . 

S - l 

where A i s the p r e e x p o n e n t i a l f a c t o r , ε-ε* i s the amount of v i b r a 
t i o n a l energy i n excess of t h a t r e q u i r e d t o break the bond of 
i n t e r e s t , ε i s the t o t a l energy of the complex, and S i s the 
e f f e c t i v e number of o s c i l l a t o r s ( 1 4). S i s computed v i a the 
r e l a t i o n 

Q
 C v i b 
b " R 

For t h i s p a r t i c u l a r case o f HNNR^, the N-H bond i s o n l y ^55 k c a l / 
mole w h i l e N-N i s ̂ 85 k c a l / m o l e . Hence kn » k r and k H >> k s[M] 
a t flame temperatures and k£g ^ k f = 5 χ 1 0 ^ Cm^ mole"! s " l , a 
t y p i c a l r e c o m b i n a t i o n r a t e c o n s t a n t . Thus, t h i s pathway t o N-N 
bond f o r m a t i o n i s v e r y r a p i d and t h i s r e a c t i o n p l a y s a key r o l e 
i n the k i n e t i c s . 

Summary 

By combining l a s e r d i a g n o s t i c s w i t h improved computer 
a l g o r i t h m s f o r modeling l a b o r a t o r y f l a m e s , we have been a b l e t o 
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develop an improved mechanism for ammonia oxidation at high temp
eratures. The combination of absorption and laser induced f l u o r 
escence have yie lded absolute concentrations of important flame 
species. The sub-mill imeter s p a t i a l reso lut ion allowed us to 
monitor species within the flame front , and the sub-ppm s e n s i t i v 
i t y allowed us to measure key react ive intermediates. These 
concentration p r o f i l e s provided us with the necessary data base 
for development of a deta i led mechanism. Since the algorithm 
used accurately and e f f i c i e n t l y accounted for the effect of 
d i f fus ive transport within the flame, we had the luxury of doing 
a r e l a t i v e l y simple, steady state experiment where we could 
s ignal average to obtain adequate s e n s i t i v i t y for r a d i c a l s . Since 
transport was properly handled, we could focus exclus ively upon 
the k i n e t i c s . In th is sense the modeling was s imi lar to modeling 
a shock wave experiment, but here we had the opportunity to 
monitor react ive intermediates. 

There are a host of high temperature systems which should now 
be amenable to th i s combined diagnostic/modeling approach. I t 
should give k i n e t i c i s t s an extra weapon with which to approach 
complex systems. 
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6 
Formation of NO and N2 from NH3 in Flames 

R I C H A R D J. BLINT and C A M E R O N J. D A S C H 

Physics Department, General Motors Research Laboratories, Warren, MI 48090 

Ammonia oxidation at high temperatures is an interesting 
kinetic system of significant technological importance 
for NO formation and destruction. Recent work has 
largely been devoted to the moderate temperature (1300K) 
region in which NH3 can quantitatively destroy NO. This 
report describes flame studies (1800-2800 K) of NH3 oxi
dation in which NH3 is a model compound for the conver
sion of fuel-bound nitrogen to NO and N 2. A detailed (42 
reactions) reaction scheme has been constructed from 
literature rate constants which predicts our measured 
flame speeds, major species profiles, and NO levels in 
ammonia-oxygen-diluent flames. These predictions 
require that the radical pool size and the N2/NO branch
ing can be correctly described. This mechanism has been 
further tested against our measurements of NO emissions 
from CH4-air flames doped with NH3 and NO. While in NH3 
flames NH2 is pivotal, the Fenimore-type "loading" 
experiments indicate a more prominent role for Ν atoms 
and the Zeldovitch reactions in hydrocarbon flames. In 
part, this is a result of the higher radical concentra
tions in hydrocarbon flames. Full reaction mechanisms 
will be necessary to predict the relative conversion of 
fuel bound nitrogen to NO and N 2. 

The in teract ive k ine t i c s of NH3 and NO at high temperatures have 
received a great deal of attention i n recent years . Much of th is 
attent ion or ig inated from the work of Fenimore who investigated 
the conversion of fue l bound nitrogen to NO i n many flames. He 
found two important properties of the NO production: 1) the y i e l d 
of NO was independent of the fuel -ni trogen type and 2) the NO 
tended to be se l f l i m i t i n g such that a saturation value of NO 
could not be exceeded. 

Fenimore (1) formulated a schematic, two step k i n e t i c 

0097-6156/84/0249-0087S06.00/0 
© 1984 American Chemical Society 
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representation which described th i s saturation ef fect . The model 
assumes that a l l the fue l nitrogen passes through a react ive , 
amine intermediate N*. The f i r s t step i s a general oxidation 
react ion which forms NO 

k* 
Ν* + Ox -> NO + products 

and the second step destroys both NO and the NO precursor 

k* 
Ν* + NO + N 2 + products 

The NO y i e l d , [NO]/[fuel-N], i s a function only of 
[ N O ] s a t s k î [ O x ] / k ; . This formulation for the fuel -ni trogen conver
sion to NO has been further tested by Haynes et a l . (2 ,3 ) and by 
Fenimore (4 ,5) . 

The essent ia l feature of th i s formulation i s the second reduction 
step. This react ion had previously been recognized as important 
from the fast rate of decay of NO produced i n ammonia flames 
(6,7) . This reaction process has been exploited i n the Exxon 
DeNOx process for NO removal by the contro l led addit ion of NH3 to 
combustion eff luents . 

The simple phenomenology and large economic importance for fue l 
nitrogen conversion has encouraged many invest igators to t r y to 
ident i fy the N* intermediate and i t s react ion rates kj and k? . 
Neither Kaskan and Hughes (8) or Fenimore (3,4) could conclus ive ly 
demonstrate either NH 2 , NH, or Ν as being exclus ive ly p i v o t a l . 
Direct measurements of the NH2 + NO reaction rate have shown i t to 
be fast (9,10) and important, espec ia l ly at lower temperatures 
such as 1300K where the DeNOx process i s most e f f i c i e n t . This 
lower temperature regime i s well understood as a resul t of exper i 
ments and extensive k ine t i c modeling (11,12). 

Our approach to the fuel nitrogen conversion to NO problem has 
been to examine the k ine t i c s of NH3 as a model compound using 
deta i l ed flame calculat ions with modelable flame experiments. 
This work has emphasized the major flame properties inc luding the 
flame speed, temperature and major species s p a t i a l p r o f i l e s , and 
the post-flame NO concentration. These measurements and c a l c u l a 
tions are performed on stat ionary free flames. 

In th i s paper we f i r s t summarize the a b i l i t y of the NH3 k i n e t i c 
mechanism of Dasch and B l i n t (13) to describe the major properties 
of ammonia-oxygen-diluent flames. This mechanism i s constructed 
so le ly from l i t e r a t u r e rate constants and i s s p e c i f i c a l l y v a l i d 
only for flames leaner than 0=1.2 Having va l idated the ammonia 
mechanism, we then invest igate the y i e l d of NO from methane-air 
flames which have been doped with NH3 and NO. The NH3 doped 
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methane flames are a t y p i c a l model system for fuel -ni trogen NO 
production. The k i n e t i c modeling(14) of th i s complete nitrogen 
and hydrocarbon flame system and i t s success represents a major 
advance i n the f u l l representation of the fuel -ni trogen problem. 
This work r e l i e s on the CH 4 mechanism of Warnatz(15) which has 
been tested against many flame properties inc luding deta i l ed temp
erature species prof i l e s (16 ) . There are no C-N coupling reactions 
between the CH 4 and NH3 mechanisms although these reactions are 
known to be important for the production of "prompt NO" i n r i c h 
flames (0>1.2). 

M i l l e r et a l . (17) have performed s imilar ca lculat ions for the 
ammonia flame experiments of Fenimore and Jones (6) and Maclean 
and Wagner (7). Dean and coworkers (this Symposium) have a lso per
formed experiments and calculat ions with an emphasis on r a d i c a l 
intermediates. 

These ca lculat ions show that i n ammonia flames NH2 i s marginally 
more important than NH and N. Furthermore, the important oxidant 
changes with stoichiometry. Mixed CH 4 -NH 3 -N0 flames show even a 
wider v a r i a t i o n i n the r e l a t i v e ro l e of NH 2 , NH, and N. In near 
stoichiometric NO doped methane flames, of course, the Zeldovitch 
mechanism involving Ν i s exclus ive ly important. Surpr i s ing ly , Ν 
i s a lso most important i n the NH3 doped CH 4 flames. This i s a con
sequence of the larger r a d i c a l pool i n hydrocarbon flames than NH3 

flames. Under both these extremes most of the doped nitrogen 
appears as NO. Under combined NH3 and NO doping the flames are 
somewhat more s imi lar to ammonia flames i n which NH2 i s important 
for the reduction of NO to N 2 . These combined NH 3-N0 doping 
experiments exercise more r igorous ly the reductive parts of the 
mechanism than the Fenimore-type NH3 doping experiments. 

It appears that the quantitat ive predic t ion of Fenimore's simple 
[NO]sat parameter w i l l require a large k ine t i c mechanism. The 
combined NH3 and NO doping experiments test Fenimore*s two step 
mechanism i n a new way, but i t i s found that the s ingle [NO]sat 
parameter can s t i l l correlate the resul ts (14) . 

Experiments 

The experimental methods are extensively described i n e a r l i e r 
papers (13,14,16). Temperature and major species p r o f i l e s were 
determined by spontaneous Raman spectroscopy i n free flames s t a b i 
l i z e d on a s lot burner. Flame speeds were determined by p a r t i c l e 
tracks on the same burner and by the Guoy method on conical 
flames. Tota l NOx measurements were performed i n the postflame 
region of a f l a t , water cooled, Meker burner. On the f l a t burner 
gas flows were adjusted to give a s l i g h t l y wrinkled flame corre 
sponding to free flame condit ions . Gas samples are extracted with 
a water cooled, quartz microprobe analyzed with a chemiluminescent 
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analyzer. Temperatures measured simultaneously with a corrected 
thermocouple agree well with calculated adiabatic flame tempera
tures . The temperatures were constant for at least 5 cm above the 
burner. The NOx concentrations t y p i c a l l y varied less than 10% 
within 1.0 cm of the flame front and then were constant for at 
least 5 cm. The systematic uncertainly of the NOx measurements i s 
±10%. 

Computational Method 

The experimental observables for the free flames i n th i s study 
were modeled using the GMR flame program(18). This program solves 
the unsteady state species and enthalpy conservation equations and 
allows them to progress i n time u n t i l the steady flame solut ion i s 
obtained. Boundary conditions for free flames were used. Three 
types of information are required for these ca lcu la t ions : 1) the 
react ion mechanism, 2) the transport properties and 3) the thermo
dynamic properties of a l l the species. The react ion mechanism 
(given i n Ref. 16) i s constructed from l i t e r a t u r e values . The 10 
H-0 reactions are well establ ished. The 32 addi t iona l amine and 
NO reactions are large ly taken from Ref. 19, 9, and others . 
Although NHi-NHj hydrazine reactions were tested, they were not 
important for these near stoichiometric flames and were not 
retained i n the mechanism. Selected values are taken for reac
tions which are r a d i c a l branching or termination reactions and 
hence espec ia l ly important. The 65 addi t ional reactions of the 
CH 4 mechanism are from Warnatz(20). There are no C-N coupling 
reactions between the NH3 and CH 4 mechanisms, although i t i s known 
that these are important i n r i cher flames. The d i f fus ion and con
duction terms i n the flame program are calculated from Stockmayer 
potent ia l parameters i n the F i c k ' s Law leve l of approximation 
(21). The thermodynamics are taken from the JANAF compilation up 
through the 1978 r e v i s i o n . The heat of formation for NH was taken 
as 84.7 kcal/mole (22). 

Pure NH3 Flames 

To test the react ion mechanism pure ammonia-oxygen-diluent flames 
were studied under a wide range of stoichiometries and d i l u t i o n s . 
Peterson and Laurendeau(23) had previously studied NH3 doped H 2 

flames which elucidate much of the NHi oxidation chemistry. The 
present experiments probe the same reactions and also reactions 
between nitrogeneous species. Flame speeds were f i r s t considered 
i n order to es tabl i sh a subset of l i t e r a t u r e react ion rates which 
would describe th is major flame feature. Comparison of the other 
flame features confirm that the flame speed i s a good test bed for 
the react ion mechanism. 

The d i f f i c u l t y and the value of evaluating a react ion mechanism 
based on flame speed over such a large range of d i l u t i o n s and 
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equivalence rat ios i s that react ion effects at a p a r t i c u l a r temp
erature range or flame condit ion could be inadequate for those at 
another. These flame speed data occur over the adiabatic flame 
temperature range of 2270 to 2900 K. 

Flame Speeds. O v e r a l l , the calculated flame speeds agree well 
with experiment. Flame speed calculat ions as a function of d i l 
uent concentration with 0=0.8 (the peak of the stoichiometric 
dependence) are shown i n Figure 1. The calculated flame speeds 
are less temperature dependent than experiment. Considering the 
stoichiometric dependence of the flame speeds, the calculat ions of 
flame speed are i n greater error away from the peak (0=0.8) and 
exceed the experimental error at both r i c h and lean l i m i t s . 

Flame Prof i l e s Major species and temperature p r o f i l e s provide a 
deta i l ed descr ipt ion of the structure of these flames. Three 
flames at i n i t i a l 0 2 to N 2 ra t io s of 0.58 were probed using laser 
Raman spectroscopy, the equivalence rat ios were 0.7, 1.0 and 
1.29. The calculated and measured temperature p r o f i l e s for the 
0=0.7 flame (given i n Figure 2) shows good agreement. Similar 
agreement i s found at 0=1.0 and 1.27. Figure 2 also gives the 
oxidant decay p r o f i l e which i s another measure of the flame width. 
Since the r a t i o of 0 2 to N 2 i s being measured, differences i n the 
calculated and the experimental species p r o f i l e s are due to d i f 
ference either i n the decay rate of the oxygen or i n the growth 
rate of the ni trogen. For the flames measured, the 0 2 / N 2 r a t i o 
tends to drop somewhat more quickly than the ca l cu la t ions . In the 
leaner two flames the H 2 to N 2 p r o f i l e reaches a maximum at about 
1800K, well before the temperature maximum. The calculat ions 
reproduce the spat ia l d i s t r i b u t i o n and stoichiometric trends of 
the H 2 p r o f i l e but are a factor of 3-10 low i n magnitude. While 
the calculated flame speeds show deviations as a function of 
equivalence r a t i o , the flame widths seem to be uniformly well 
described. 

Nitrogen Oxide Concentrations. The major object ive of th i s work 
i s the understanding and pred ic t ion of the NO concentrations. The 
equivalence r a t i o dependence of the NO i s given i n Figure 3. The 
experimental and calculated values are also compared with the 
equi l ibrium NO concentrations for the corresponding adiabatic 
flame. As has been previously observed the NO decreases with 
increasing equivalence r a t i o , exhibi t ing a s l i gh t maximum at 0.7. 
as has been previously observed. As seen, the NO i s always 
"super- equil ibrium" and more so i n r i c h flames. Generally the 
measured and calculated NO concentrations are the same except for 
very r i c h flames. The ca lculat ions also reproduce the steep temp
erature dependence of the NO concentration. Not only does the NO 
concentration increase with flame temperature, i t i s progressively 
driven more "super-equil ibrium". 
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Figure 1. 
Experimental and calculated 20-
flame speeds vs. i n i t i a l mole 
fraction of N 2 i n ammonia-oxygen- 0-π 
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Figure 2. Experimental and calculated s p a t i a l p r o f i l e s of tempera
ture and 0 9/N Q r a t i o for a Φ = 0.7 ammonia-oxygen-nitrogen flame. 
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Major Pathways and Reactions Ef fec t s . As seen above the 
experimental data (flame speeds, flame widths and NO concentra
tions) are well described by the k i n e t i c mechanism. A schematic 
of the whole k ine t i c chain for the combustion of the nitrogeneous 
species i s shown i n Figure 4. The r e l a t i v e influence of reactions 
on a species are determined by a f lux analys is (13,15). This i s a 
flame averaged analys i s , but i t t y p i c a l l y gives resu l t s s imi lar to 
a comparison of net react ion rates i n the react ion zone. To f u r 
ther test the effect of the spec i f i c react ion changes we reca lcu
late selected flames. 

One important conclusion from such analyses i s that most interme
diate species are i n steady state or " k i n e t i c a l l y l imited". This 
condit ion ar i ses from very fast r a d i c a l react ions . These lead to 
t ight k i n e t i c coupling and chemical r e d i s t r i b u t i o n among the 
intermediates much more quickly than changes due to advection or 
d i f f u s i o n . The consumption reactions for ind iv idua l species w i l l 
vary the concentration to match i t s production ra te . In the 
flames studied these rates never d i f f e r by more than 20% for a l l 
the rad ica l s (H, 0, OH, H 0 2 , HNO, NH 2 , NH, N) comprising the "rad
i c a l pool". The k i n e t i c a l l y l imited state allows some s impli fying 
re la t ions between the intermediates to be expressed, and these 
have been discussed by B l i n t and Dasch(13) for a number of the 
nitrogenous intermediates. However, th i s state a lso implies that 
the s ize of the intermediate pool w i l l depend on the difference 
between chain branching and terminating react ions . These reac
tions can be quite slow r e l a t i v e to the chain propagating reac
tions but have a larger influence since they control the r a d i c a l 
pool s i ze . These reactions are separately considered following 
the descr ipt ion of the primary pathways. 

In these flames over 95% of the nitrogen atoms are combusted to 
N 2 . Since N 2 i s predominantly formed by reactions of NO with NHi, 
approximately half the nitrogen atoms are cycled through NO while 
the other half are oxidized no further than NHi. Since the amine 
radica l s contribute to the N 2 formation i n the rough rat ios of 
3:1:1 for NH 2:NH:N, the primary pathway to N 2 can be written by 
the two sequences shown i n heavy l i n e . These sequences account 
for about two th irds of the NO and N 2 formation. While th i s i n d i 
cates a p i v o t a l ro le for N H 2 , neither NH nor Ν reactions with NO 
can be eliminated from the reaction scheme. 

One of the dominant reactions i s NH2 with NO branching to the two 
sets of products, 

NH2 + NO N 2 + Η + OH 
N 2 + H 2 0 

(RD 
(R2) 

As discussed i n Ref. 16 the branching r a t i o of 70% R l and 30% R2 
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100 000 

10 000 

Figure 3. Experimental and calculated 
maximum NO concentrations as a func
tion of equivalence r a t i o for 
ammonia-oxygen-nitrogen flames 
with fixed i n i t i a l mole fraction 
of N 2 = 0.4. 

1000 

NH3 

N H 2 

HNO 

Figure 4. Schematic of the detailed 
kinetic mechanism for ammonia 
combustion. 
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was used. To test the effect of changing the branching r a t i o the 
flame speeds were recalculated using the branching r a t i o of 40/60 
suggested by S i l v e r , et . a l . ( 9 ) . For flames with i n i t i a l N 2 d i l u 
t ions of 0.4 the flame speeds are slower and the dependence as a 
function of equivalence r a t i o i s modified. The maximum i n the 
flame speed i s shif ted r i cher than 0=0.8. The f lux analysis for 
reactions R l and 2 shows a reduction of about 30% for the f lux of 
the products. The flame width of the 0=0.5 N 2 ( i n i t i a l ) = 0 . 4 flame 
increases by almost a factor of three with the change i n the 
branching r a t i o . C l e a r l y th i s branching r a t i o has a large effect 
on the flame properties of ammonia flames. 

Another react ion with a s ign i f i cant effect on the flame properties 
i s 

NH + 0 2 •* HNO + 0 

L i t t l e i s known about th i s react ion . We have used the value sug
gested by Peterson and Laurendeau(23). The s e n s i t i v i t y was tested 
with the rate constant that Branch et . a l . (12) developed for the 
lower temperatures of the "Thermal Denox" problem. Using th i s 
smaller rate constant (at flame temperatures) on two flames (0=0.5 
N 2 ( i n i t i a l ) = 0 . 4 and 0=0.8 N 2 ( i n i t i a l ) = 0 . 1 ) we f ind 15-20% 
decreases i n the flame speed and 40-50% decreases i n the f lux con
t r i b u t i o n from th is react ion . Overa l l the effect of reducing the 
NH + 0 2 rate i s to reduce the rate of production of HNO i n each of 
the flames; no s ign i f i cant v a r i a t i o n of th is effect with equiva
lence r a t i o was observed. Changing the products of the react ion 
to NO and OH as suggested by Binkley and Melius(24) gives resul ts 
s imi lar to reducing the ra te . With these products fewer rad ica l s 
are generated; hence the flame speed i s reduced by more than 20% 
and the flame widths thicken s l i g h t l y . 

NO Y i e l d i n Pure and Doped CH 4 Flames 

Having val idated the mechanism on ammonia-oxygen flames, the y i e l d 
of NO from nitrogen doped C H 4 - a i r flames was examined. Both NH3 

and NO doping were invest igated. Only post-flame NO concentra
t ions were measured. These are compared with ca lculat ions of the 
f u l l k inet ics and with adiabatic equi l ibrium ca lcu la t ions . The 
calculated p r o f i l e s indicate the complexity of the NO dynamics i n 
these flames. The temperature and major species p r o f i l e s i n the 
undoped flames had been studied i n e a r l i e r work(16). Three near 
stoichiometric methane-air flames having i n i t i a l equivalence 
rat ios(0) of 0.8, 1.0 and 1.2 are d i l u t e d with less than 5 volume 
percents of NH3 or NO. In th is section NO concentration i s 
expressed both as a mole f rac t ion and as a f rac t ion of the t o t a l 
nitrogen concentration: 

NO fraction=[N0]/([N0]+2[N2]+[NH3]+[NH2]+[NH]+[N]+ [HN0]+2[N20]) 
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96 CHEMISTRY OF COMBUSTION PROCESSES 

This approach removes any effects due to changing numbers of molar 
species within the flame. 

Pure Methane Flames. In a pure methane flames the NO frac t ion 
undergoes a small jump passing through the flame front , then 
increases l i n e a r l y with t ime-distance. This l inear increase i s 
due to low NO concentration after the flame front (approximately 
30 ppm i n a stoichiometric flame) which i s far less than the equi 
l ibr ium concentration of NO (3100 ppm). The reaction(R3) d r i v i n g 
the formation of NO i s part of the Zeldovitch mechanism: 

The reverse reactions are n e g l i g i b l e . The Zeldovitch mechanism i s 
rate l i m i t i n g i n these near stoichiometric flames having no added 
nitrogen species. There i s no s ign i f i cant NH or Ν production. 

NO doped Methane Flames. Most of the NO passes through the flame 
unreacted, and the NO pr imar i ly acts as an inert d i luent . D i l u t 
ing the flames with 1.5% NO causes the adiabatic flame tempera
tures to drop by about 100 Κ and the calculated flame speeds to 
decrease by about 10%. The NC frac t ion decreases by less than 10% 
through the flame front for these flames which were doped far 
above the equi l ibrium NO concentrations (420-3700 ppm depending on 
stoichiometry). In the experiments there was no post flame decay 
i n the NO concencentrations (±5%), while the ca lculat ions do show 
some decay (<2%/mm) which depends upon stoichiometry. The c a l c u 
lated post flame conversion rate of NO to N 2 decreases as the 
super-equil ibrium rad ica l s ( e .g . ; 0 and OH) decay. 

The very slow reduction of the NO through the flame i s a resu l t of 
the back reactions of the extended Zeldovitch mechanism. Ν atoms 
are slowly produced from NO by reactions R4 and R5 but then rap
i d l y react again with NO v i a R3. R3 i s the major react ion produc
ing N 2 with i t s fastest rate occuring at the r a d i c a l maximum just 
past the i n f l e c t i o n point i n the temperature p r o f i l e . 

Two minor reactions do produce species which d i r e c t l y involve the 
f u l l ammonia react ion mechanism. These produce NH2 and NH from 
HNO. Ν atom production from NH contributes only of the order of 
5% of the t o t a l Ν atom production. Even th i s small contr ibut ion 
of the HN0-KNH2,NH)->N pathway i s r e s t r i c t e d to the high r a d i c a l 
region of the flame f ront . 

NH3 Doped Methane Flames. While the addit ion of NO to a methane-
a i r flame acts pr imar i ly as a d i luent , the addit ion of NH3 richens 
the mixture leading to competition for the ava i lab le oxygen. This 
richening effect also reduces the equi l ibrium NO concentration of 
these near stoichiometric flames (O.8<0<1.2). 

0 + N 2 ·• NO + Ν 
Ν + 0 2 NO + 0 
Ν + OH + NO + Η 

(R3) 
(R4) 
(R5) 
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6. BLINT AND DASCH Formation of NO and N2 from NH3 97 

The measured post-combustion NO concentrations values are gener
a l l y s imi lar to the calculated concentrations(Figure 5). The meas
ured NO concentrations tend to be higher at the higher ammonia 
dopings. While the NO concentrations increase with NH3 doping, 
the f rac t ion of ammonia converted into NO decreases with a corre
sponding increase i n the N 2 f r a c t i o n . This i s the saturation 
behavior extensively studied by Fenimore ( l f 4 ) and Haynes(2,3). 
After the NO reaches a c r i t i c a l steady-state value, addi t iona l 
fuel -ni trogen i s converted to N 2 . This behavior i s also seen i n 
the calculated NO p r o f i l e s . 

Interest ingly , the major source reaction of N 2 i n these ammonia 
d i l u t e d methane-air flames i s again react ion R3. The "H shuffle" 
reactions form a fast pathway from NH3 to Ν atoms. The extended 
Zeldovitch reactions R3, R4, and R5 then determine the NO and N 2 

production. This behavior i s i n marked contrast to the pure ammo
nia flame pathways (Figure 4) where NH2 and NH were s ign i f i cant N 2 

soucrces, and HNO was the major precursor of NO. 

This difference i n behavior between NH3 and CH 4 flames resu l t s 
from an approximate doubling of the r a d i c a l concentration from a 
0=1.0 ammonia flame to a 0=1.0 C H 4 / a i r flame. This change pro
motes the NH->N pathway over the NH-+HN0 pathway. 

Combined NO and NH3 Doped Methane Flames. Adding both NO and NH3 

to methane-air flames provides the opportunity to enhance the 
reducing effect of the NHi + NO react ions . T y p i c a l l y the flames 
are doped with NO concentrations far i n excess of the equi l ibrium 
concentrations; consequently we see NO concentrations which are 
appreciably reduced by the NH3 addi t ion . 

The calculated NO concentrations for the low dopings of NH^ show 
good agreement with experiment. Table I i s a comparison or the 

Table I.Experimental, ca lculated and equi l ibrium NO concentrations 
i n ppm for the methane-air flames d i l u t e d with 1.5% NO. 

ADDED 0 = 0.8 0 = : 1.0 0 = 1 ..2 
HH,(%) exp. c a l . eq. exp. c a l . eq. exp. c a l . eq. 

0.0 13500 12000 3700 12200 12500 3100 12500 12700 420 
0.3 ** ** ** ** ** ** 11000 11700 350 
1.0 14200 12800 3800 13500 13300 2400 8000 9600 232 
3.0 14200 11500 3600 13800 9300 914 7800 5000 70 
5.0 14900 10200 2700 12200 6400 250 ** ** ** 

**flame not calculated 
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98 CHEMISTRY OF COMBUSTION PROCESSES 

measured, c a l c u l a t e d and e q u i l i b r i u m NO c o n c e n t r a t i o n s f o r t h e 
flames d i l u t e d by 1.5% NO and doped w i t h v a r y i n g amounts of NH 3. 
above e q u i l i b r i u m . D e v i a t i o n s seem t o occur p r i m a r i l y a t h i g h 
dopings of ammonia. T y p i c a l l y the c a l c u l a t i o n s g i v e low v a l u e s . 
The agreement i s somewhat worse than t h e t a b l e i n d i c a t e s s i n c e t h e 
c a l c u l a t e d NO c o n c e n t r a t i o n s s l o w l y d e c r e a s e w i t h i n c r e a s i n g d i s 
tance p o s t - f l a m e w h i l e t h e e x p e r i m e n t a l c o n c e n t r a t i o n s a r e con
s t a n t . 

F i g u r a 6 shows c a l c u l a t e d s p a t i a l p r o f i l e s of NO f r a c t i o n and 
temperature i n a 0=0.8 methane-air flame doped w i t h 5% NH 3 and 
1.5% NO. T h i s i s a t y p i c a l p l o t of t h e NO f r a c t i o n f o r t h e com
bi n e d l o a d i n g experiments. There i s an i n i t i a l p r e c i p i t o u s drop i n 
the NO c o n c e n t r a t i o n e a r l y on i n the temperature p r o f i l e , f o l l o w e d 
by a s l i g h t r i s e and t h e n t h e v e r y slow drop i n t h e NO c o n c e n t r a 
t i o n w i t h d i s t a n c e . The i n t e r m e d i a t e NO peak shown i n t h i s p a r 
t i c u l a r example i s f r e q u e n t l y found, a l t h o u g h some NO p r o f i l e s 
show o n l y t h e i n i t i a l r a p i d drop and t h e v e r y slow secondary 
r e d u c t i o n . The i n i t i a l NO d e s t r u c t i o n found i n t h e s e h i g h NO 
d i l u t i o n s (1.5%) i s due t o t h e NH2+N0 pathway. In c o n t r a s t t o t h e 
NH 3 doped f l a m e s , t h e s e flames do have NO e a r l y i n t h e temperature 
r i s e where the NH 2 o c c u r s . The r e d u c t i o n of the NO as shown i n 
F i g u r e 6 o c c u r s i n a v e r y narrow temperature range. T h i s i n i t i a l 
NO d e s t r u c t i o n i s a major p o r t i o n of t h e NO dynamics over t h e 
e n t i r e f l a m e . S p e c i f i c a l l y , R l i s found t o account f o r a t l e a s t 
1/3 of t h e NO c o n v e r t e d i n t o N 2 as measured by a f l u x a n a l y s i s of 
N 2. The midflame f e a t u r e s a r e due t o t h e extended Z e l d o v i t c h 
r e a c t i o n s and show a c o m p l i c a t e d i n t e r p l a y of temperature and NH 3 

decay. Comparing t h e NH 3 and NO c o n c e n t r a t i o n s i n t h i s zone, the 
NO r i s e i s c l e a r l y from NH 3 which d i d not p a r t i c i p a t e i n t h e e a r l y 
r e d u c t i o n o f NO. 

These mixed NO and NH 3 experiments show t h a t the f u l l temperature 
range and a l l the branches of the r e a c t i o n mechanism a r e i m p o r t a n t 
f o r d e s c r i b i n g the e v o l u t i o n of f u e l - n i t r o g e n even i n near s t o i 
c h i o m e t r i c flames. 

C o n c l u s i o n s 

Pure ammonia flames a r e s t u d i e d e x p e r i m e n t a l l y and t h e o r e t i c a l l y 
t o i s o l a t e t h e amine c h e m i s t r y . Ammonia and NO doped methane-air 
flames a r e a l s o s t u d i e d as models f o r flames w i t h f u e l - b o u n d 
n i t r o g e n and flames d i l u t e d w i t h NO from EGR. We c o n c l u d e from 
these s t u d i e s : 

1. Pure ammonia flames f o l l o w major pathways which a r e d i f f e r e n t 
from doped hydrocarbon f l a m e s . NH 2 i s p i v o t a l f o r d e t e r 
m i n i n g r e l a t i v e N 2 and NO y i e l d s i n ammonia f l a m e s . 
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6. BUNT AND DASCH Formation of NO and N2 from NH3 99 

10 L 
1 2 3 4 5 

% N H 3 DOPING 

Figure 5. Calculated and measured 
maximum NO concentrations for 0 = 
0.8 methane-air flames as a function 
of tota l NH^ doping. 

0.00 0.10 0.20 0.30 
DISTANCE IN LABORATORY F R A M E (cm) 

Figure 6. Temperature and NO frac
tion s p a t i a l p r o f i l e s for 0 = 0.8 
methane-air flame doped with 5% 
(vol) NH3 and 1.5% NO. 
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100 CHEMISTRY OF COMBUSTION PROCESSES 

2. NO alone doped into methane flames i s only reduced by the slow 
three-react ion Zeldovitch mechanism. No appreciable reduction 
due to the ammonia reaction mechanism i s found. 

3. Contrary to pure ammonia combustion where the primary source of 
N 2 comes from reactions of NH2 with NO, ammonia doped into 
methane-air flames i s combusted to N 2 v i a the Ν + NO react ion . 

4. Mixtures of NO and NH3 i n methane-air flames exhibit separate 
regions of reducing NO to N 2 and then ox id iz ing NH3 to NO. 
The reducing region i s due to the NH2+N0 react ions , while the 
ox id iz ing zone i s dominated by the Zeldovitch react ions . The 
r e l a t i v e importance of the two mechanisms i s dependent on the 
shape of the temperature p r o f i l e of the flame. It i s 
concluded that the reducing effect of fuel -ni trogen on 
hydrocarbon fuel mixtures containing NO i s dependent on the 
flame structure . 
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7 
Reactions of NH and N H 2 with Ο and O2 
Theoretical Studies 

C. F. MELIUS and J. S. BINKLEY 
Sandia National Laboratories, Livermore, CA 94550 

Calculat ions involving fourth-order Mø l l er -P lesse t 
perturbation theory with bond a d d i t i v i t y correct ions 
were used to investigate the reactions of NH2 and 
NH with O and O2. New heats of formation were used 
for NH2 (47 kcal-mole-1) and NH (87 kcal-mole-1). We 
find that the NH2O2 complex is barely s table . Thus, the 
rate constant for NH2 + O2 should be very small with the 
most probable products at high temperatures being NH2O+O. 
For NH+O2, we f ind that the reaction forming HNO+O is 
spin forbidden on the lower lying s inglet surface. Thus, 
at room temperature the l i k e l y products are ΝO+OΗ and 
H+NO2, which are accessible on the s inglet surface. 

For NH2+O and NH+O, we f ind that stable i n t e r 
mediate complexes can be formed with no act ivat ion 
b a r r i e r . These can undergo d i rec t d i s soc ia t ion by 
losing a hydrogen or can undergo a 1,2-hydrogen s h i f t 
with further d i ssoc ia t ion forming OH. The reaction path
way involving molecular complex formation should dominate 
at room temperature while d i rec t hydrogen abstraction by 0 
atoms should dominate at high temperatures. 

The r e a c t i o n s o f NH 2 and NH w i t h 0 2 and 0 p l a y i m p o r t a n t r o l e s i n 
th e o x i d a t i o n o f ammonia and f u e l bound n i t r o g e n s as w e l l as i n 
the r e d u c t i o n o f N0 y's(l-12). However, the r a t e c o n s t a n t s f o r 
t h e s e r e a c t i o n s d i f f e r d r a s t i c a l l y i n t h e v a r i o u s c h e m i c a l 
r e a c t i o n models which have been d e v e l o p e d ( 1 - 6 ) . Even t h e 
e x p e r i m e n t a l l y measured r a t e c o n s t a n t s show a wide v a r i a t i o n and 
d i f f e r s i g n i f i c a n t l y from the c o r r e s p o n d i n g i s o e l e c t r o n i c c o u n t e r -

0097-6156/84/0249-0103506.00/0 
© 1984 American Chemical Society 
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104 CHEMISTRY OF COMBUSTION PROCESSES 

p a r t s i n v o l v i n g c a r b o n and oxygen (6,13-23). F u r t h e r m o r e , i t i s 
not even c l e a r what t h e p r o d u c t s o f t h e s e r e a c t i o n s s h o u l d be. 

To a i d t h e modelers i n d e v e l o p i n g improved r e a c t i o n mech
anisms as w e l l as t o a i d t h e e x p e r i m e n t a l i s t s i n t h e i r i n t e r p r e 
t a t i o n o f the d a t a , we have c a l c u l a t e d t h e e n e r g e t i c s o f m o l e c u l a r 
i n t e r m e d i a t e s and p r o d u c t s a r i s i n g f r o m t h e s e r e a c t i o n s . Our 
approach was t o use the h i g h l y a c c u r a t e f o u r t h o r d e r M p l l e r -
P l e s s e t p e r t u r b a t i o n t h e o r y (24) w i t h b o n d - a d d i t i v i t y c o r 
r e c t i o n s . (25) 

In t h e ne x t s e c t i o n , we b r i e f l y p r e s e n t t h e t h e o r e t i c a l 
a p p r o a c h . We th e n p r e s e n t and d i s c u s s t h e r e s u l t s f o r t h e 
r e a c t i o n s NH2+o2, NH+0 2, NH 2+0, and NH+0. 

T h e o r e t i c a l Approach 

The method i s d i v i d e d i n t o two d i s t i n c t s t e p s . The f i r s t s t e p 
c o n s i s t s o f ab i n i t i o c o m p u t a t i o n o f t h e t o t a l e n e r g i e s o f t h e 
d e s i r e d m o l e c u l e . T h i s i s a c c o m p l i s h e d by f i r s t d e t e r m i n i n g t h e 
t h e o r e t i c a l e q u i l i b r i u m geometry o f t h e m o l e c u l e u s i n g t h e 
6-31G*(26j b a s i s and s p i n - r e s t r i c t e d H a r t r e e - F o c k (27) t h e o r y 
f o r c l o s e d - s h e l l m o l e c u l e s and s p i n - u n r e s t r i c t e d H a r t r e e - F o c k 
(28) t h e o r y f o r o p e n - s h e l l m o l e c u l e s . U s i n g t h e s e g e o m e t r i e s 
two a d d i t i o n a l c a l c u l a t i o n s a r e p e r f o r m e d . Z e r o - p o i n t v i b r a t i o n a l 
c o r r e c t i o n s a r e d e r i v e d u s i n g a n a l y t i c a l l y computed (29) s e c o n d -
d e r i v a t i v e s o f t h e en e r g y w i t h r e s p e c t t o the i n t e r n a l d e g r e e s o f 
freedom. In t h e second c a l c u l a t i o n e l e c t r o n c o r r e l a t i o n e f f e c t s 
a r e d e t e r m i n e d u s i n g M f l l l e r - P l e s s e t p e r t u r b a t i o n t h e o r y c a r r i e d 
o u t t o f o u r t h - o r d e r (24) u s i n g the 6-31G** (26) b a s i s 
( d e n o t e d MP4/6-31G**). Combining the d a t a from t h e s e two c a l 
c u l a t i o n s l e a d s t o a v i b r a t i o n a l l y c o r r e c t e d , e l e c t r o n - c o r r e l a t e d 
t o t a l e n e r g y f o r a g i v e n m o l e c u l e . 

These t h e o r e t i c a l c a l c u l a t i o n s a r e s u b j e c t t o s y s t e m a t i c 
e r r o r s a r i s i n g f r o m b a s i s s e t t r u n c a t i o n and n e g l e c t o f h i g h e r 
p e r t u r b a t i o n o r d e r e l e c t r o n c o r r e l a t i o n e f f e c t s . T h e r e f o r e , we 
have added a second s t e p t o our p r o c e d u r e i n which we attempt t o 
acc o u n t f o r t h e s e d e f i c i e n c i e s by ad d i n g e m p i r i c a l l y d e r i v e d 
B o n d - A d d i t i v i t y - C o r r e c t i o n (BAC) f a c t o r s t h a t a r e based on t h e 
t y p e s o f bonds p r e s e n t i n the g i v e n m o l e c u l e . The c o r r e c t i o n 
f a c t o r s f o r NH (9.4 k c a l - m o l e " 1 ) and OH (10.7 k c a l - m o l e " 1 ) bonds 
ar e o b t a i n e d as t h e d i f f e r e n c e between t h e t h e o r e t i c a l and 
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7. MELIUS AND BINKLEY Reactions of NH and NH2 with Ο and 02 105 

e x p e r i m e n t a l e n e r g i e s f o r complete d i s s o c i a t i o n o f NH3 and ΟΗ2, 
r e s p e c t i v e l y , a v e raged o v e r t h e number o f Dnds i n t h e m o l e c u l e . 
In a s i m i l a r f a s h i o n , c o r r e c t i o n f a c t o r s f o r t h e n i t r o g e n - o x y g e n 
and oxygen-oxygen bond t y p e s a r e d e v e l o p e d f r o m a com p a r i s o n o f 
the t h e o r e t i c a l r e s u l t s w i t h v a r i o u s e x p e r i m e n t a l v a l u e s o f Ν-0-Η 
c o n t a i n i n g m o l e c u l a r s p e c i e s . In t h i s c a s e t h e bond a d d i t i v i t y 
c o r r e c t i o n s depend both on the bond d i s t a n c e as w e l l as the bond 
t y p e . An a d d i t i o n a l c o r r e c t i o n f a c t o r f o r s p i n c o n t a m i n a t i o n i n 
the s p i n - u n r e s t r i c t e d H a r t r e e - F o c k w a v e f u n c t i o n i s i n c l u d e d . 

U s i n g t h e t h e o r e t i c a l l y computed t o t a l e n e r g i e s , Δ Η £ v a l u e s 
were be o b t a i n e d f o r t h e a p p r o p r i a t e Η, N, 0 - c o n t a i n i n g s p e c i e s . 
T h i s p r o c e d u r e t a c i t l y assumes the t r a n s f e r a b i l i t y o f the c o r 
r e c t i v e f a c t o r s f r o m one m o l e c u l e t o a n o t h e r and i s s u b j e c t t o any 
l i m i t a t i o n s imposed by the o r i g i n a l e x p e r i m e n t a l v a l u e s . The f u l l 
d e t a i l s and a c r i t i c a l a n l y s i s o f t h i s p r o c e d u r e w i l l be p u b l i s h e d 
s e p a r a t e l y . 

R e s u l t s and D i s c u s s i o n 

The c a l c u l a t e d h e a t s o f f o r m a t i o n f o r v a r i o u s s t a b l e and meta-
s t a b l e i n t e r m e d i a t e s and p r o d u c t s f o r the r e a c t i o n s NH2+O2, ΝΗ+Ο2, 
NH 2+0, and ΝΗ+0 a re shown i n F i g u r e s 1-4. The h e a t s o f f o r m a t i o n 
f o r t h e p o l y a t o m i c s agree w i t h known e x p e r i m e n t a l h e a t s o f f o r 
m ation t o w i t h i n s e v e r a l k c a l - m o l e " 1 . The e x c e p t i o n s a re NH and 
NH2 where the e x p e r i m e n t a l e s t i m a t e s v a r y w i d e l y . ( E x p e r i m e n t a l 
v a l u e s f o r NH 2 range from 40-46 k c a l - m o l e " 1 w h i l e e x p e r i m e n t a l 
v a l u e s f o r NH range from 81-90 k c a l - m o l e " 1 ) . We t h e r e f o r e have 
used our r e c e n t l y c a l c u l a t e d v a l u e s o f ΔΗ^(ΝΗ2) = 47 k c a l - m o l e " 1 

and Δ Η ^ ( Ν Η ) = 87 k c a l - m o l e " 1 as b e i n g the most r e l i a b l e ( 2 5 ) . 
I n c l u d e d i n t h e f i g u r e s a r e s c h e m a t i c c u r v e s which c o n n e c t 

v a r i o u s isomers w i t h each o t h e r and w i t h r e a c t a n t s o r p r o d u c t s . 
T r a n s i t i o n s t a t e p o t e n t i a l e n e r g y b a r r i e r s have not been c a l 
c u l a t e d f o r t h e s e p r o c e s s e s . However, we have i n c l u d e d t h e s e 
s c h e m a t i c c u r v e s ( w i t h an i n d i c a t i o n o f whether t h e t r a n s i t i o n 
s t a t e b a r r i e r s h o u l d be l a r g e , s m a l l , o r n o n e x i s t e n t ) i n o r d e r t o 
h e l p t h e r e a d e r f o l l o w p o s s i b l e r e a c t i o n mechanisms. 

NH?+Q?. S e v e r a l r e a c t i o n schemes have been proposed f o r NH2+Û2 
( Δ Η v a l u e s f o r a l l r e a c t i o n s were computed i n t h i s s t u d y ) : 

NH2+02 *-Ν0+Η 20 Δ Η = -83 k c a l - m o l e " 1 (1) 
propose d by Gess e r ( 7 ) , 
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106 CHEMISTRY OF COMBUSTION PROCESSES 

Figure 1. Calculated energies of possible intermediates and 
products for the reaction of NH^ + ®2' V e r t i c a l scale represents 
Δ Η at OK. Connecting curves schematically indicate possible 
reaction pathways. 

120- Ν + H 0 2 

Figure 2. Same as i n Figure 1 for NH + 0, 
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7. MELIUS AND BINKLEY Reactions of NH and NH2 with Ο and 02 107 

F i g u r e h. Same as i n F i g u r e 1 f o r NH + 0. 
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NH2+o2 * - Η Ν 0 + 0 Η Δ Η = -10 k c a l - m o l e " 1 (2) 

f i r s t p r o p o s e d by Husain and N o r r i s h ( 8 ) , 

NH2+o2 * - Ν Η 2 0 0 Δ Η = -5 k c a l - m o l e " 1 (3) 

f i r s t p r o p o s e d by J a y a n t y , e t a l . (13) and f a v o r e d by Hack, e t a l . 
( 1 4 ) , and 

NH2+o2 * - Ν Η + Η 0 2 Δ Η = +45 k c a l - m o l e " 1 (4) 
f i r s t p r o p o s e d by Takeyama and Miyama ( £ ) . 

As can be seen from F i g u r e 1, NH 200 does not form a v e r y 
s t a b l e complex, h a v i n g a NH 2-0 2 bond e n e r g y o f l e s s than 6 
k c a l - m o l e " 1 . Our c a l c u l a t i o n s are c o n s i s t e n t w i t h t h e e s t i m a t e s 
by P a g s b e r g , e t a l . (15) and Benson (16) and i m p l y t h a t t h e 
i n t e r p r e t a t i o n o f the e x p e r i m e n t a l r a t e d a t a by Hack, e t a l . (14) 
s h o u l d be reexamined w i t h r e s p e c t t o f o r m i n g p r o d u c t s , s i n c e t h e 
1,3-hydrogen s h i f t t o form ΗΝ00Η s h o u l d have a s i g n i f i c a n t 
b a r r i e r . Thus, i t i s u n l i k e l y t h a t r e a c t i o n s (1) and (2) as w e l l 
as (4) v i a t h e ΗΝ00Η complex w i l l have l a r g e r a t e c o n s t a n t s . The 
r e c e n t t h e o r e t i c a l c a l c u l a t i o n s o f Pouchan and C h a i l l e t ( 1 7 ) , 
u s i n g a l e s s s o p h i s t i c a t e d s u b s e t o f t h e method employed h e r e , 
f i n d NH 200 t o be unbound by 13 k c a l - m o l e " 1 . However, t h e i r c o n 
c l u s i o n s a r e c o n s i s t e n t w i t h o u r s i n t e n d i n g t o r u l e out r e a c t i o n 
( 3 ) . Thus, w h i l e t h e r e a r e s e v e r a l e x o t h e r m i c p r o d u c t s f o r the 
r e a c t i o n o f NH 2+0 2 ( e . g . , Η0Ν0+Η, ΗΝ0+0Η, N0 2+H 2, and N0+H 20), 
t h e r e a r e no s i m p l e r e a c t i o n pathways t o form them. 

Based on F i g u r e 1, we b e l i e v e t h e most p r o b a b l e r e a c t i o n t o 
be 

N H 2 + 0 2 — * - Η 2 Ν 0 + 0 Δ Η = +30 k c a l - m o l e " 1 (5) 

as s u g g e s t e d by Benson ( 1 6 ) , p a r t i c u l a r l y a t t h e h i g h e r tempera
t u r e s i n f l a m e c o n d i t i o n s . Such a mechanism i s c o n s i s t e n t w i t h 
t h e o b s e r v a t i o n t h a t a t room t e m p e r a t u r e t h e measured r a t e c o n 
s t a n t f o r NH 2+0 2 i s n e g l i g i b l y s m a l l ( < 6 x l 0 5 cc m o l e " 1 s e c " 1 

d e t e r m i n e d by L e s c l a u x ( 1 8 ) , < 5 x l 0 ^ c c m o l e " 1 s e c " 1 d e t e r m i n e d 
by Pagsberg ( 1 5 ) , < 9 x l 0 ^ c c m o l e " 1 s e c " 1 d e t e r m i n e d by C h e s k i s 
e t a l . ( 2 1 ) . 
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7. MELIUS AND BINKLEY Reactions of NH and NH2 with Ο and 02 109 

( 1 9 ) ) . The l a c k o f a s t a b l e complex e x p l a i n s why t h e room tem
p e r a t u r e r a t e i s much s m a l l e r than t h a t o f the i s o e l e c t r o n i c 
r e a c t i o n o f CH3+o2 t o form t h e CH3OO complex (14)> w h i c h i s 

s t a b l e by 26 k c a l - m o l e " 1 . The e n d o t h e r m i c i t y o f 30 k c a l - m o l e " 1 

f o r r e a c t i o n (5) (no b a r r i e r s h o u l d e x i s t on the e x i t c h a n n e l ) i s 
c o n s i s t e n t w i t h both the t e m p e r a t u r e dependence o f 37.7 ± 2.6 
k c a l - m o l e " 1 f i t t o i n d u c t i o n t i m e s o f v a r i o u s shock tube 
e x p e r i m e n t s (10) and w i t h t h e need f o r a l a r g e a c t i v a t i o n e n e r g y 
f o r t h e r e a c t i o n o f NH 2+0 2 used i n v a r i o u s models o f ammonia 
o x i d a t i o n ( 1 - 3 , 5 , 6 ) . The d i r e c t hydrogen a b s t r a c t i o n r e a c t i o n 
(4) can a l s o o c c u r (on the q u a r t e t p o t e n t i a l e n e r g y s u r f a c e ) , 
and s h o u l d have a s l i g h t a c t i v a t i o n b a r r i e r i n a d d i t i o n t o b e i n g 
e n d o t h e r m i c . 

NH+0 2. Two r e a c t i o n pathways have been pr o p o s e d f o r NH+0 2. 
One, s u g g e s t e d by Husain and N o r r i s h ( 8 ) , i n v o l v e s a rea r r a n g e m e n t 
c o l l i s i o n t o form NO, i . e . , 

Ν Η + 0 2 — * - Ν 0 + 0 Η Δ Η = -56 k c a l m o l e " 1 (6) 

T h i s r e a c t i o n pathway i s f a v o r e d by Takeyama and Miyama ( £ ) , 
s u p p o r t e d by Drummond (12) and o t h e r s ((>), and used by 
Duxbury and P r a t t (3) and by A z u h a t a , e t a l . (4) i n t h e i r 
m o d e l i n g . The second r e a c t i o n pathway i n v o l v e s t h e more d i r e c t 
d i s p l a c e m e n t r e a c t i o n f o r m i n g HNO, i . e . , 

Ν Η + 0 2 — * - Η Ν 0 + 0 Δ Η = -1 k c a l m o l e " 1 (7) 

While t h e r e has been some c o n c e r n t h a t r e a c t i o n (7) may be 
en d o t h e r m i c , o u r c a l c u l a t e d heat o f f o r m a t i o n f o r NH o f 87 
k c a l - m o l e " 1 i m p l i e s t h a t (7) i s e s s e n t i a l l y t h e r m a l n e u t r a l . 
R e a c t i o n (7) i s f a v o r e d by Z e t z s c h and Hansen (20) as b e i n g 
s i m p l e r than (6) and i s used by F u j i i , e t a l . (j5), M i l l e r , 
e t a l . (1), and Lyon, e t a l . (2) i n t h e i r m o d e l i n g e f f o r t s . 
In e i t h e r c a s e , t h e a c t i v a t i o n b a r r i e r used by the mode l e r s i s 
s m a l l (3 k c a l - m o l e " 1 ) o r a b s e n t . The r a t e c o n s t a n t f o r NH+0? 
p r o d u c t s a t room t e m p e r a t u r e i s s m a l l (5.1x10^ c c m o l e ^ s e c " 1 

as measured by Z e t z s c h and Hansen ( 2 0 ) ; < 2 x l 0 1 0 c c m o l e " 1 s e c " 1 

as measured by Pag s b e r g , e t a l . ( 1 5 ) ) , a l t h o u g h a r a t e c o n s t a n t o f 
3 . 6 x 1 ο 1 1 c c m o l e ^ s e c " 1 was measured i n d i r e c t l y by McConn e l l 
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To a s s i s t i n d i s t i n g u i s h i n g between the p o s s i b l e r e a c t i o n 
pathways and r a t e c o n s t a n t s , we p r e s e n t t h e c a l c u l a t e d e n e r g e t i c s 
o f the NH+0 2 system i n F i g u r e 2. The system i s c o m p l i c a t e d i n 
t h a t t h r e e p o t e n t i a l e n e r g y s u r f a c e s must be c o n s i d e r e d . We can 
im m e d i a t e l y r u l e o u t the q u i n t e t s u r f a c e s i n c e no l o w - l y i n g i n t e r 
m e d i a t e s t a t e s o r f i n a l p r o d u c t s e x i s t f o r t h i s s u r f a c e . The 
lowest r e a c t i o n pathway e x i s t s f o r t h e s i n g l e t s u r f a c e , f o r which 
t h e ΗΝ00 i n t e r m e d i a t e ( s t a b i l i z e d by t h e N-0 bond e n e r g y which i s 
e s t i m a t e d t o be 22-29 k c a l - m o l e " 1 ) can be formed w i t h o u t any s i g 
n i f i c a n t b a r r i e r . The ΗΝ00 s p e c i e s i s i s o e l e c t r o n i c w i t h ozone, a 
b i r a d i c a l s i n g l e t s p e c i e s ( 2 8 - 3 0 ) . The ΗΝ00 s p e c i e s can undergo 
r i n g c l o s u r e f o l l o w e d by s c i s s i o n o f the 0-0 bond t o form t h e 
s t a b l e n i t r o h y d r i d e i s o m e r . Our c a l c u l a t i o n s i n d i c a t e t h a t t h e 
a c t i v a t i o n e n e r g y f o r t h i s r i n g c l o s i n g and r e o p e n i n g s h o u l d be 
l e s s than t h e 22-29 k c a l - m o l e " 1 bond e n e r g y formed from t h e 
incoming NH+0 2. 

Having formed n i t r o h y d r i d e , t h e r e i s s u f f i c i e n t i n t e r n a l 
e n e r g y t o break t h e N-H bond t o form H+N0 2, i . e . , 

NH+0 2 * - Η + Ν 0 2 Δ Η = -28 k c a l m o l e " 1 (8) 

or t o undergo a 1,2-hydrogen s h i f t t o form t h e more s t a b l e Η0Ν0 
which can decompose t o form Ν0+0Η ( r e a c t i o n ( 6 ) ) as w e l l as H+N0 2 

( r e a c t i o n ( 8 ) ) . Under t h e a p p r o p r i a t e c o n d i t i o n s one c o u l d f o r m 
the ΗΝ00 complex r a t h e r than t h e more s t a b l e Η0Ν0. I t s h o u l d be 
noted t h a t t h e d i r e c t d i s p l a c e m e n t r e a c t i o n f o r m i n g HN0+0( 3P) 
( r e a c t i o n ( 7 ) ) c a n n o t o c c u r t h r o u g h t h e s t a b l e HNOO^A 1) complex 
but must o c c u r on t h e h i g h e r l y i n g t r i p l e t s u r f a c e . Removing t h e 
0 atom fro m Η Ν Ο Ο ^ Α ' ) would produce HN0( 3A ) + 0 ( 3 P ) a n a l o g o u s t o 
the i s o e l e c t r o n i c r e a c t i o n 0 ( 3 Ρ ) + 0 2 ( 3 Σ g ) - ^ 0 2 ( 3 2 g) + 0 ( 3 P ) . 
However, u n l i k e 0 + 0 2 , t h i s r e a c t i o n i s e n d o t h e r m i c by 19 
k c a l - m o l e " 1 , which would e x p l a i n why the r a t e c o n s t a n t f o r NH+0 2 

i s s m a l l e r than t h a t f o r t h e i s o e l e c t r o n i c 0+0 2 (29) exchange 
r e a c t i o n . 

R e a c t i o n (7) w i l l o c c u r on the t r i p l e t s u r f a c e t h r o u g h t h e 
m e t a s t a b l e HN00( 3A') i n t e r m e d i a t e . T h i s i n t e r m e d i a t e i s 
c a l c u l a t e d t o be o n l y s l i g h t l y e n d o t h e r m i c (4 k c a l - m o l e " 1 ) . 
T h e r e s h o u l d be a v e r y s m a l l a c t i v a t i o n b a r r i e r on t h e in c o m i n g 
r e a c t i o n p a t h . Of g r e a t e r s i g n i f i c a n c e i s the o u t g o i n g r e a c t i o n 
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7. MELIUS AND BINKLEY Reactions of Ν H and NH2 with Ο and 02 111 

path ( H N 0 0 ( 3 A ' ) — • H N 0 + 0 ( 3 P ) ) which must undergo a t w o - e l e c t r o n 
a v o i d e d c u r v e c r o s s i n g v i a a b r e a k i n g o f p l a n a r symmetry, g i v i n g 
r i s e t o an a d d i t i o n a l 5-15 k c a l - m o l e " 1 e n e r g y b a r r i e r . Thus, t he 
a c t i v a t i o n e n e r g y f o r r e a c t i o n (7) s h o u l d be l a r g e r t h a n t h e 
3 k c a l - m o l e " 1 used by the m o d e l e r s . 

T a k i n g both s u r f a c e s i n t o a c c o u n t , we c o n c l u d e t h a t t h e room 
t e m p e r a t u r e p r o c e s s s h o u l d be dominated by r e a c t i o n s (6) and (8) 
on t h e s i n g l e t s u r f a c e w h i l e a t h i g h t e m p e r a t u r e s , r e a c t i o n (7) 
s h o u l d dominate. 

NHp+Q. Two s e t s o f p r o d u c t s have been proposed (22,23) f o r t h e 
r e a c t i o n o f NH 2 w i t h a t o m i c oxygen: 

Ν Η 2 + 0 — * - H N 0 + H Δ Η = -28 k c a l - m o l e " 1 (9) 
and 

NH2+o — * - 0 Η + Ν Η Δ Η = -9 k c a l - m o l e " 1 (10) 
There has been some q u e s t i o n as t o whether o r not r e a c t i o n 

(10) i s e n d o t h e r m i c o r e x o t h e r m i c . Based on our c a l c u l a t e d h e a t s 
o f f o r m a t i o n o f NH and NH 2, r e a c t i o n (10) s h o u l d be e x o t h e r m i c by 
9 k c a l - m o l e " 1 . The r a t e c o n s t a n t f o r NH 2+0 a t room t e m p e r a t u r e 
i s 2.1 χ l O 1 ^ c c m o l e " 1 s e c " 1 as measured by G e h r i n g , e t a l . ( 2 2 ) . 
T h i s i s s m a l l e r t h a n t h e measured r a t e c o n s t a n t s f o r t h e i s o e l e c 
t r o n i c s p e c i e s CH 3 and OH r e a c t i n g w i t h 0 atom. 

Our t h e o r e t i c a l r e s u l t s (shown i n F i g u r e 3) i n d i c a t e t h a t 
both r e a c t i o n s (9) and (10) a r e p o s s i b l e . On t h e d o u b l e t s u r f a c e , 
NH 2+0 s h o u l d form the H 2N0 i n t e r m e d i a t e w i t h o u t an a c t i v a t i o n 
b a r r i e r . T h i s complex can r e a d i l y d i s s o c i a t e t o f o r m HNO+H 
( R e a c t i o n ( 9 ) ) . The r a d i c a l i n t e r m e d i a t e i s s u f f i c i e n t l y e x o t h e r 
mic t h a t i t can a l s o undergo a 1,2-hydrogen s h i f t t o form HNOH 
which can d i s s o c i a t e t o form e i t h e r HNO+H o r NH+OH ( R e a c t i o n s (8) 
or ( 9 ) ) . 

T h e r e s h o u l d a l s o be s u f f i c i e n t e n e r g y f o r H 2N0 t o d i s s o 
c i a t e t o N0+H 2 s 

NH 2+0 * - Ν 0 + Η 2 Δ Η = -85 k c a l - m o l e " 1 (11) 

However, t h e dominant r e a c t i o n i s e x p e c t e d t o be t h e d i r e c t d i s 
placement r e a c t i o n (9) w i t h s m a l l e r b r a n c h i n g r a t i o s f o r r e a c t i o n s 
(10) and even l e s s f o r ( 1 1 ) . 
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On t h e q u a r t e t s u r f a c e , no i n t e r m e d i a t e complex e x i s t s t h a t 
i s s t a b l e w i t h r e s p e c t t o NH2+o . However, hydrogen a b s t r a c t i o n 
( r e a c t i o n ( 1 0 ) ) can o c c u r , h a v i n g a s m a l l a c t i v a t i o n b a r r i e r . 
On the o t h e r hand, t h e r e i s no pathway t o the e x o t h e r m i c p r o d u c t s 
N ( 4 S ) + H 2 o. 

Thus, we c o n c l u d e t h a t a t room t e m p e r a t u r e , the r e a c t i o n 
NH2+o s h o u l d be dominated by r e a c t i o n (9) w i t h some s m a l l e r 
b r a n c h i n g p r o b a b i l i t y f o r r e a c t i o n s (10) and ( 1 1 ) , a l l o c c u r r i n g 
on t h e d o u b l e t s u r f a c e w i t h no a c t i v a t i o n e n e r g y . At h i g h e r 
t e m p e r a t u r e s , t h e hydrogen a b s t r a c t i o n r e a c t i o n (10) s h o u l d 
d ominate. We f i n d no re a s o n t o e x p e c t t h e NH2+o r e a c t i o n r a t e 
a t room t e m p e r a t u r e t o be a p p r e c i a b l y s m a l l e r t h a n i t s i s o e l e c 
t r o n i c c o u n t e r p a r t s , CH3+0 and OH+0. 

NH+0. The r e a c t i o n NH+0 i s , i n many r e s p e c t s , a nalogous t o t h e 
r e a c t i o n o f NH2+o. Two s e t s o f r e a c t i o n p r o d u c t s have been used i n 
combustion m o d e l i n g , (1,3,5,) i . e . , 

NH+0 * - Ν 0 + Η Δ Η = -74 k c a l - m o l e " 1 (12) 
and 

NH+0 * - 0 Η + Ν Δ Η = -24 k c a l - m o l e " 1 (13) 

For r e a c t i o n (12) an a c t i v a t i o n e n e r g y o f 5 k c a l - m o l e " 1 i s 
used w h i l e f o r r e a c t i o n (13) t h e a c t i v a t i o n e n e r g y used i s v e r y 
s m a l l (0.1 k c a l - m o l e " 1 ) . In F i g u r e 4, we p r e s e n t the r e s u l t s 
f o r t he i s o m e r i c complexes on the low e s t s i n g l e t ( 1 A I ) and 
t r i p l e t ( 3A") s u r f a c e s . These r e s u l t s a r e c o n s i s t e n t w i t h 
o t h e r work on the HNO system ( 3 4 , 3 5 ) . 

The HNO r a d i c a l i n t e r m e d i a t e s can be formed from NH+0 w i t h o u t 
an e n e r g y b a r r i e r . The f o r m a t i o n e n e r g y o f t h e complexes i s 
s u f f i c i e n t t o e i t h e r d i s s o c i a t e t o H+NO ( r e a c t i o n (12)) o r a l l o w 
t h e 1,2-hydrogen s h i f t ancj d i s s o c i a t i o n t o OH+N ( r e a c t i o n ( 1 3 ) ) . 
The 3 A " s u r f a c e i s d i r e c t l y a n a l o g o u s t o the d o u b l e t s u r f a c e f o r 
NH2+o ( F i g u r e 3 ) . F o r the 3 A M s u r f a c e t h e dominant p r o d u c t s h o u l d 
be NO+H though some N+OH can be formed. On th e o t h e r hand, HNO 
formed on the Ϊ-Α' s u r f a c e can o n l y d i s s o c i a t e t o H+NO s i n c e 
f o r m a t i o n o f OH+N i s s p i n f o r b i d d e n . A t h i g h e r t e m p e r a t u r e s , t h e 
d i r e c t hydrogen a b s t r a c t i o n r e a c t i o n can o c c u r , p a r t i c u l a r l y on 
the q u i n t e t s u r f a c e , r e q u i r i n g a s m a l l a c t i v a t i o n e n e r g y . 

Thus, f o r NH+0 we c o n c l u d e t h a t the r e a c t i o n r a t e s h o u l d be 
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f a s t , w i t h no a c t i v a t i o n e n e r g y f o r r e a c t i o n s (12) and (13) g o i n g 
t h r o u g h t h e HNO i n t e r m e d i a t e and w i t h a s l i g h t a c t i v a t i o n e n e r g y 
f o r the d i r e c t hydrogen a b s t r a c t i o n r e a c t i o n ( 1 3 ) . 

C o n c l u s i o n s 

The c a l c u l a t i o n a l approach used here i n v o l v i n g f o u r t h - o r d e r 
M j a l l e r - P l e s s e t p e r t u r b a t i o n t h e o r y w i t h bond a d d i t i v i t y 
c o r r e c t i o n s (BAC-MP4), has been shown t o be a p o w e r f u l t o o l f o r 
d e t e r m i n i n g h e a t s o f f o r m a t i o n o f m o l e c u l a r s p e c i e s and f o r 
a n a l y z i n g p o s s i b l e r e a c t i o n pathways. For NH 2 and NH r e a c t i n g 
w i t h 0 and 0 2 we have been a b l e t o d i s t i n g u i s h between l i k e l y and 
u n l i k e l y r e a c t i o n p r o d u c t s based on t h e s t a b i l i t y o f v a r i o u s 
r e a c t i o n i n t e r m e d i a t e s compared t o the r e a c t a n t s and p r o d u c t s . 

The r e a c t i o n s s t u d i e d h e r e are t y p i c a l o f many systems i n 
t h a t t h e y a r e complex, i n v o l v i n g m u l t i p l e p o t e n t i a l e n e r g y s u r 
f a c e s w i t h competing pathways, even when t h e same p r o d u c t c h a n n e l 
e x i s t s . Thus, t h e o r e t i c a l r e s u l t s such as t h e s e can be h e l p f u l 
b o t h i n a n a l y z i n g e x p e r i m e n t a l r a t e c o n s t a n t s as w e l l as i n com
p u t e r m o d e l i n g o f r e a c t i o n systems. A d d i t i o n a l work i s needed t o 
ad d r e s s t h e r e a c t i o n pathways f o r p r o d u c t s g o i n g t o o t h e r p r o 
d u c t s , s i n c e o t h e r p a r t s o f the p o t e n t i a l e n e r g y s u r f a c e may be 
i n v o l v e d . We are c u r r e n t l y i n t h e p r o c e s s o f d e v e l o p i n g an 
approach f o r c a l c u l a t i n g t r a n s i t i o n s t a t e e n e rgy b a r r i e r s (which 
were o n l y i n c l u d e d s c h e m a t i c a l l y i n t h i s p a p e r ) , which can be o f 
comparable a c c u r a c y t o the r e s u l t s p r e s e n t e d h e r e . 
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8 
Fast Flames and Detonations 

J O H N H. S. LEE 

McGill University, Mechanical Engineering Department, 817 Sherbrooke St. W., Montreal, 
Quebec, H3A 2K6, Canada 

This paper centers on the problem of turbulent flame 
acceleration by obstacles and the prediction of the 
dynamic detonation parameters of fuel-air mixtures. 
Current state-of-the-art in the understanding of 
these phenomena, as well as progress made in achiev
ing empirical and quantitative descriptions of these 
combustion processes, are reviewed. The specific 
topics discussed are i) the maximum attainable tur
bulent flame speed in an obstacle array, ii) compu
ter simulation of turbulent flame accelerations, 
iii) correlation between the detonation cel l size 
and the dynamic parameters of fuel-air detonations, 
and iv) the transition from deflagration to detona
tion. Future directions in the investigation of 
these problems are also discussed. 

The p r i m a r y concern of e n g i n e e r s i n v o l v e d i n the d e s i g n of n u c l e a r 
r e a c t o r s , c h e m i c a l p l a n t s , o f f - s h o r e p l a t f o r m s and t a n k e r s , i s the 
o v e r p r e s s u r e - t i m e development when l a r g e volumes of f u e l - a i r mix
t u r e s a r e a c c i d e n t a l l y formed and i g n i t e d . The problem o f e s t i 
mating t h i s o v e r p r e s s u r e - t i m e development i s an ex t r e m e l y complex 
one. Depending on the i n i t i a l and boundary c o n d i t i o n s , the same 
com b u s t i b l e m i x t u r e can y i e l d v o l u m e t r i c o r mass b u r n i n g r a t e 
t h a t d i f f e r s by a few o r d e r s o f magnitudes. For example, the 
bu r n i n g v e l o c i t y o f l a m i n a r flames i n s t o i c h i o m e t r i c m i x t u r e s of 
the common hydrocarbon f u e l s w i t h a i r i s o f the o r d e r o f h a l f a 
meter p e r second, c o r r e s p o n d i n g to flame speeds ( i . e . , r e l a t i v e t o 
the f i x e d o b s e r v e r ) of about a few meters p e r second. However, 
under s u i t a b l e c o n d i t i o n s , the same m i x t u r e s can s u s t a i n f a s t t u r 
b u l e n t flames w i t h flame speeds of the o r d e r o f hundreds o f meters 
per second. Q u i t e o f t e n , these f a s t flames t r a n s i t s p ontaneously 
to d e t o n a t i o n s which propagate t o a t y p i c a l v e l o c i t y o f about 1800 
m/sec i n these s t o i c h i o m e t r i c f u e l - a i r m i x t u r e s . The o v e r p r e s 
s u r e - t i m e development depends on the mass b u r n i n g r a t e o r the 
flame speed which, i n t u r n , depends s t r o n g l y on the boundary 
c o n d i t i o n s (mainly the co n f i n e m e n t ) . 

0097-6156/84/0249-0119509.00/0 
© 1984 American Chemical Society 
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I n c l o s e d v e s s e l s ( f u l l y c o n f i n e d ) , the e v e n t u a l peak p r e s 
sure o b t a i n e d depends p r i m a r i l y on the e n e r g e t i c s of the m i x t u r e s . 
The b u r n i n g r a t e c o n t r o l s t o some e x t e n t the amount of heat (hence 
the p r e s s u r e l o s s ) d u r i n g the combustion p r o c e s s i t s e l f and t h i s 
w i l l r e s u l t i n a lower v a l u e f o r the f i n a l peak o v e r p r e s s u r e . The 
peak o v e r p r e s s u r e f o r c o n f i n e d e x p l o s i o n s corresponds c l o s e l y t o 
the t h e o r e t i c a l c o n s t a n t volume o r i s o c h o r i c e x p l o s i o n p r e s s u r e 
f o r the p a r t i c u l a r m i x t u r e , which can be c a l c u l a t e d r e a d i l y from 
e q u i l i b r i u m thermodynamics when l o s s e s a r e i g n o r e d . The e s t i m a 
t i o n o f the r a t e of o v e r p r e s s u r e r i s e , however, i s much more d i f 
f i c u l t s i n c e i t depends on the mass b u r n i n g r a t e o r flame speed. 
For slow l a m i n a r f l a m e s , the r a t e of p r e s s u r e r i s e i s slow and 
v e n t i n g i s o f t e n q u i t e e f f e c t i v e i n l i m i t i n g the peak o v e r p r e s s u r e 
t o any d e s i r e d l e v e l . I n u n c o n f i n e d c o n d i t i o n s , the o v e r p r e s s u r e 
r i s e a s s o c i a t e d w i t h slow d e f l a g r a t i o n s a r e u s u a l l y n e g l i g i b l y 
s m a l l . 

Under the a p p r o p r i a t e boundary c o n d i t i o n s and confinement, 
slow d e f l a g r a t i o n s can a c c e l e r a t e r a p i d l y t o v e r y f a s t t u r b u l e n t 
d e f l a g r a t i o n s . T u r b u l e n t flames depend s t r o n g l y on the boundary 
c o n d i t i o n s which determine the magnitude of the dis p l a c e m e n t f l o w 
v e l o c i t y and hence the t u r b u l e n c e l e v e l i n the unburned m i x t u r e . 
Thus, t u r b u l e n t flame speeds may range from s l i g h t l y above l a m i n a r 
flame speeds of a few meters p e r second t o a few hundreds of meters 
per second j u s t p r i o r t o the onset o f d e t o n a t i o n . The r a t e of 
o v e r p r e s s u r e r i s e i s s t r o n g l y dependent on the flame speed. For 
f a s t d e f l a g r a t i o n above a few tens o f meters per second, v e n t i n g 
becomes i n e f f e c t i v e . Confinement a l s o p l a y s a d e c r e a s i n g l y minor 
r o l e i n c o n t r o l l i n g the peak o v e r p r e s s u r e a c h i e v e d . For v i o l e n t 
t u r b u l e n t flames w i t h s u p e r s o n i c speeds of the o r d e r of a few 
hundreds of meters p e r second, o v e r p r e s s u r e s of the o r d e r of a 
few b a r s a r e o b t a i n e d even i n u n c o n f i n e d geometry. 

F a s t t u r b u l e n t d e f l a g r a t i o n s o f t e n t r a n s i t s p o n t a n e o u s l y t o 
d e t o n a t i o n s . For f u l l y developed s e l f - s u s t a i n e d d e t o n a t i o n , 
boundary c o n d i t i o n s and confinement p l a y minor r o l e s . The Chapman-
Jouguet v e l o c i t y and o v e r p r e s s u r e are based on the e n e r g e t i c s of 
the m i x t u r e and can be e v a l u a t e d from e q u i l i b r i u m thermodynamic 
computations. D u r i n g the onset of d e t o n a t i o n , the t r a n s i e n t peak 
o v e r p r e s s u r e s developed can be much h i g h e r than the e q u i l i b r i u m 
d e t o n a t i o n p r e s s u r e s . T r a n s i t i o n from d e f l a g r a t i o n t o d e t o n a t i o n 
i s t o be avoi d e d whenever p o s s i b l e because of t h i s e x t r e m e l y h i g h 
p r e s s u r e t r a n s i e n t a t the onset of d e t o n a t i o n . 

The p r e d i c t i o n o f the o v e r p r e s s u r e - t i m e h i s t o r y a s s o c i a t e d 
w i t h the combustion of an e x p l o s i v e m i x t u r e under s p e c i f i e d c o n d i 
t i o n s i s the c e n t r a l problem of r e s e a r c h i n the l o s s p r e v e n t i o n 
f i e l d . I n the p a s t decade, s i g n i f i c a n t p r o g r e s s has been made i n 
the u n d e r s t a n d i n g o f the fundamental mechanisms i n v o l v e d i n the 
complex combustion p r o c e s s e s . Prompted by the urgency i n r e s o l v 
i n g s a f e t y i s s u e s i n LNG t r a n s p o r t , o f f s h o r e o i l p r o d u c t i o n p l a t 
forms, and n u c l e a r r e a c t o r s , e x t e n s i v e r e s e a r c h programs on gas 
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e x p l o s i o n s i n v o l v i n g l a r g e s c a l e f i e l d experiments have been c a r 
r i e d out i n v a r i o u s c o u n t r i e s . A number of re v i e w s have a l r e a d y 
been w r i t t e n d e s c r i b i n g the impor t a n t p r o g r e s s made i n t h i s f i e l d 
( 1 - 4). The p r e s e n t paper emphasizes the more r e c e n t r e s u l t s , p a r 
t i c u l a r l y the a u t h o r ' s own work, i n t h i s v e r y r a p i d l y advancing 
f i e l d . However, a c e r t a i n amount of fundamental i d e a s exposed i n 
p r e v i o u s a r t i c l e s w i l l be repea t e d t o make the paper s e l f - c o n 
t a i n e d . The e a r l i e r r e v i e w papers, p a r t i c u l a r l y References 1 and 
2, s h o u l d be r e f e r r e d t o f o r a complete d i s c u s s i o n o f the t u r b u 
l e n t flame a c c e l e r a t i o n mechanisms. 

T u r b u l e n t Flame A c c e l e r a t i o n ( G e n e r a l C o n s i d e r a t i o n s ) 

I t has been e s t a b l i s h e d t h a t by f a r the most i m p o r t a n t mechanism 
of flame a c c e l e r a t i o n i s t h a t due t o t u r b u l e n c e c r e a t e d by o b s t a 
c l e s i n the p a t h o f the p r o p a g a t i n g flame. As a r e s u l t o f the 
l a r g e temperature change a c r o s s a fl a m e , t h e r e corresponds an i n 
c r e a s e i n the s p e c i f i c volume. T h i s l e a d s t o a di s p l a c e m e n t f l o w 
i n the unburned m i x t u r e ahead o f the p r o p a g a t i n g flame w i t h a ve
l o c i t y of about the same o r d e r of magnitude as the speed o f the 
p r o p a g a t i n g flame i t s e l f . Large p h y s i c a l o b s t r u c t i o n s i n t h i s 
d i s p l a c e m e n t f l o w w i l l c r e a t e a v e l o c i t y g r a d i e n t f i e l d as w e l l as 
shear l a y e r s . As the flame advances i n t o t h i s v e l o c i t y g r a d i e n t 
f i e l d , the flame sheet w i l l be " s t r e t c h e d " and " f o l d e d 1 1 r e s u l t i n g 
i n an enlargement of the b u r n i n g a r e a and thus i n c r e a s i n g the 
v o l u m e t r i c o r mass b u r n i n g r a t e . Turbulence i n the shear l a y e r s 
i n the wake of the o b s t r u c t i o n s a l s o enhances the l o c a l b u r n i n g 
v e l o c i t y of the " f o l d e d " flame sheet because o f the h i g h e r t u r b u 
l e n t t r a n s p o r t r a t e s . T h i s combined e f f e c t o f l a r g e s c a l e flame 
f o l d i n g and f i n e r s c a l e t u r b u l e n t enhancement of the l o c a l b u r n i n g 
v e l o c i t y c o n t r i b u t e s t o i n c r e a s e the v o l u m e t r i c b u r n i n g r a t e . 
Hence, a h i g h e r e f f e c t i v e " g l o b a l " t u r b u l e n t flame speed i s ob
t a i n e d . H i g h e r flame speeds w i l l i n t u r n l e a d t o h i g h e r d i s p l a c e 
ment f l o w v e l o c i t i e s i n the unburned m i x t u r e , which then g i v e r i s e 
t o more severe v e l o c i t y g r a d i e n t s and h i g h e r t u r b u l e n t i n t e n s i t y 
i n the shear l a y e r s . T h i s p o s i t i v e feedback loop c o n s t i t u t e s a 
v e r y p o w e r f u l flame a c c e l e r a t i o n mechanism. Flame speeds of the 
ord e r o f hundreds of meters p e r second and even spontaneous t r a n 
s i t i o n s from d e f l a g r a t i o n t o d e t o n a t i o n have been observed i n 
r a t h e r i n s e n s i t i v e f u e l - a i r m i x t u r e s under a p p r o p r i a t e c o n d i t i o n s . 
P i o n e e r i n g s t u d i e s of flame a c c e l e r a t i o n i n an o b s t a c l e a r r a y were 
c a r r i e d out by Chapman and Wheeler (6) u s i n g o r i f i c e p l a t e s i n a 
round tube and by Shchelkhin (7), who used a c o i l e d w i r e h e l i x i n 
s i d e the tube t o c r e a t e the t u r b u l e n c e . I n the p a s t decade, ex
t e n s i v e experiments on flame a c c e l e r a t i o n have been c a r r i e d out a t 
Gtftt i n g e n and M c G i l l U n i v e r s i t y . The i n v e s t i g a t i o n s a t the I n s t i 
t u t f t t r P h y s i k a l i s c h e Chemie i n G B t t i n g e n have been reviewed by 
Wagner ( 8 ) , w h i l e the s t u d i e s c a r r i e d out a t the Shock Wave 
P h y s i c s L a b o r a t o r y a t M c G i l l have been summarized by Moen (4) i n 
1981. Large s c a l e experiments i n a 2.5 m diameter by 10 m l o n g 
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tube have a l s o been c a r r i e d out i n Norway and these s t u d i e s have 
been reviewed by H j e r t a g e r ( 9 ) . F a i r l y l a r g e s c a l e experiments on 
flame a c c e l e r a t i o n s have a l s o been r e p o r t e d by G e i g e r (10) of the 
B a t t e l l e I n s t i t u t e i n F r a n k f u r t and by Zeeuwen (11) o f the TNO i n 
H o l l a n d . U r t i e w (12) and S t r e h l o w (13) have a l s o been c a r r y i n g 
out some l a b o r a t o r y s c a l e s t u d i e s on o b s t a c l e i nduced flame a c 
c e l e r a t i o n s and a major l a r g e s c a l e f a c i l i t y c a l l e d FLAME (a r e c 
t a n g u l a r r e i n f o r c e d c o n c r e t e channel 1.8 m x 2.4 m χ 30 m), has 
r e c e n t l y been completed a t Sandia N a t i o n a l L a b o r a t o r y i n New 
Mexico f o r flame a c c e l e r a t i o n s t u d i e s i n ̂ - a i r m i x t u r e s (14) i n 
c o n n e c t i o n w i t h l i g h t water n u c l e a r r e a c t o r s a f e t y r e s e a r c h . 

I t may be concluded t h a t a l l these s t u d i e s on t u r b u l e n t flame 
a c c e l e r a t i o n by r e p e a t e d o r p e r i o d i c o b s t a c l e s have thus f a r p r o 
duced e s s e n t i a l l y the f o l l o w i n g r e s u l t s . They demonstrate t h a t 
f l ames, even i n r a t h e r i n s e n s i t i v e f u e l - a i r m i x t u r e s , can, under 
a p p r o p r i a t e c o n d i t i o n s , a c c e l e r a t e v e r y r a p i d l y t o v e r y h i g h 
speeds and develop v e r y h i g h o v e r p r e s s u r e s . The a c c e l e r a t i o n r a t e , 
the flame speed a t t a i n e d and the a s s o c i a t e d o v e r p r e s s u r e s deve
loped a r e a l l f u n c t i o n s of the p a r t i c u l a r f u e l , the m i x t u r e compo
s i t i o n , d e t a i l s of the o b s t a c l e c o n f i g u r a t i o n s and the confinement 
and geometry of flame i t s e l f . On a q u a l i t a t i v e b a s i s , the flame 
a c c e l e r a t i o n mechanisms a r e f a i r l y w e l l understood. On a q u a n t i 
t a t i v e b a s i s , " a - p r i o r i " p r e d i c t i o n s of the t u r b u l e n t flame speed 
and p r e s s u r e development w i t h g i v e n i n i t i a l and boundary c o n d i 
t i o n s a r e s t i l l i n the f a r d i s t a n t f u t u r e . The two f o r m i d a b l e 
problems t h a t have t o be overcome a r e i ) the p r e d i c t i o n s o f the 
t r a n s i e n t t r a n s m i s s i b l e t u r b u l e n t f l o w s t r u c t u r e i n t h e unburned 
m i x t u r e ahead of the flame, and i i ) the p r e d i c t i o n s o f the combus
t i o n p r o c e s s e s f o r any g i v e n t u r b u l e n t f l o w s t r u c t u r e . Computer 
m o d e l l i n g w i t h a p p r o p r i a t e e m p i r i c a l i n p u t from experiments may 
p l a y an im p o r t a n t r o l e i n p r o v i d i n g an a n a l y t i c a l t o o l f o r q u a n t i 
t a t i v e p r e d i c t i o n s w i t h i n a l i m i t e d range of e x p e r i m e n t a l c o n d i 
t i o n s . The k i n d o f u s e f u l e x p e r i m e n t a l i n f o r m a t i o n would be maxi
mum st e a d y s t a t e v a l u e s f o r the t u r b u l e n t flame speeds i n g i v e n 
o b s t a c l e a r r a y s . The maximum t u r b u l e n t flame speed r e p r e s e n t s a 
c r i t i c a l b a l a n c e between the p o s i t i v e (enhanced t u r b u l e n t d i f f u s i -
v i t i e s ) and n e g a t i v e (quenching) mechanisms of t u r b u l e n t combus
t i o n . I n f o r m a t i o n on the dependence o f t h i s maximum flame speed 
on the type of f u e l and m i x t u r e c o m p o s i t i o n (hence the c h e m i c a l 
k i n e t i c s ) and the o b s t a c l e c o n f i g u r a t i o n s ( t u r b u l e n t f l o w s t r u c 
t u r e ) may be used t o c o n s t r u c t the k i n d o f e m p i r i c a l r e l a t i o n s h i p s 
needed f o r these computer models. Most of the e x p e r i m e n t a l s t u 
d i e s thus f a r , p a r t i c u l a r l y the l a r g e s c a l e e x p e r i m e n t s , have been 
c a r r i e d out i n r a t h e r " s h o r t " a p p a r a t u s , where the l e n g t h o f the 
flame t r a v e l i s not l a r g e , as compared t o i t s t r a n s v e r s e dimension 
( i . e . , L/D r a t i o f o r t u b e ) . Thus, o n l y the i n i t i a l t r a n s i e n t 
phase o r the a c c e l e r a t i o n p r o c e s s i s observed. I n the p a s t few 
y e a r s , an e x t e n s i v e e x p e r i m e n t a l program was i n i t i a t e d t o i n v e s t i 
gate the dependence of the maximum steady s t a t e t u r b u l e n t flame 
speed on f u e l s , c o m p o s i t i o n and o b s t a c l e c o n f i g u r a t i o n s . T h i s 
paper p r e s e n t s some of the r e s u l t s o b t a i n e d to d a t e . 
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T u r b u l e n t Flame A c c e l e r a t i o n (Recent R e s u l t s ) 

123 

To o b t a i n the maximum steady s t a t e t u r b u l e n t flame speed r e q u i r e s 
r e l a t i v e l y l o n g flame t r a v e l . Three s t e e l combustion tubes o f 
about 12 m l o n g and r e s p e c t i v e diameters o f 5 cm, 15 cm, and 30 cm 
are used. Even f o r the l a r g e s t 30 cm tube, the flame p r o p a g a t i o n 
can be observed over a d i s t a n c e of about 40 tube d i a m e t e r s . The 
tubes a r e c l o s e d a t both ends, w i t h i g n i t i o n e f f e c t e d by a spark 
a t one end. For about 80% of the flame t r a v e l , the boundary con
d i t i o n s a t the o t h e r end o f the tube do not p l a y any s i g n i f i c a n t 
r o l e s . The flame p r o p a g a t i o n i s e s s e n t i a l l y the same as t h a t f o r 
a tube w i t h an open downstream end. Premixed m i x t u r e s of v a r i o u s 
f u e l s ( C 2 H 2 , H 2, C 2H^, CH^, C 3H g) w i t h a i r a r e f i l l e d i n t o the tube 
through s t a n d a r d p r o c e d u r e s . D i a g n o s t i c s c o n s i s t o f time of a r 
r i v a l , i o n i z a t i o n gauges (spaced about 0.5 m a p a r t ) f o r flame 
speed measurements and p i e z o e l e c t r i c t r a n s d u c e r s ( a t v a r y i n g l o c a 
t i o n s a l o n g the tube) f o r m o n i t o r i n g the p r e s s u r e development. I t 
was d e c i d e d t o use one s t a n d a r d type o f s i m p l e o b s t a c l e c o n f i g u r a 
t i o n ( i . e . , c i r c u l a r o r i f i c e p l a t e s of v a r i o u s b l o c k a g e r a t i o s , 
BR = (1 - [ d 2 / D 2 ] ) , so t h a t the f l o w s t r u c t u r e i s r e l a t i v e l y 
s t r a i g h t f o r w a r d and s y m m e t r i c a l , thus p e r m i t t i n g a n a l y s i s t o be 
c a r r i e d out. I n the 5 cm diameter tube, a " S h c h e l k h i n s p i r a l " 
made out of a 6.3 mm diameter copper t u b i n g w i t h a p i t c h o f 5 cm 
i s a l s o used f o r comparison purposes. 

I n g e n e r a l , the flame upon i g n i t i o n w i l l a c c e l e r a t e r a p i d l y 
and r e a c h steady s t a t e w i t h i n a few meters o f flame t r a v e l f o r 
most of the o b s t a c l e c o n f i g u r a t i o n s s t u d i e d . L i t t l e a t t e n t i o n 
thus f a r has been devoted to the a n a l y s i s o f the r a t e o f a c c e l e r a 
t i o n . The steady s t a t e flame speed i s determined by a v e r a g i n g 
over the speeds o b t a i n e d from a number o f d i f f e r e n t i o n i z a t i o n 
probes. Under c e r t a i n c o n d i t i o n s , the steady s t a t e flame speed 
may show l a r g e f l u c t u a t i o n s . To demonstrate the g e n e r a l f e a t u r e s , 
the r e s u l t s f o r H 2 - a i r m i x t u r e s i n the 5 cm tube u s i n g a 3 m 
l e n g t h o f Shchelkhin s p i r a l (BR = 0.44) i s shown i n F i g u r e 1. I t 
can be observed t h a t the flame a c c e l e r a t e s t o a maximum steady 
s t a t e v a l u e i n about 1 m f o r a wide range o f H 2 c o n c e n t r a t i o n . 
T h i s maximum steady s t a t e t u r b u l e n t flame speed depends a l s o on 
the H 2 c o n c e n t r a t i o n i t s e l f and ranges from about 100 m/sec (y 10% 
H 2) t o about 1800 m/sec (30% ̂  H 2 ^ 45% H 2 ) . Upon e x i t i n g t h e 3 m 
l e n g t h o f the o b s t a c l e ( i . e . , the S h c h e l k h i n s p i r a l ) i n t o the 
"smooth" tube, the flame immediately d e c e l e r a t e s . F o r H 2 ^ 15%, 
the flame d e c e l e r a t e s to a new and much lower steady s t a t e v a l u e 
c o r r e s p o n d i n g t o the smooth w a l l boundary c o n d i t i o n . However, f o r 
H 2 ^ 15%, the flame r e a c c e l e r a t e s and t r a n s i t s t o d e t o n a t i o n a f t e r 
a c o u p l e o f meters o f flame t r a v e l ( the t r a n s i t i o n d i s t a n c e de
pends on the H 2 c o n c e n t r a t i o n ) . We s h a l l e l a b o r a t e more on the 
t r a n s i t i o n phenomenon i n a l a t e r s e c t i o n . 

The maximum s t e a d y - s t a t e t u r b u l e n t flame speeds as a f u n c t i o n 
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F i g u r e 1. V a r i a t i o n o f flame speed w i t h d i s t a n c e f o r H p - a i r 
m i x t u r e s i n a 5-cm diameter tube w i t h a 3-m l e n g t h o f S h c h e l k h i n 
s p i r a l o b s t a c l e . 
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8. LEE Fast Flames and Detonations 125 

of H 2 c o n c e n t r a t i o n f o r the 5 cm and 15 cm diameter tubes u s i n g 
c i r c u l a r o r i f i c e o b s t a c l e s of BR = 0.44 and 0.39 spaced one tube 
diameter a p a r t a r e shown i n F i g u r e 2. The r e s u l t s i n d i c a t e t h a t 
f o r the case of H 2 - a i r m i x t u r e s , the dependence on tube diameter 
as w e l l as bl o c k a g e r a t i o s i s not v e r y s t r o n g . T h i s suggests t h a t 
f o r t h i s v e r y s e n s i t i v e f u e l , the 5 cm s c a l e i s a l r e a d y s u f f i 
c i e n t l y l a r g e when compared t o the c h e m i c a l l e n g t h s c a l e of the 
m i x t u r e f o r the combustion p r o c e s s e s t o a s s e r t a s i g n i f i c a n t s c a l e 
dependence on the tube di a m e t e r . S i m i l a r remarks a p p l y t o the 
dependence of the flame speed on the b l o c k a g e r a t i o . For the 
"roughness" s c a l e a s s o c i a t e d w i t h BR = 0.44 and 0.39 (or D-d-1.6 
cm and 0.63 cm f o r the 15 cm and 5 cm tube r e s p e c t i v e l y ) , the che
m i c a l l e n g t h s c a l e f o r t he s e n s i t i v e H 2 - a i r m i x t u r e i s a l s o s u f f i 
c i e n t l y s m a l l f o r the flame t o have a s t r o n g dependence on the 
range of the b l o c k a g e r a t i o of 0.39 'ζ BR £ 0.44. However, s t r o n g 
e r dependence on s c a l e would be a n t i c i p a t e d f o r the v e r y l e a n H 2-
a i r m i x t u r e s where the c h e m i c a l l e n g t h s c a l e would be l a r g e r . The 
dependence of the flame speed on m i x t u r e c o m p o s i t i o n i s , however, 
much more pronounced. F o r H 2 £ 13%, flame speeds i n b o t h tubes 
are o f the o r d e r o f about 100 m/sec. Then a v e r y sharp "jump" 
occurs a t H 2 - 13% when the flame speed i n c r e a s e s a b r u p t l y by 
t h r e e o r f o u r f o l d . T h i s abrupt i n c r e a s e may be c r e d i t e d t o the 
change i n the c h e m i c a l l e n g t h s c a l e . As p o i n t e d out by A t k i n s o n 
(15) among o t h e r s , the r e a c t i o n Η + 0 2 -* OH + 0 i s i n c o m p e t i t i o n 
w i t h the t h r e e body r e a c t i o n , H + 0 2 + M -> H0 2 + M w i t h the l a t t e r 
b e i n g more dominant f o r temperatures below 1300°K. A t about 13% 
H 2, the a d i a b a t i c flame temperature i s of the o r d e r o f 1300°K. 
Thus, a changeover to the more r a p i d OH b r a n c h i n g r e a c t i o n may 
take p l a c e a t H 2 - 13% and g i v e r i s e t o a more r a p i d i n c r e a s e i n 
the flame speed. The c h e m i c a l l e n g t h s c a l e i s a l s o s i g n i f i c a n t l y 
reduced when the k i n e t i c mechanism changes t o r a p i d OH b r a n c h i n g . 

A second r a p i d i n c r e a s e i n the flame speed o c c u r s a t H 2 25% 
f o r b o t h tubes. T h i s corresponds t o a t r a n s i t i o n t o the detona
t i o n regime. The d e t o n a t i o n v e l o c i t y i n the o b s t a c l e f i e l d i s 
t y p i c a l l y about 1500 m/sec and i s p r a c t i c a l l y independent o f the 
H 2 c o n c e n t r a t i o n up to H 2 - 45%. F o r h i g h e r H 2 c o n c e n t r a t i o n s , 
the d e t o n a t i o n v e l o c i t y a b r u p t l y drops back to the v a l u e s f o r de
f l a g r a t i o n speeds o f the o r d e r o f 800 m/sec. The sever e p r e s s u r e 
Cor momentum) l o s s e s due to the presence o f the o b s t a c l e s accounts 
f o r the sub-Chapman-Jouguet d e t o n a t i o n v e l o c i t i e s observed. The 
normal v e l o c i t i e s a re about 2000 m/sec as observed i n smooth tubes 
f o r H 2 c o n c e n t r a t i o n s i n the range ( i . e . , 25% ̂  H 2 £ 45%) . 

I n the range of 13% ̂  H 2 £ 25%, the flame speed showed a con
t i n u o u s steady i n c r e a s e w i t h the H 2 c o n c e n t r a t i o n . T h i s regime 
i s p r o b a b l y dominated by the p r e s s u r e l o s s e s and gasdynamic "chok
i n g " a t the o r i f i c e . A h i g h e r r a t e o f energy r e l e a s e ( i . e . , flame 
power) accounts f o r the steady c o n t i n u o u s i n c r e a s e o f the t u r b u 
l e n t flame speed w i t h f u e l ( i . e . , H 2) c o n c e n t r a t i o n . P r e l i m i n a r y 
experiments i n the 30 cm diameter tube o b t a i n e d r e c e n t l y showed 
s i m i l a r q u a l i t a t i v e r e s u l t s . 
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Figure 2 . Comparison between the maximum turbulent flame speed 
for H^-air mixtures i n the 5-cm and 15-cm diameter tube with 
o r i f i c e plate obstacles. 
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The peak o v e r p r e s s u r e a s s o c i a t e d w i t h these steady s t a t e f a s t 
d e f l a g r a t i o n s i n H 2 ~ a i r m i x t u r e s are shown i n F i g u r e 3. S i m i l a r 
to t he flame speed, the dependence on tube diameter and bl o c k a g e 
r a t i o s a r e a l s o m i n i m a l . The same q u a l i t a t i v e t r e n d i s observed 
f o r the dependence of the peak o v e r p r e s s u r e on the m i x t u r e compo
s i t i o n . The magnitude of the peak o v e r p r e s s u r e i s a l s o c o m p a t i b l e 
w i t h the t h e o r e t i c a l e s t i m a t e based on the flame speeds g i v e n i n 
F i g u r e 2. Thus, these f a s t flames do correspond t o v e r y h i g h mass 
or v o l u m e t r i c b u r n i n g r a t e s and are not a s s o c i a t e d w i t h the k i n e 
m a t i c s of the motion o f the unburned m i x t u r e s ahead of the flame. 
In f a c t , f o r the s u p e r s o n i c flames ( i . e . , flame speeds g r e a t e r 
than the sound speed i n the unburned m i x t u r e s ) , the p r e s s u r e - t i m e 
p r o f i l e s from the p i e z o e l e c t r i c t r a n s d u c e r s l o c a t e d a t v a r i o u s 
p o s i t i o n s a l o n g the tube i n d i c a t e a s e r i e s o f " p r e s s u r e s p i k e s " 
c o r r e s p o n d i n g t o the a r r i v a l of the r a t h e r extended t u r b u l e n t 
b u r n i n g zone. The s t r u c t u r e of these f a s t t u r b u l e n t flames i s 
s i m i l a r t o t h a t observed by Oppenheim e t a l . (16) f o r the t u r b u 
l e n t d e f l a g r a t i o n s j u s t p r i o r t o the onset of d e t o n a t i o n . To 
v i s u a l i z e b e t t e r t h ese f a s t d e f l a g r a t i o n s , the r e a d e r s s h o u l d con
s u l t the works of Oppenheim and co-workers who took e x t e n s i v e h i g h 
speed s t r o b o s c o p i c l a s e r S c h l i e r e n photographs o f these f a s t t u r 
b u l e n t flames w i t h e x c e p t i o n a l c l a r i t y and time r e s o l u t i o n . 

For the o t h e r hydrocarbon f u e l s , the more s e n s i t i v e ones 
( i . e . , C2H2 and C2H4) as w e l l as C3H3 and CH4 are s t u d i e d i n the 
s m a l l e r 5 cm tube. The steady s t a t e flame speeds c o r r e s p o n d i n g to 
o r i f i c e p l a t e o b s t a c l e s o f BR = 0.44 f o r C2H2, C2H4 and C 3Hg are 
shown i n F i g u r e 4 as f u n c t i o n s of the m i x t u r e c o m p o s i t i o n ( i . e . , 
e q u i v a l e n c e r a t i o φ where s t o i c h i o m e t r i c c o m p o s i t i o n corresponds 
to φ = 1 ) . For a c e t y l e n e which i s even more s e n s i t i v e t o f u e l 
than hydrogen, i t i s observed t h a t i g n i t i o n by the weak s p a r k used 
became e r r a t i c when the C2H2 c o n c e n t r a t i o n i s l e s s than about 3.5%. 
However, when i g n i t i o n i s s u c c e s s f u l , the flame a c c e l e r a t e s v e r y 
r a p i d l y t o steady s t a t e v a l u e s of about 800 m/sec. S i m i l a r t o H 2 -
a i r m i x t u r e s , abrupt t r a n s i t i o n t o the d e t o n a t i o n regime o c c u r s a t 
around 5.5% C2H2 (Φ = 0.66). A f t e r t h a t , the d e t o n a t i o n v e l o c i t y 
shows a s l i g h t c o ntinuous i n c r e a s e w i t h the C2H2 c o n c e n t r a t i o n . 
For the l e s s s e n s i t i v e f u e l e t h y l e n e (C2H4), quenching i s observed 
f o r C2H4 c o n c e n t r a t i o n l e s s than about 4.5% (φ - 0.67). By quench
i n g , i t means t h a t i g n i t i o n i s s u c c e s s f u l but f o l l o w i n g a r a p i d 
a c c e l e r a t i o n , the flame i s then suddenly quenched. The quenching 
phenomenon i n v o l v e s the flame f i r s t a c c e l e r a t i n g t o a s u f f i c i e n t l y 
h i g h v e l o c i t y a f t e r the passage through a number of o r i f i c e p l a t e s , 
then as the flame speed reaches some c r i t i c a l v a l u e , the t u r b u l e n t 
m i x i n g r a t e becomes s u f f i c i e n t l y f a s t t o c o o l the b u r n i n g zone as 
the flame emerges from the o r i f i c e . E x t i n c t i o n then r e s u l t s . The 
quenching l i m i t depends on the o r i f i c e diameter f o r a g i v e n f u e l 
and m i x t u r e c o m p o s i t i o n . The study o f t h i s quenching phenomenon 
has a l r e a d y been r e p o r t e d by T h i b a u l t e t a l . (17) and the quench
i n g c r i t e r i o n i s found t o be s i m i l a r t o t h a t f o r the flame s t a b i 
l i z a t i o n by b l u f f b o d i e s where the " b l o w - o f f " l i m i t r e q u i r e s a 
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F i g u r e 3. Peak o v e r p r e s s u r e s f o r t u r b u l e n t H ^ - a i r flames propa
g a t i n g i n an o r i f i c e o b s t a c l e a r r a y . 
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Figure k. Maximum turbulent flame speeds for C^H - a i r , C^H^-air, 
and C Hg-air mixtures i n a 5-cm diameter tube witn o r i f i c e obsta
cles . 
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c r i t i c a l b a l a n c e between the c h e m i c a l l e n g t h of the s c a l e r e a c t i n g 
m i x t u r e and the f l u i d dynamic m i x i n g l e n g t h s c a l e . For H2 and 
C2H2 where the quenching regime f o r the s i z e of the o r i f i c e p l a t e s 
used was not observed, the c h e m i c a l l e n g t h s c a l e i s s u f f i c i e n t l y 
s m a l l as compared t o the m i x i n g l e n g t h s c a l e . I t i s expected t h a t 
h i g h e r b l o c k a g e r a t i o s would l e a d t o a s i m i l a r quenching regime 
f o r the more s e n s i t i v e m i x t u r e s of H2 and C2H2 i n a i r . 

F o r propane (C3H8), s i m i l a r r e s u l t s a re o b t a i n e d . Quenching 
i s a g a i n observed f o r C3H3 l e s s than about 3% on the l e a n s i d e and 
g r e a t e r than 4.5% on the r i c h s i d e . Thus, o n l y w i t h i n a v e r y n a r 
row band of C3H3 c o n c e n t r a t i o n ( i . e . , 3% ^ C3H3 4.5%) when flame 
a c c e l e r a t i o n and subsequent p r o p a g a t i o n i s p o s s i b l e i n the 5 cm 
tube w i t h the o r i f i c e p l a t e o b s t a c l e s used f o r BR = 0.44. F o r a 
s m a l l e r b l o c k a g e r a t i o , the range of C3H3 c o n c e n t r a t i o n where p r o 
p a g a t i o n i s p o s s i b l e s h o u l d i n c r e a s e . F o r the same bl o c k a g e r a t i o 
o f BR = 0.44, i n the 5 cm tube, s t e a d y p r o p a g a t i o n f o r methane-air 
m i x t u r e s cannot be observed f o r a l l c o n c e n t r a t i o n s w i t h the f l a m -
m a b i l i t y l i m i t s . Upon i g n i t i o n , the flame would a c c e l e r a t e and 
then quench i t s e l f when i t s v e l o c i t y reaches some c r i t i c a l v a l u e . 

Due t o the s e v e r e quenching e f f e c t s w i t h o r i f i c e p l a t e s of 
BR = 0.44 f o r the l e s s s e n s i t i v e C3H3 and CH4 i n the 5 cm tube, 
experiments were c a r r i e d out u s i n g a " S h c h e l k h i n s p i r a l " as ob
s t a c l e s i n s t e a d of o r i f i c e p l a t e s . The s p i r a l i s continuous and 
p r e s e n t s l e s s b l o c k a g e t o the d i s p l a c e m e n t f l o w . I t i s d i f f i c u l t 
t o d e f i n e an e q u i v a l e n t b l o c k a g e r a t i o f o r the s p i r a l o b s t a c l e and 
t h e r e f o r e the p r o j e c t e d " b l o c k e d " a r e a t o the f l o w i s used. F o r a 
w i r e diameter of 6.3 mm, the s p i r a l p r e s e n t s an e q u i v a l e n t b l o c k 
age r a t i o of 0.44 i n the 5 cm tube. U s i n g the S h c h e l k h i n s p i r a l , 
r e s u l t s f o r CH4, C3H3 as w e l l as H2 are shown i n F i g u r e 5. Flames 
i n methane-air m i x t u r e s are now not s e l f - q u e n c h e d and are i n gene
r a l l e s s than 400 m/sec over the e n t i r e range of e q u i v a l e n c e r a t i o . 
However, at about the s t o i c h i o m e t r i c c o m p o s i t i o n of φ - 1, where 
i t i s most s e n s i t i v e , methane-air flames demonstrate a l a r g e 
f l u c t u a t i o n i n which the flame speed may take on v a l u e s between 
400 m/sec and 800 m/sec. For C3H3, a more or l e s s c ontinuous i n 
c r e a s e t o d e t o n a t i o n speeds are observed i n the s p i r a l o b s t a c l e 
f i e l d . The d e t o n a t i o n regime p e r s i s t s f o r the r i c h C3H3 m i x t u r e s 
u n t i l a sharp t r a n s i t i o n back t o the d e f l a g r a t i o n regime o c c u r s 
φ ^ 1.6. Thus f o r a l e s s o b s t r u c t e d f l o w f i e l d , b o t h CH4 and C3H3 
demonstrate the e x i s t e n c e of h i g h s t e a d y s t a t e t u r b u l e n t flame 
speeds, a l t h o u g h the magnitude of the flame speed i s s l i g h t l y l e s s 
than the c o r r e s p o n d i n g v a l u e s f o r the more s e n s i t i v e f u e l s . The 
importance of the flame speed s c a l e i s apparent f o r l e s s s e n s i t i v e 
m i x t u r e s w i t h l a r g e r c h e m i c a l l e n g t h s c a l e s . F o r H 2 ~ a i r m i x t u r e s , 
r e s u l t s w i t h i n the s p i r a l o b s t a c l e a r e s i m i l a r t o t h a t f o r the 
o r i f i c e p l a t e o b s t a c l e s . With l e s s b l o c k a g e , hence p r e s s u r e 
l o s s e s , the d e t o n a t i o n v e l o c i t i e s a r e now c l o s e to the t h e o r e t i c a l 
Chapman-Jouguet v a l u e s . 

F o r the l e s s s e n s i t i v e m i x t u r e s , the s c a l i n g up to l a r g e 
dimensions ( i . e . , tube diameter) becomes i m p o r t a n t . F i g u r e 6 
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S P I R A L O B S T A C L E B .R . =0.44 

E Q U I V A L E N C E R A T I O 

F i g u r e 5 . Comparison o f t h e maximum flame speed f o r CH^, C ^ H Q , 
and H i n a 5-cm tube w i t h a S h c h e l k h i n s p i r a l o b s t a c l e . 
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Figure 6 . Maximum turbulent flame speeds for CLHg-air and C^-air 
i n the 15-cm diameter tube -with o r i f i c e obstacles. 
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shows the r e s u l t s f o r CH4 and C3H3 i n the 15 cm tube w i t h o r i f i c e 
p l a t e o b s t a c l e s of BR = 0.39. F or C3H3, sudden t r a n s i t i o n t o h i g h 
speed s u p e r s o n i c d e f l a g r a t i o n s o c curs a t e q u i v a l e n c e r a t i o s φ -
0.75 and φ - 1.2. For φ ζ 0.75 and φ ̂  1.2, t y p i c a l flame speeds 
are o f the o r d e r o f 100 m/sec and below. Maximum flame speed oc
curs a t around s t o i c h i o m e t r i c c o m p o s i t i o n of φ - 1. However, even 
f o r the case o f propane, t r a n s i t i o n s t o d e t o n a t i o n s a r e not o b s e r v 
ed. S i m i l a r r e s u l t s a re o b t a i n e d f o r methane, but the range of 
co m p o s i t i o n i n which steady s t a t e p r o p a g a t i o n w i t h o u t quenching i s 
s l i g h t l y narrower than propane. For example, the t r a n s i t i o n t o 
the s u p e r s o n i c regime now oc c u r s a t 0.85 $j φ ^ 1.1 i n s t e a d of 
0.75 φ <ζ 1.2 f o r propane. Maximum flame speeds f o r CH4 a t φ - 1 
i s about 750 m/sec, which i s s l i g h t lower than the c o r r e s p o n d i n g 
v a l u e f o r propane of about 850 m/sec. I t s h o u l d be noted t h a t 
these maximum flame speeds are co m p a t i b l e t o those r e p o r t e d by 
Moen e t a l . (18) and H j e r t a g e r (19) i n a much l a r g e r s c a l e appara
tus (2.5 m diameter and 10 m l o n g ) . However, w i t h an L/D r a t i o o f 
4 i t i s d o u b t f u l t h a t the flame speed v a l u e s r e p o r t e d by Moen and 
H j e r t a g e r do r e p r e s e n t the f i n a l s teady s t a t e v a l u e s . C u r r e n t ex
periments i n the 30 cm tube w i l l e l u c i d a t e f u r t h e r on the i m p o r t 
ant s c a l i n g problem. 

T u r b u l e n t Flame A c c e l e r a t i o n (Computer S i m u l a t i o n ) 

There e x i s t numerous computer codes c a p a b l e of s i m u l a t i n g m u l t i 
d i m e n s i o n a l time dependent t u r b u l e n t r e a c t i n g f l o w s . A number of 
attempts have a l r e a d y been made t o adapt these computer codes t o 
model the problem o f t u r b u l e n t flame a c c e l e r a t i o n by r e p e a t e d ob
s t a c l e s (20-22). With the a p p r o p r i a t e i n p u t from e x p e r i m e n t s , 
they a l l managed t o reproduce r e a s o n a b l y w e l l the t r e n d o f the ex
p e r i m e n t a l r e s u l t s . Due t o the expenses i n v o l v e d i n c a r r y i n g out 
l a r g e f u l l s c a l e e x p e r i m e n t s , computer m o d e l l i n g o r s i m u l a t i o n 
w i l l p l a y an im p o r t a n t r o l e i n p r o v i d i n g e s t i m a t e s o f p r e s s u r e de
velopments i n f u l l s c a l e s i t u a t i o n s under a v a r i e t y of i n i t i a l and 
boundary c o n d i t i o n s , based on i n p u t from a few s e l e c t e d s c a l e d 
down experiments. These computer codes a r e i n g e n e r a l , s u f f i 
c i e n t l y complex so t h a t they are not a c c e s s i b l e t o those o u t s i d e 
the group t h a t developed them. A t any r a t e , a c q u i r i n g the exper
t i s e r e q u i r e d t o use any one of these codes would take a commit
ment of one or two man-years. Depending on the acc u r a c y d e s i r e d , 
the c o s t i n r u n n i n g these computer codes i s not t r i v i a l and i s 
q u i t e o f t e n comparable t o the c o s t o f the a c t u a l performance o f 
s c a l e d down experiments. Thus, except f o r Government I n s t i t u t i o n s 
and l a r g e Research C e n t e r s , i t i s not l i k e l y t o see a widespread 
use o f these complex computer codes. 

I t i s o f i n t e r e s t t o r e v i e w some of the r e s u l t s produced by 
one o f these computer codes. Due t o the h i g h r u n n i n g c o s t , the 
V o r t e x Dynamics Code (22) would not l i k e l y be an a t t r a c t i v e c a n d i 
date t o use i n s i m u l a t i n g a c t u a l complex s i t u a t i o n s . The "k-ε" 
type code of H j e r t a g e r (23) o r the CONCHAS-SPRAY code r e c e n t l y 
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adapted t o the flame a c c e l e r a t i o n problem by Marx (24) would be 
more a p p r o p r i a t e f o r such purposes. However, the V o r t e x Dynamics 
Code g i v e s an a c c u r a t e d e s c r i p t i o n of the t u r b u l e n t f l o w s t r u c t u r e 
and the b e h a v i o u r o f the flame s u r f a c e as i t propagates through 
the v o r t i c i t y f i e l d . Thus, the V o r t e x Dynamics Code can be used 
to supplement the fundamental s t u d i e s on flame a c c e l e r a t i o n s by 
p r o v i d i n g a r e a l i s t i c p i c t u r e of the development of the flame 
s t r u c t u r e i n the complex t u r b u l e n t f i e l d . I n o t h e r words, the 
V o r t e x Dynamics Code p r o v i d e s a h i g h speed s c h l i e r e n movie o f the 
complex t u r b u l e n t flame s t r u c t u r e t o f a c i l i t a t e the i n t e r p r e t a t i o n 
of the a c t u a l p r e s s u r e - t i m e and flame speed d a t a from experiments. 
The a c t u a l t a k i n g of h i g h speed s c h l i e r e n movies i n flame a c c e l e r a 
t i o n s i n atmospheric f u e l - a i r m i x t u r e s i s not f e a s i b l e due t o the 
h i g h p r e s s u r e and l a r g e s c a l e s i n v o l v e d . Then the V o r t e x Dynamics 
Codes can be l o o k e d a t as more of an e x p e r i m e n t a l d i a g n o s t i c t e c h 
n i q u e than an a l g o r i t h m f o r e s t i m a t i n g the p r e s s u r e development of 
flame a c c e l e r a t i o n s i n complex s i t u a t i o n s . 

F i g u r e 7 shows a s e l e c t e d sequence of a computer generated 
movie u s i n g the V o r t e x Dynamics Code of a flame p r o p a g a t i n g i n a 
two d i m e n s i o n a l channel w i t h b a f f l e p l a t e s as o b s t a c l e s spaced one 
channel w i d t h a p a r t . As the flame advances from the c l o s e d end 
( i g n i t i o n ) of the tube, the d i s p l a c e m e n t f l o w through the o r i f i c e 
c r e a t e s shear l a y e r s as i n d i c a t e d by the r e g i o n s of c o n c e n t r a t e d 
v o r t i c i t i e s . On the o u t f l o w through the o r i f i c e , a v e l o c i t y g r a d 
i e n t i s generated upstream of an o r i f i c e and the d i s t o r t i o n of the 
flame as i t propagates i n t o t h i s g r a d i e n t f i e l d i s c l e a r l y appar
ent i n the f o u r t h frame of F i g u r e 7. The v e r y r a p i d s t r e t c h i n g of 
the flame as the flame " t i p " i s b e i n g convected by the j e t s 
through the o r i f i c e i s i l l u s t r a t e d i n the l a s t frame. I t s h o u l d 
be noted t h a t i n t h i s sequence of computations, the flame sheet i s 
t r e a t e d as a t h i n s u r f a c e w i t h c o n s t a n t l o c a l b u r n i n g v e l o c i t y . 
When a dependence of the l o c a l b u r n i n g v e l o c i t y on the t u r b u l e n c e 
f i e l d i s induced i n the computations, a much more r a p i d b u r n i n g 
w i l l o ccur i n the shear l a y e r s . The computer generated movie 
shown i n F i g u r e 7 corresponds v e r y c l o s e l y t o the a c t u a l h i g h 
speed s c h l i e r e n photographs of flame a c c e l e r a t i o n through a b a f f l e 
o b s t a c l e ( 2 5 ) . 

The V o r t e x Dynamics Code has been a p p l i e d r e c e n t l y t o the 
study o f flame a c c e l e r a t i o n i n a m u l t i p l e compartment chamber (26). 
F i g u r e 8 shows a sequence from the computer generated movie u s i n g 
the V o r t e x Dynamics Code. A g a i n , the g e n e r a t i o n of v o r t i c i t y i n 
the shear l a y e r s i n the wake of the o b s t a c l e s i s c l e a r l y i l l u s 
t r a t e d . The s t r e t c h i n g of the flame u n t i l b u r n i n g o c c u r s s i m u l 
t a n e o u s l y i n a l l the compartments can a l s o be observed. Of p a r t i 
c u l a r i n t e r e s t t o note i s t h a t v o r t i c i t y generated i n upstream 
shear r e g i o n s i s c o n t i n u o u s l y convected downstream by the f l o w . 
Thus, as the flame advances, i t w i l l be p r o p a g a t i n g i n t o an i n 
c r e a s i n g l y more i n t e n s e v o r t i c i t y f i e l d , which i s due t o b o t h the 
g e n e r a t i o n t h a t o c c u r s l o c a l l y a t the shear l a y e r s , p l u s t h a t con
v e c t e d from upstream shear r e g i o n s . T h i s l e a d s t o v e r y i n t e n s e 
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Figure 7· Computer simulation of flame acceleration i n an array 
of o r i f i c e obstacles using the Vortex Dynamics Code. 
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F i g u r e 8. Computer s i m u l a t i o n u s i n g the V o r t e x Dynamics Code f o r 
flame a c c e l e r a t i o n i n m u l t i p l e compartment chambers. 
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t u r b u l e n c e and thus v e r y h i g h b u r n i n g r a t e s . T h i s mechanism of 
l o c a l b u r n i n g r a t e enhancement due t o v o r t i c i t y swept down from 
upstream shear r e g i o n s i s v e r y i m p o r t a n t . I t may r e s u l t i n a de
c r e a s i n g dependence o f the flame a c c e l e r a t i o n r a t e on the l o c a l 
boundary c o n d i t i o n s . T h i s a l s o i m p l i e s t h a t v e r y h i g h b u r n i n g 
r a t e s can occur i n the gases t h a t are vented from one r e g i o n t o 
another due t o the v o r t i c i t y c o n t a i n e d i n them. The above d i s 
c u s s i o n s i l l u s t r a t e the k i n d of combustion t o the fundamental 
u n d e r s t a n d i n g o f flame a c c e l e r a t i o n t h a t computer s i m u l a t i o n can 
p r o v i d e . To make a c t u a l t u r b u l e n c e measurements e x p e r i m e n t a l l y 
f o r t h e se a c c e l e r a t i n g flames and pe r f o r m the n e c e s s a r y d a t a r e 
d u c t i o n and a n a l y s i s t o a c h i e v e the same k i n d o f q u a n t i t a t i v e des
c r i p t i o n of the t u r b u l e n t f i e l d p r o v i d e d by the V o r t e x Dynamics 
Code would be a f o r m i d a b l e t a s k . Thus, even though the s i m u l a t i o n 
thus f a r has n e g l e c t e d i m p o r t a n t c o m p r e s s i b i l i t y e f f e c t s and bur n 
i n g r a t e - t u r b u l e n c e c o u p l i n g , much can be l e a r n e d a l r e a d y from the 
f l u i d dynamic p r o c e s s e s t h a t i t reproduces. 

D e t o n a t i o n s 

A l t h o u g h not a common occurence f o r f u e l - a i r m i x t u r e s , p a r t i c u 
l a r l y under open u n c o n f i n e d c o n d i t i o n s , d e t o n a t i o n s cannot be i g 
nored i n r i s k a n a l y s i s . The d i s t i n c t i v e c a p a b i l i t i e s of detona
t i o n waves n e c e s s i t a t e the need t o a c q u i r e a complete u n d e r s t a n d 
i n g of the phenomena so t h a t the p r e c i s e c o n d i t i o n s i n which a de
t o n a t i o n wave can be i n i t i a t e d and propagated are known. I n t h i s 
way, a r e a l i s t i c assessment of the d e t o n a t i o n hazards a s s o c i a t e d 
w i t h a g i v e n i n s t a l l a t i o n can be o b t a i n e d . 

I n g e n e r a l , d e t o n a t i o n waves i n s t o i c h i o m e t r i c m i x t u r e s o f 
most o f the common hydrocarbon f u e l s w i t h a i r propagate a t about 
1800 m/sec w i t h an o v e r p r e s s u r e i n c r e a s e o f about 15 bar s a c r o s s 
the wave. I t i s a c u r i o u s f a c t of n a t u r e t h a t the same e x p l o s i v e 
m i x t u r e t h a t n o r m a l l y burns w i t h a l a m i n a r flame speed of about a 
few meters per second can a l s o support the i n t e n s e combustion a s 
s o c i a t e d w i t h these s u p e r s o n i c d e t o n a t i o n waves. The p r o c e s s e s 
t h a t go on i n s i d e the s t r u c t u r e of d e t o n a t i o n f r o n t s a r e ext r e m e l y 
complex, i n v o l v i n g m u l t i - d i m e n s i o n a l shock i n t e r a c t i o n s i n an i n 
tense t u r b u l e n t r e a c t i n g medium. However, i t i s a l s o a c u r i o u s 
f a c t o f n a t u r e t h a t on the b a s i s of the c a l c u l a t i o n s u s i n g the one-
d i m e n s i o n a l Chapman-Jouguet model w i t h e q u i l i b r i u m thermodynamics 
which i g n o r e t he complex s t r u c t u r e , the p r e d i c t e d d e t o n a t i o n p r o 
p e r t i e s ( i . e . , d e t o n a t i o n v e l o c i t y , o v e r p r e s s u r e , e t c . ) a r e found 
to be q u i t e c l o s e t o t h a t observed e x p e r i m e n t a l l y , even near the 
d e t o n a t i o n l i m i t s . On the o t h e r hand, the dynamic d e t o n a t i o n 
parameters (eg., d e t o n a b i l i t y l i m i t s , i n i t i a t i o n energy, c r i t i c a l 
tube d i a m e t e r , e t c . ) , cannot be o b t a i n e d from t h i s e q u i l i b r i u m 
Chapman-Jouguet t h e o r y . The complex dynamic p r o c e s s e s t h a t go on 
i n s i d e the s t r u c t u r e of the d e t o n a t i o n wave ( i . e . , the p r o p a g a t i o n 
mechanism) must now be taken i n t o c o n s i d e r a t i o n i f these dynamic 
d e t o n a t i o n parameters are t o be p r e d i c t e d . Thus f a r , no t h e o r y 
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e x i s t s t h a t can g i v e even s e m i - q u a n t i t a t i v e e s t i m a t e s of these 
dynamic parameters. Computer s i m u l a t i o n s u s i n g m u l t i - d i m e n s i o n a l 
r e a c t i v e shock codes have been demonstrated by F u j i w a r a (27) and 
Oran ( 2 8 ) . Both groups have reproduced two-dimensional c e l l u l a r 
d e t o n a t i o n s from t h e i r r e s p e c t i v e computer codes. However, the 
computation time r e q u i r e d i s ext r e m e l y l o n g f o r the r e q u i r e d time 
and s p a t i a l r e s o l u t i o n s . I t i s not l i k e l y t h a t e x t e n s i v e computer 
s i m u l a t i o n s of the d e t o n a t i o n phenomena w i l l be made. I t i s a l s o 
not c l e a r a t p r e s e n t j u s t what u s e f u l i n f o r m a t i o n one can d e r i v e 
from these computer s i m u l a t i o n s t o j u s t i f y the h i g h c o s t o f r u n 
n i n g them f o r the d e t o n a t i o n problem. 

On the e x p e r i m e n t a l s i d e , s i g n i f i c a n t advances have been made 
i n the e a r l y s i x t i e s i n the u n d e r s t a n d i n g of the fundamental p r o 
cesses t h a t go on i n s i d e t he d e t o n a t i o n f r o n t i t s e l f . However, 
t h i s b a s i c knowledge a c q u i r e d was not e x p l o i t e d u n t i l the l a t e 
s e v e n t i e s when the d e t o n a t i o n c e l l s i z e was r e c o g n i z e d as a u s e f u l 
fundamental parameter t h a t r e p r e s e n t s the c h e m i c a l l e n g t h s c a l e of 
the d e t o n a t i o n p r o c e s s , and hence can be c o r r e l a t e d t o a l l the 
impo r t a n t dynamic parameters. The measurement of the c e l l s i z e 
u s i n g carbon soot d e p o s i t e d on a t h i n p o l i s h e d m e t a l f o i l i n s e r t e d 
i n t o the d e t o n a t i o n tube has been w e l l e s t a b l i s h e d i n the e a r l y 
s i x t i e s . However, c e l l s i z e measurements i n f u e l - a i r m i x t u r e s 
were not r e v i v e d u n t i l the l a t e s e v e n t i e s by B u l l (29) and 
Kn y s t a u t a s (30,31) when the u s e f u l n e s s of c e l l s i z e d a t a became 
apparent. The f i r s t s t e p i n e s t a b l i s h i n g the c o r r e l a t i o n between 
c e l l s i z e and the dynamic parameters was made by Edwards (32) who 
suggested t h a t the c o r r e l a t i o n between the c e l l s i z e "λ" and the 
c r i t i c a l tube diameter "d 11 ( i . e . , d c = 13 λ) f i r s t observed by 
M i t r o f a n o v and S o l o u k h i n (33) i n 1964 s h o u l d be u n i v e r s a l . The 
g e n e r a l i t y o f the s i m p l e law d c = 13 λ was confi r m e d by the e x t e n 
s i v e e x p e r i m e n t a l work of K n y s t a u t a s (30,31) who measured s i m u l t a 
n e o u s l y the c e l l s i z e as w e l l as the c e n t r a l tube diameter f o r a 
number o f f u e l s over a range of f u e l - a i r c o n c e n t r a t i o n s and i n i 
t i a l p r e s s u r e s . 

The d c = 13 λ law l e d the author t o develop a s i m p l e model 
whereby the c r i t i c a l energy f o r i n i t i a t i o n can be p r e d i c t e d when 
the c e l l s i z e and the e q u i l i b r i u m Chapman-Jouguet d e t o n a t i o n 
s t a t e s a r e known. T h i s s i m p l e s o - c a l l e d s u r f a c e energy model of 
Lee (34) gave p r e d i c t i o n s f o r the c r i t i c a l i n i t i a t i o n charge 
weight f o r v a r i o u s hydrocarbon f u e l - a i r m i x t u r e s i n c l o s e a c c o r d 
w i t h the e x p e r i m e n t a l d a t a o b t a i n e d by E l s w o r t h ( 3 9 ) . 

The r e l a t i o n s h i p between d e t o n a b i l i t y l i m i t s and the c e l l 
s i z e i s based on a s u g g e s t i o n made by Wagner (35) i n 1960, who 
f i r s t s t a t e d t h a t the appearance of the s i n g l e headed s p i n wave 
s t r u c t u r e s h o u l d correspond t o the d e t o n a b i l i t y l i m i t i n the g i v e n 
tube. S i n c e t h e n , t h i s s u g g e s t i o n of Wagner was demonstrated t o 
be t r u e by Donato ( 3 6 ) , who showed e x p e r i m e n t a l l y t h a t f o r m i x t u r e 
c o m p o s i t i o n s o u t s i d e the l i m i t when the s i n g l e head s p i n s t r u c t u r e 
f i r s t appeared, a d e t o n a t i o n when d i s t u r b e d w i l l f a i l and w i l l not 
r e - t r a n s i t back t o the d e t o n a t i o n mode. Recent work by 
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V a s i l i e v (37) a l s o c o n f i r m s t h i s c r i t e r i o n f o r d e t o n a t i o n l i m i t 
based on the onset o f the s i n g l e headed s p i n s t r u c t u r e . Thus, 
w i t h the c e l l s i z e as a f u n c t i o n of m i x t u r e c o m p o s i t i o n s known, 
the d e t o n a b i l i t y l i m i t s i n tubes can r e a d i l y be e s t a b l i s h e d . The 
c r i t e r i o n i s t h a t the l i m i t i n g m i x t u r e c o m p o s i t i o n s h o u l d g i v e a 
c e l l s i z e λ which i s of the o r d e r o f the tube diameter i t s e l f . 
L i m i t c r i t e r i a f o r o t h e r tube geometries and f o r u n c o n f i n e d c o n d i 
t i o n s have y e t t o be e s t a b l i s h e d . However, t h e r e i s no doubt 
t h a t the l i m i t c o n d i t i o n s s h o u l d be c o r r e l a t e d t o the fundamental 
c h e m i c a l l e n g t h s c a l e of the m i x t u r e ( i . e . , c e l l s i z e ) . 

A thorough r e v i e w o f the dynamic parameters o f gaseous d e t o 
n a t i o n waves and t h e i r c o r r e l a t i o n s w i t h the c e l l s i z e λ has been 
g i v e n by the author r e c e n t l y ( 3 8 ) . However, f o r the sake of com
p l e t e n e s s , some of the more im p o r t a n t r e s u l t s mentioned i n the 
above d i s c u s s i o n s w i l l be g i v e n . F i g u r e 9 shows the d e t o n a t i o n 
c e l l s i z e f o r the common hydrocarbon f u e l s as a f u n c t i o n o f e q u i 
v a l e n c e r a t i o (φ = 1 corresponds t o s t o i c h i o m e t r i c c o m p o s i t i o n ) . 
They a l l take on the shape of U-curves w i t h the minimum c e l l s i z e 
o c c u r r i n g a t about the s t o i c h i o m e t r i c c o m p o s i t i o n . S i n c e the sen
s i t i v i t y of the m i x t u r e i s i n v e r s e l y p r o p o r t i o n a l t o the c e l l s i z e , 
we see from F i g u r e 9 t h a t a c e t y l e n e i s the most s e n s i t i v e f u e l 
w i t h a minimum c e l l s i z e λ = 0.5 cm, w h i l e methane, which has a 
minimum c e l l s i z e about two o r d e r s o f magnitude l a r g e r (λ = 33 cm) 
i s the l e a s t s e n s i t i v e o f the common f u e l s . The r e s t of the 
alkane f a m i l y (C3H8, C2H6, C4H10) a l l have about the same c e l l 
s i z e and hence s i m i l a r s e n s i t i v i t y . The o r d e r o f s e n s i t i v i t y t o 
d e t o n a t i o n f o r the v a r i o u s f u e l s as i n d i c a t e d by t h e i r r e s p e c t i v e 
c e l l s i z e i n F i g u r e 9 a re i n ac c o r d t o t h a t e s t a b l i s h e d by M a t s u i 
and Lee (39) who d e v i s e d a d e t o n a t i o n h a z a r d number based on the 
c r i t i c a l i n i t i a t i o n energy w i t h the most s e n s i t i v e f u e l o f C2H2 as 
the r e f e r e n c e . The s o l i d curves i n F i g u r e 9 r e p r e s e n t the c o r r e l a 
t i o n λ = A£ where i s the i n d u c t i o n zone l e n g t h computed theo
r e t i c a l l y based on the d e t a i l e d c h e m i s t r y of the m i x t u r e ( 4 0 ) . 
The p r o p o r t i o n a t e l y c o n s t a n t A i s o b t a i n e d by f i t t i n g a t φ = 1. 
The g e n e r a l U-shaped b e h a v i o u r i s reproduced but the e r r o r can be 
q u i t e s i g n i f i c a n t f o r o f f s t o i c h i o m e t r i c m i x t u r e s . The c o r r e l a 
t i o n t o d e t a i l e d c h e m i s t r y i n a s i m p l e λ = AZ r e l a t i o n s h i p i s not 
of s u f f i c i e n t a ccuracy f o r p r e d i c t i o n purposes. I n o t h e r words, 
u s i n g one e x p e r i m e n t a l d a t a p o i n t t o determine A and compute the 
c e l l s i z e h e n c e f o r t h u s i n g d e t a i l e d c h e m i s t r y i s not a c c u r a t e 
enough f o r p r a c t i c a l purposes. T h i s i s due t o the f a c t t h a t most 
dynamic d e t o n a t i o n parameters are s e n s i t i v e f u n c t i o n s of the c e l l 
s i z e (eg., E c ^ λ 3 ) . 

Based on the c e l l s i z e d a t a o b t a i n e d e x p e r i m e n t a l l y ( F i g u r e 
9 ) , the c r i t i c a l tube diameter " d c

, f can be o b t a i n e d by s i m p l y mul
t i p l y i n g λ by a f a c t o r of 13. F i g u r e 10 shows a comparison b e t 
ween the d c = 13 λ c o r r e l a t i o n and the e x p e r i m e n t a l r e s u l t s from 
the d i r e c t measurements of " d c

f f i t s e l f from l a r g e s c a l e e x p e r i 
ments. The agreement i s q u i t e good i n view o f the d i f f i c u l t i e s i n 
c o n t r o l l i n g c l o s e l y the e x p e r i m e n t a l parameters i n l a r g e s c a l e 
f i e l d e xperiments. 
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0 . 1. 2 . 3 . 4 . 

EQUIVALENCE RATIO φ 

F i g u r e 10. Comparison o f the c r i t i c a l tube diameter w i t h t h e 
d = 13 λ c o r r e l a t i o n . 
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Based on the e x p e r i m e n t a l l y o b t a i n e d c e l l s i z e d a t a , the s u r 
f a c e energy model can be used t o p r e d i c t the i n i t i a l i n i t i a t i o n 
e n e r g i e s . The r e s u l t s a re shown i n F i g u r e 11 as s o l i d l i n e s . 
E x p e r i m e n t a l d a t a are those o b t a i n e d by E l s w o r t h ( 4 0 ) . I n g e n e r a l , 
q u i t e good agreement i s o b t a i n e d . More r e c e n t l a r g e experiments 
performed by Benedick (41) i n d i c a t e d t h a t E l s w o r t h 1 s energy d a t a 
i s too low near the l i m i t s . T h i s i s due to the l i m i t e d s i z e of 
E l s w o r t h 1 s apparatus w h ich i s i n s u f f i c i e n t t o observe the e v e n t u a l 
f a i l u r e of the d e t o n a t i o n wave when the i n i t i a t i o n charge used i s 
l a r g e . The new r e s u l t s of Benedick f o r the weaker near l i m i t mix
t u r e s a r e found t o agree b e t t e r w i t h the s u r f a c e energy t h e o r y . 

Thus, we see t h a t as f a r as p r e d i c t i o n s of the dynamic deto
n a t i o n s t a t e s , t h e r e e x i s t e m p i r i c a l r e l a t i o n s h i p s and s i m p l e ana
l y t i c a l t h e o r i e s t h a t can produce q u i t e adequate r e s u l t s once the 
c e l l s i z e f o r the m i x t u r e i s known. However, the d e t e r m i n a t i o n of 
the c e l l s i z e , a l t h o u g h a r e l a t i v e l y s i m p l e e x p e r i m e n t a l procedure, 
i s q u i t e i r r e g u l a r . The use of v e r y l o n g f o i l s so t h a t the propa
g a t i o n can be observed over a l o n g e r d i s t a n c e , improve the a b i l i t y 
t o i d e n t i f y the dominant c e l l s i z e . However, the smoked c o a t i n g 
of l a r g e and l o n g m e t a l f o i l s and i n s e r t i n g them i n t o the detona
t i o n tube poses e x p e r i m e n t a l d i f f i c u l t i e s i n p r a c t i c e . For a 
g i v e n m i x t u r e , the a c c u m u l a t i o n of a l a r g e number of r e c o r d s a l s o 
h e l p s i n o b t a i n i n g a more a c c u r a t e and unambiguous v a l u e f o r the 
c e l l s i z e . A t p r e s e n t t h e r e appears t o be no b e t t e r means to 
determine t h i s i m p o r t a n t b a s i c l e n g t h s c a l e and t h e r e i s no doubt 
t h a t e f f o r t s must be d i r e c t e d toward the e s t a b l i s h m e n t of b e t t e r 
e x p e r i m e n t a l t e c h n i q u e s f o r c e l l s i z e measurements. 

T r a n s i t i o n from D e f l a g r a t i o n t o D e t o n a t i o n 

Unconfined f u e l - a i r d e t o n a t i o n s are e x t r e m e l y d i f f i c u l t t o i n i 
t i a t e and r e q u i r e i n g e n e r a l v e r y p o w e r f u l i g n i t i o n sources such 
as a s o l i d e x p l o s i v e charge of the o r d e r of about 100 grams. Thus, 
i t i s u n d e r s t a n d a b l e t h a t f u e l - a i r d e t o n a t i o n s are c o n s i d e r e d as 
n o n - c r e d i b l e events i n an a c c i d e n t a l s c e n a r i o when the absence of 
v e r y p o w e r f u l i g n i t i o n s o urces e q u i v a l e n t t o , say, 100 grams of 
h i g h e x p l o s i v e s , can be demonstrated. However, d e t o n a t i o n s can 
a l s o be formed from d e f l a g r a t i o n waves when the l a t t e r managed to 
a c c e l e r a t e t o a s u f f i c i e n t l y h i g h flame speed. Thus, the p o s s i b i 
l i t y o f a t r a n s i t i o n from d e f l a g r a t i o n t o d e t o n a t i o n (D.D.T. 
h e n c e f o r t h ) becomes the c e n t r a l problem and determines i f 
d e t o n a t i o n hazards can be i g n o r e d o r not i n a g i v e n s i t u a t i o n . I n 
g e n e r a l , the flame speeds a t the onset of d e t o n a t i o n are found to 
be o f the o r d e r of about 800 m/sec e x p e r i m e n t a l l y . Thus, the 
p o s s i b i l i t y of a DDT h i n g e s on the q u e s t i o n of flame a c c e l e r a t i o n s . 
I f p o w e r f u l flame a c c e l e r a t i o n mechanisms such as t u r b u l e n c e gene
r a t e d by r e p e a t e d o b s t a c l e s and the r i g h t k i n d of boundary c o n d i 
t i o n s (confinement) are p r e s e n t , then DDT i s a d e f i n i t e p o s s i b i 
l i t y . I n l o n g c o n f i n e d channels w i t h a d i s t r i b u t i o n of l a r g e 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
24

9.
ch

00
8

In The Chemistry of Combustion Processes; Sloane, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



8. LEE Fast Flames and Detonations 143 

EQUIVALENCE RATIO φ 

Figure 11. Comparison of theoretical predictions of c r i t i c a l 
i n i t i a t i o n energy with Elsworth 1s experimental data. 
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o b s t a c l e s i n the f l o w , few would debate the p o s s i b i l i t y o f a DDT. 
However, i n a p a r t i a l l y o r t o t a l l y u n c o n f i n e d environment o r i n 
the absence of a s u f f i c i e n t l y l o n g flame t r a v e l f o r the a c c e l e r a 
t i o n t o the r e q u i r e d flame speed t o take p l a c e , DDT i s then c o n s i 
dered t o be a h i g h l y improbable event. T h i s c o n c l u s i o n i s m a i n l y 
based on the l a c k of a v i a b l e mechanism whereby the n e c e s s a r y con
d i t i o n s f o r the onset of d e t o n a t i o n t o occur can be produced w i t h 
out flame a c c e l e r a t i o n s . I n 1978, K n y s t a u t a s e t a l . (42) r e p o r t e d 
t h a t d i r e c t i n i t i a t i o n of a s p h e r i c a l d e t o n a t i o n can be a c h i e v e d 
when a s u f f i c i e n t l y i n t e n s e t u r b u l e n t j e t of hot combustion p r o 
ducts (of the same m i x t u r e ) i s i n j e c t e d i n t o the u n c o n f i n e d c l o u d 
of e x p l o s i v e m i x t u r e . By d i r e c t i n i t i a t i o n , i t i s meant t h a t the 
d e t o n a t i o n i s formed " i n s t a n t a n e o u s l y " i n the immediate v i c i n i t y 
of the i g n i t i o n source ( i . e . , the t u r b u l e n t j e t ) w i t h o u t any p r e -
d e t o n a t i o n flame t r a v e l o r run-up d i s t a n c e . I n o t h e r words, i t i s 
no l o n g e r n e c e s s a r y t o r e l y on flame a c c e l e r a t i o n mechanisms t o 
b r i n g about the DDT. As l o n g as c e r t a i n r e q u i r e d c o n d i t i o n s can 
be generated l o c a l l y , which i n t h i s case i s the r a p i d t u r b u l e n t 
m i x i n g between hot product gases and the unburned m i x t u r e , then 
onset of d e t o n a t i o n r e s u l t s . T h i s i m p o r t a n t experiment of 
Kn y s t a u t a s produced the much sought a f t e r mechanism f o r DDT t o 
occur i n an u n c o n f i n e d c l o u d . The p o s s i b i l i t y o f a s m a l l l o c a l 
c o n f i n e d e x p l o s i o n which s u b s e q u e n t l y r u p t u r e d i t s containment 
and r e s u l t e d i n a v e n t i n g of the hot product gases t o the o u t s i d e 
m i x t u r e i s c e r t a i n l y a v e r y common a c c i d e n t s c e n a r i o i n i n d u s t r i a l 
environments. However, the experiments of K n y s t a u t a s were c a r r i e d 
out i n s e n s i t i v e oxygen e n r i c h e d f u e l - a i r m i x t u r e s and o n l y f o r 
the case of the most s e n s i t i v e f u e l of s t o i c h i o m e t r i c C2H2~air 
when the t u r b u l e n t j e t induced DDT was he a b l e t o observe DDT. I t 
i s obvious t h a t t h e s c a l e o f t u r b u l e n t m i x i n g r e g i o n r e q u i r e d f o r 
the l e s s s e n s i t i v e f u e l s would be much l a r g e r than the maximum 
s i z e o f a 20 cm diameter j e t t h a t was used by K n y s t a u t a s . No 
l a r g e s c a l e s t u d i e s were f o l l o w e d up, and s i n c e then o n l y funda
mental s t u d i e s were c o n t i n u e d t o l e a r n more about the dependence 
of the c h e m i s t r y on the m i x i n g r a t e , t u r b u l e n c e s c a l e and j e t 
diameter. 

There are t h r e e r e c e n t r e p o r t s of l a r g e s c a l e experiments 
where DDT was observed. I n a flame p r o p a g a t i o n experiment i n a 
p a r t i a l l y c o n f i n e d r e c t a n g u l a r c h a n n e l , DDT was observed i n ^ - a i r 
m i x t u r e (^40% H2) by P f f H r t n e r (43). The l o c a l t u r b u l e n t m i x i n g 
r e g i o n was caused by a s m a l l v e n t i l a t i o n f a n which was l e f t on 
d u r i n g the flame p r o p a g a t i o n . Thus, as the flame f r o n t a r r i v e s a t 
the f a n , the r a p i d m i x i n g caused by the f a n between the hot gases 
i n the flame zone and the unburned m i x t u r e i s s u f f i c i e n t t o r e s u l t 
i n the onset of d e t o n a t i o n . A l t h o u g h 40% H2 i n a i r * i s a f a i r l y 
s e n s i t i v e m i x t u r e , P f f B r t n e r ' s o b s e r v a t i o n n e v e r t h e l e s s c o n f i r m e d 
the mechanism of m i x i n g induced DDT i n an u n c o n f i n e d c l o u d . 

R e c e n t l y , G e i g e r (44) o f the B a t t e l l e I n s t i t u t e i n F r a n k f u r t 
a l s o r e p o r t e d the o b s e r v a t i o n of a DDT i n u n c o n f i n e d s t o i c h i o m e t 
r i c H 2~air m i x t u r e s . I n G e i g e r f s experiment, a r e c t a n g u l a r box 
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0.50 m χ 0.50 m χ 1 m, c l o s e d a t the i g n i t i o n end and connected 
through a s m a l l o r i f i c e a t the o t h e r end t o a l a r g e volume of the 
same e x p l o s i v e m i x t u r e c o n t a i n e d i n a l m x l m x 3 m p l a s t i c bag, 
was used. The t u r b u l e n t j e t d i s c h a r g e d from the o r i f i c e p r o v i d e s 
a p o w e r f u l i g n i t i o n s o u r c e . However, i n t h i s experiment DDT was 
not observed i n the j e t m i x i n g r e g i o n . The p o w e r f u l j e t i g n i t i o n , 
however, l e d to the development of a v e r y f a s t d e f l a g r a t i o n . DDT 
was then l a t e r observed when the flame had propagated some d i s t 
ance down the bag. A g a i n , the m i x t u r e used i s a l s o a f a i r l y sen
s i t i v e one. 

Moen (45) a l s o r e p o r t e d the o b s e r v a t i o n o f DDT i n an uncon
f i n e d volume of a much l e s s s e n s i t i v e o f f - s t o i c h i o m e t r i c m i x t u r e 
of C2H2-air (y5% C^l^ ' T n e i n t e n t i o n o f Moen 1 s experiment was 
not t o i n v e s t i g a t e the DDT phenomenon. However, a m i s f i r e of the 
i n i t i a t i n g charge r e s u l t e d i n flame p r o p a g a t i o n ( i n s t e a d of a 
de t o n a t i o n ) i n the tube, which s u b s e q u e n t l y d i s c h a r g e d i n t o a 
l a r g e volume of the same m i x t u r e c o n t a i n e d i n a l a r g e p l a s t i c bag 
at the end of the tube. The tube i s "U).63 m diameter and 3 m l o n g 
and the p l a s t i c bag i s 2 m diameter and 3.5 m l o n g . From h i g h 
speed movie r e c o r d s , Moen was a b l e to e s t i m a t e the v e l o c i t y of the 
hot gases d i s c h a r g i n g from the tube, and found i t t o be about 550 
m/sec. As i n the case o f G e i g e r 1 s experiment, DDT a g a i n d i d n o t 
occur a t the immediate v i c i n i t y of the tube e x i t . The j e t was ob
serve d t o impinge on a v e r t i c a l w a l l a t the end of the p l a s t i c bag, 
c r e a t i n g a r e c i r c u l a t i o n zone ( v o r t e x ) a t the base ( i . e . , between 
the w a l l and the ground). The onset o f d e t o n a t i o n was observed t o 
occur i n t h i s r e c i r c u l a t i o n v o r t e x and once formed, the d e t o n a t i o n 
propagated throughout the e n t i r e volume of m i x t u r e a t about 1700 
m/sec, c o r r e s p o n d i n g q u i t e c l o s e l y t o the a n t i c i p a t e d Chapman-
Jouguet v a l u e . 

There are t h r e e r e c e n t l a r g e s c a l e experiments t h a t r e p o r t e d 
the occurence of DDT i n u n c o n f i n e d m i x t u r e s . They a l l support the 
t u r b u l e n t j e t m i x i n g mechanism advanced by Kn y s t a u t a s e t a l . The 
flame a c c e l e r a t i o n experiments r e p o r t e d e a r l i e r i n S e c t i o n 3 have 
h e l p e d c o n s i d e r a b l y t o e l u c i d a t e the n e c e s s a r y c o n d i t i o n s r e q u i r e d 
f o r the onset of DDT. I n the c o n f i n e d tube experiments i t was 
found t h a t onset o f d e t o n a t i o n r e q u i r e s flame speeds o f the o r d e r 
of about 800 m/sec. T h i s g i v e s the minimum t u r b u l e n t i n t e n s i t y 
r e q u i r e d f o r the m i x i n g . The minimum s i z e of the m i x i n g r e g i o n 
(tube diameter) i t s e l f , was a l s o found t o be of the o r d e r o f the 
c e l l s i z e . T r a n s l a t e d t o the un c o n f i n e d environment, i t appears 
t h a t DDT would o c c u r i f a s u f f i c i e n t l y i n t e n s e t u r b u l e n t m i x i n g 
r e g i o n o f a s i z e of the o r d e r o f the dimension of the c e l l s i z e 
of the m i x t u r e c o u l d be formed. Once t h i s i n i t i a t i o n k e r n e l i s 
produced, then onset of d e t o n a t i o n r e s u l t s and the d e t o n a t i o n w i l l 
s u b s e q u e n t l y propagate throughout the a v a i l a b l e unburned volume. 

Much i n v e s t i g a t i o n , p a r t i c u l a r l y l a r g e s c a l e e x p e r i m e n t s , are 
needed t o c l a r i f y and d e f i n e more p r e c i s e l y the r e q u i r e d c o n d i 
t i o n s p o s t u l a t e f o r DDT. However, i t appears t h a t t h i s i m p o r t a n t 
q u e s t i o n can be answered s a t i s f a c t o r i l y i n the near f u t u r e . 
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C o n c l u s i o n s 

T u r b u l e n t flame a c c e l e r a t i o n by an o b s t a c l e a r r a y s h o u l d remain as 
the c e n t r a l problem i n e x p l o s i o n r e s e a r c h , both i n terms of d i r e c t 
a p p l i c a b i l i t y of i t s r e s u l t s t o p r a c t i c a l s i t u a t i o n s , and the 
w e a l t h of fundamental knowledge t h a t can be deduced from i t s study. 
I t can be s a i d t h a t the q u a l i t a t i v e u n d e r s t a n d i n g of the mecha
nisms i n v o l v e d i s now f a i r l y complete. However, l i t t l e p r o g r e s s 
has been made t o date i n terms of a c h i e v i n g a q u a n t i t a t i v e des
c r i p t i o n o f the phenomenon. Even e m p i r i c a l r e l a t i o n s h i p s of a 
s u f f i c i e n t g e n e r a l i t y g i v i n g the flame a c c e l e r a t i o n r a t e o r the 
maximum flame speed a t t a i n a b l e as a f u n c t i o n of m i x t u r e combustion 
and o b s t a c l e c o n f i g u r a t i o n s have y e t t o be f o r m u l a t e d . Even 
though numerous experiments have been performed i n the p a s t y e a r s , 
r a n g i n g from s m a l l l a b o r a t o r y s a c l e flame tubes of a few c e n t i 
meters i n diameter t o v e r y l a r g e tubes of 2.5 m d i a m e t e r , and 
flame geometries v a r y i n g from p l a n a r t o c y l i n d r i c a l i n open f i e l d s 
where the c l o u d covers an a r e a of 600 m 2, q u a n t i t a t i v e i n f o r m a t i o n 
r e g a r d i n g the dependence of the observed combustion p r o c e s s e s on 
the f l u i d dynamics f i e l d s p e c i f i c of the geometry and o b s t a c l e 
used, have not been o b t a i n e d . Most of the s t u d i e s were made on 
the i n i t i a l t r a n s i e n t development of the flame. I t i s t h i s a d d i 
t i o n a l degree of c o m p l e x i t y t o an a l r e a d y e x t r e m e l y i n v o l v e d prob
lem of n o n - l i n e a r c o u p l i n g between f l u i d dynamics and c h e m i s t r y 
t h a t p r e v e n t s the r e s u l t s from b e i n g a n a l y z e d p r o p e r l y . The 
author b e l i e v e s t h a t s p e c i a l a t t e n t i o n s h o u l d be devoted i n s t e a d 
to the study of the steady s t a t e regime where a c r i t i c a l b a l a n c e 
between the p o s i t i v e and n e g a t i v e a s p e c t s of t u r b u l e n c e on combus
t i o n o c c u r s . I t i s the a c c u m u l a t i o n of e x p e r i m e n t a l d a t a on t h i s 
s t eady s t a t e regime f o r the dependence of the flame speed on mix
t u r e c o m p o s i t i o n , o b s t a c l e c o n f i g u r a t i o n s and tube diameter t h a t 
w i l l e v e n t u a l l y p e r m i t the f o r m u l a t i o n of e m p i r i c a l c o r r e l a t i o n s 
l e a d i n g t o q u a n t i t a t i v e u n d e r s t a n d i n g . I n the steady s t a t e regime, 
e x p e r i m e n t a l measurements of the v e r y c o m p l i c a t e d t u r b u l e n t f l o w 
s t r u c t u r e a s s o c i a t e d w i t h the o b s t a c l e f i e l d are at l e a s t " i n t e r 
prétable". T h i s may then l e a d t o more fundamental c o r r e l a t i o n s 
i n v o l v i n g the use of f l u i d mechanics parameters r a t h e r than geo
m e t r i c a l parameters c h a r a c t e r i s t i c of the o b s t a c l e c o n f i g u r a t i o n . 
Thus, c o r r e l a t i o n s of a more u n i v e r s a l n a t u r e emerge. I n r e v i e w 
i n g the e x i s t i n g f a c i l i t i e s o f the v a r i o u s e x i s t i n g r e s e a r c h 
groups, t h e r e appears t o be a l a c k i n i n t e r m e d i a t e s c a l e flame 
tubes of the o r d e r of a meter i n diameter and perhaps and L/D 
r a t i o o f the o r d e r of 100. I t appears t h a t , except f o r m i x t u r e 
c o m p o s i t i o n s w e l l o f f - s t o i c h i o m e t r y , the c h e m i c a l l e n g t h s c a l e s of 
most f u e l s would not l i k e l y exceed the v a l u e where a s t r o n g de
pendence on tube diameters of about 1 m would s t i l l be p r e s e n t . 
Thus, v a l u a b l e d a t a can be a c q u i r e d r e a d i l y i n such i n t e r m e d i a t e 
s c a l e f a c i l i t i e s . A l t h o u g h i t may l a c k the " i m p r e s s i v e n e s s " of a 
h a l f o r f u l l s c a l e t e s t of an a c t u a l geometry, the w e a l t h of 
s c i e n t i f i c i n f o r m a t i o n o b t a i n e d from these s i m p l e tube experiments 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
24

9.
ch

00
8

In The Chemistry of Combustion Processes; Sloane, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



8. LEE Fast Flames and Detonations 147 

i s w e l l worth the e f f o r t . L i t t l e i s known about the s t r u c t u r e of 
these st e a d y s t a t e f a s t flames a t p r e s e n t , even on a q u a l i t a t i v e 
b a s i s . T h i s s h o u l d occupy some p r i o r i t y i n a r e s e a r c h program 
s i n c e c o r r e c t i n t e r p r e t a t i o n of any e x p e r i m e n t a l r e s u l t s r e s t 
h e a v i l y on h a v i n g a c l e a r p i c t u r e of what the flame l o o k s l i k e . 

Computer s i m u l a t i o n u s i n g v a r i o u s codes s h o u l d c o n t i n u e t o 
p l a y an impo r t a n t r o l e . However, the o b j e c t i v e s must c l e a r l y be 
d e f i n e d . There i s a b i g d i f f e r e n c e between the computer s i m u l a 
t i o n o f a c e r t a i n experiment and the computer p r e d i c t i o n o f the 
outcome o f experiments as y e t t o be performed. Most of the e x i s t 
i n g codes a r e of the former n a t u r e and t h e i r u s e f u l n e s s r e s t s on 
t h e i r e v e n t u a l development t o become a p r e d i c t i v e computer code. 

The d e t o n a t i o n phenomenon i s i n a much b e t t e r p o s i t i o n . Em
p i r i c a l c o r r e l a t i o n s of s u f f i c i e n t u n i d e r s a l i t y a l r e a d y e x i s t . 
Together w i t h s i m p l e a n a l y t i c a l t h e o r i e s , p r a c t i c a l i n f o r m a t i o n on 
the dynamic d e t o n a t i o n parameters can now be p r e d i c t e d w i t h ac
c e p t a b l e a c c u r a c y . However, a l l these c o r r e l a t i o n s and t h e o r i e s 
s t i l l h i n g e on the c e l l s i z e b e i n g the fundamental i n p u t parameter. 
E x p e r i m e n t a l d e t e r m i n a t i o n of the c e l l s i z e i s not an easy t a s k . 
Smoked p a t t e r n s a r e i n g e n e r a l h i g h l y i r r e g u l a r , r e q u i r i n g an 
"ex p e r i e n c e d eye" o r a w e a l t h o f da t a t o p e r m i t m e a n i n g f u l s t a t i s 
t i c a l a v e r a g i n g . There i s l i t t l e doubt t h a t much e f f o r t i s now 
r e q u i r e d t o f a c i l i t a t e the d e t e r m i n a t i o n of the c e l l s i z e . A t 
p r e s e n t , the q u e s t i o n o f c e l l r e g u l a r i t y and i t s dependence on 
i n i t i a l and boundary c o n d i t i o n s (eg., i g n i t i o n s o u r c e , tube l e n g t h 
and geometry, e t c . ) i s not c l e a r . Fundamental r e s e a r c h i s needed 
to s u p p ort t h i s quest f o r the development of a tec h n i q u e f o r 
unambiguous c e l l measurements. 

The problem o f DDT has now emerged to be much l e s s d i f f i c u l t 
than i t was once thought t o be. I n essence, the DDT problem r e 
duces t o the i ) d e t e r m i n a t i o n of the c o n d i t i o n s n e c e s s a r y f o r the 
onset of d e t o n a t i o n , and i i ) the f l u i d mechanics of t u r b u l e n t 
m i x i n g of a r e a c t i v e medium t o a c h i e v e t h i s s e t o f c r i t i c a l c o n d i 
t i o n s f o r the onset of d e t o n a t i o n . Both problems can be i n v e s t i 
gated more o r l e s s i n a decoupled f a s h i o n . The d e t e r m i n a t i o n o f 
the c o n d i t i o n s n e c e s s a r y f o r the onset o f d e t o n a t i o n i s essen
t i a l l y a s t a b i l i t y problem where one l o o k s a t the growth o f shock 
waves i n medium a t the verge o f auto e x p l o s i o n . The second pr o b 
lem o f m i x i n g i s a more complex one. There e x i s t s l i t t l e d a t a on 
i n t e n s e t r a n s i e n t j e t m i x i n g . C l e a r l y fundamental s t u d i e s a r e 
needed t o a c q u i r e a p r e d i c t i o n of the m i x i n g r a t e f o r g i v e n i n i t i a l 
c o n d i t i o n s . 

Due t o l a c k o f s y s t e m a t i c l a r g e s c a l e DDT experiments a t 
p r e s e n t , i t i s judged i m p o r t a n t t o c a r r y some of these l a r g e s c a l e 
experiments t o determine t he c r i t i c a l dimensions of the m i x i n g r e 
g i o n s n e c e s s a r y f o r the v a r i o u s f u e l - a i r m i x t u r e s . 

Gas e x p l o s i o n s w i l l c o n t i n u e t o be an a c t i v e r e s e a r c h a r e a i n 
the f o r e s e e a b l e f u t u r e as l o n g as energy p r o d u c t i o n and t r a n s p o r t 
p l a y a dominant r o l e i n the economics of a co u n t r y . However, 
s c i e n t i f i c p r o g r e s s can o n l y be advanced r a p i d l y i f s u f f i c i e n t 
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communication and c o l l a b o r a t i o n between v a r i o u s r e s e a r c h i n s t i t u 
t i o n s i n the d i f f e r e n t c o u n t r i e s can be e f f e c t e d . U n f o r t u n a t e l y , 
s e l f i n t e r e s t s o f s p o n s o r i n g agencies o f t e n put severe r e s t r i c 
t i o n s on the open d i s s e m i n a t i o n of i n f o r m a t i o n and d i s c o u r a g e s 
communication and c o l l a b o r a t i o n of the s c i e n t i s t s i n v o l v e d . I t 
appears t h a t t h i s i s perhaps the most im p o r t a n t i s s u e t h a t has to 
be immediately r e s o l v e d . 
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9 
Chemical Kinetic-Fluid Dynamic Interactions 
in Detonations 

ELAINE ORAN 

Laboratory for Computational Physics, Naval Research Laboratory, Washington, DC 20375 

We summarize a number of simulations aimed at 
deciphering some of the basic effects which arise 
from the interaction of chemical kinetics and fluid 
dynamics in the ignition and propagation of detona
tions in gas phase materials. The studies presented 
have used one- and two-dimensional numerical models 
which couple a description of the fluid dynamics to 
descriptions of the detailed chemical kinetics and 
physical diffusion processes. We briefly describe, 
in order of complexity, a) chemical-acoustic 
coupling, b) hot spot formation, ignition and the 
shock-to-detonation transition, c) kinetic factors 
in detonation cell sizes, and d) flame acceleration 
and the transition to turbulence. 

In t h i s paper we d e s c r i b e some of the b a s i c e f f e c t s which a r i s e 
s p e c i f i c a l l y from the c o u p l i n g between c h e m i c a l k i n e t i c s and f l u i d 
dynamics i n combustion systems. Although the p a r t i c u l a r emphasis 
here i s on the i g n i t i o n and p r o p a g a t i o n of d e t o n a t i o n s , many of 
the more fundamental i n t e r a c t i o n s d e s c r i b e d are g e n e r a l l y a p p l i 
c a b l e t o f l a m e s . The s e l e c t i o n of t o p i c s i s by no means meant t o 
be comprehensive; r a t h e r , i t r e p r e s e n t s a p o t p o u r r i of id e a s which 
complement each o t h e r and those p r e s e n t e d i n the o t h e r papers i n 
t h i s s e s s i o n of the Symposium. Although we mainly use c a l c u l a 
t i o n s performed a t NRL t o e x t r a c t and i l l u s t r a t e the d e t a i l s of 
the i n t e r a c t i o n s , we have drawn l i b e r a l l y on the r e s u l t s of exp e r 
iments and a n a l y t i c t h e o r y . 

C h e m i c a l - A c o u s t i c C o u p l i n g 

S t u d i e s of c h e m i c a l - a c o u s t i c c o u p l i n g are concerned w i t h the 
i n t e r a c t i o n s between sound waves and the pr o c e s s e s i n v o l v e d i n 

This chapter not subject to U.S. copyright. 
Published 1984, American Chemical Society 
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c h e m i c a l r e a c t i o n s , which c o u l d i n v o l v e e i t h e r the g e n e r a t i o n of 
new s p e c i e s or energy r e l e a s e or a b s o r p t i o n (1)· There are 
e s s e n t i a l l y two approaches t o d i s c u s s i n g c h e m i c a l - a c o u s t i c i n t e r 
a c t i o n s . The f i r s t i s to c o n s i d e r the e f f e c t s of energy r e l e a s e 
o r o t h e r n o n e q u i l i b r i u m p r o p e r t i e s of the m i x t u r e on the sound 
waves themselves. The e a r l i e s t work i n t h i s area was done by Lord 
R a y l e i g h i n the n i n e t e e n t h c e n t u r y . F i g u r e 1 shows a summary of 
Lord R a y l e i g h 1 s r e s u l t s on the e f f e c t s of energy r e l e a s e on the 
phase and amplitude of sound waves· We see t h a t e x a c t l y how the 
frequency and amplitude of the sound wave are a l t e r e d depend on 
where i n the c y c l e of the sound wave the energy i s r e l e a s e d . 
S i n c e t h i s e a r l y work, s i g n i f i c a n t t h e o r e t i c a l r e s u l t s have been 
o b t a i n e d which d e s c r i b e how sound waves a t t e n u a t e as they t r a v e l 
through mixtures s l i g h t l y p e r t u r b e d from c h e m i c a l e q u i l i b r i u m (2-
4 ) . We know t h a t sound waves can be a m p l i f i e d as they propagate 
through n o n e q u i l i b r i u m mixtures (5,6) and t h a t a shock forms 
b e f o r e a thermal e x p l o s i o n when a sound wave propagates through an 
e x p l o s i v e mixture ( 7 , 8 ) . F i n a l l y , we have l e a r n e d t h a t sound 
waves p r o p a g a t i n g through exothermic m i x t u r e s can be a m p l i f i e d and 
new modes can be e x c i t e d (9,10). In p a r t i c u l a r , sound waves are 
a m p l i f i e d d u r i n g the process of c h e m i c a l energy r e l e a s e i t s e l f , 
and t h i s e f f e c t has a tendency to d i e out once the system has 
reached a new e q u i l i b r i u m 

The other approach to t h i s problem i s t o look a t how the 
presence of the sound wave changes the c h e m i c a l r e a c t i o n p r o c e s s . 
F i r s t , we know t h a t f l u c t u a t i o n s i n the temperature and p r e s s u r e 
can a l t e r c h e m i c a l r e a c t i o n t i m e s . G i l b e r t e t a l . (11) have shown 
how s i n g l e - s t e p u n i m o l e c u l a r d i s s o c i a t i o n or c o n v e r s i o n can 
produce a p r e d i c t a b l e amplitude and d i s p e r s i o n change i n a sound 
wave. From t h i s they proposed u s i n g a c o u s t i c changes to h e l p 
f o l l o w and diagnose c h e m i c a l r e a c t i o n s . Toong and coworkers 
(9,10) have shown t h a t sound waves enhance energy r e l e a s e r a t e s i n 
exothermic systems. 

A l l of the a n a l y s i s d e s c r i b e d i n the l a s t two paragraphs has 
been done on systems w i t h a t most an i d e a l i z e d , one-step A r r h e n i u s 
k i n e t i c s model, and most of the a n a l y s i s has been done i n a 
l i n e a r a p p r o x i m a t i o n . Recent work by Oran and B o r i s (12) has used 
n u m e r i c a l s i m u l a t i o n s to show t h a t sound waves can not o n l y a f f e c t 
the energy r e l e a s e time as Toong has shown, but can a l s o d r a s t i 
c a l l y reduce the the p e r i o d b e f o r e there i s any energy r e l e a s e , 
which we d e f i n e as the c h e m i c a l i n d u c t i o n t i m e . These s i m u l a t i o n s 
coupled a d e t a i l e d c h e m i c a l r e a c t i o n mechanism f o r hydrogen-oxygen 
combustion t o a s o l u t i o n of the c o n s e r v a t i o n e q u a t i o n s f o r mass, 
momentum and energy. The shortened i n d u c t i o n time i s a p r o p e r t y 
o f the n o n l i n e a r c o u p l i n g between the i n t e r m e d i a t e species· con
c e n t r a t i o n s and the changes i n d e n s i t y and temperature which 
r e s u l t form the presence of the sound waves. For t h i s e f f e c t t o 
o c c u r , i t i s necessary t o have a number of s p e c i e s and a number of 
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ORAN Interactions in Detonations 1 

Phase of heat supply Effect 
relative to Effect on 0 n 

phase of pressure amplitude frequency 

In phase Increase None 

Opposite phase Decrease None 

None Increase 
Quarter-period 

before 

Quarter-period N o n e 

after 

F i g u r e 1. R a y l e i g h ^ c r i t e r i o n f o r t h e e f f e c t s o f heat r e l e a s 
on t h e amplitude and phase o f a sound wave. 
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r e a c t i o n r a t e s c o u p l i n g them: i t i s not a r e s u l t t h a t would come 
from an a n a l y s i s which was based on a one-step A r r h e n i u s r e a c t i o n 
r a t e · 

F i g u r e 2 shows two c a l c u l a t i o n s which have been done w i t h 
the d e t a i l e d model d e s c r i b e d above. The s i m u l a t i o n s are f o r 
hydrogen-oxygen m i x t u r e s d i l u t e d w i t h argon. For both cases the 
p e r i o d o f the imposed sound wave was chosen so t h a t t h e r e are 
about three p e r i o d s w i t h i n a c h e m i c a l i n d u c t i o n t i m e . The a m p l i 
tude of the imposed sound wave was the same i n both cases· Each 
f i g u r e shows the temperature versus time p r o f i l e s a t three l o c a 
t i o n s i n the m i x t u r e . In the upper f i g u r e , t h e r e i s about a f i f 
teen microsecond d i f f e r e n c e i n the i n d u c t i o n time generated by the 
presence of the sound wave. Ihere i s a 150 microsecond d i f f e r e n c e 
i n the bottom f i g u r e , but t h i s case i s even more i n t e r e s t i n g i f we 
note t h a t the s t a t i c i n d u c t i o n time f o r t h i s m i x t u r e i s about 1500 
microseconds. Thus there has been a t o t a l decrease i n the i n d u c 
t i o n time of about a f a c t o r of t e n . F i g u r e 3 shows a s t a t i c 
q u a n t i f i c a t i o n of the i n d u c t i o n time through a s e n s i t i v i t y param
e t e r d e f i n e d on the top of the f i g u r e . Large v a l u e s of the con
t o u r s i n d i c a t e t h a t the m i x t u r e s ' i n d u c t i o n time w i l l change sub
s t a n t i a l l y due t o the presence of sound waves. The v a l u e of t h i s 
parameter f o r the upper mixture i n F i g u r e 2 i s about 10, and f o r 
the lower m i x t u r e about 35. 

The r e s u l t of t h i s work i s t h a t the presence of sound waves 
can change c h e m i c a l i n d u c t i o n times and energy r e l e a s e t i m e s . 
Furthermore, energy r e l e a s e can a m p l i f y e x i s t i n g sound waves and 
generate new ones· Ihe o v e r a l l c o n c l u s i o n i s t h a t t i m e s c a l e 
a n a l y s e s may have t o be m o d i f i e d to account f o r the presence of 
these c o u p l i n g e f f e c t s . 

Hot Spots, R e a c t i v e C e n t e r s , and the Shock-to-Detonation 
T r a n s i t i o n 

L o c a l f l u c t u a t i o n s i n temperature, d e n s i t y and p r e s s u r e are always 
p r e s e n t , even i n homogeneous, premixed systems. In systems whose 
s e n s i t i v i t y t o p e r t u r b a t i o n s i s h i g h , these f l u c t u a t i o n s can have 
s u r p r i s i n g consequences and a l t e r the b e h a v i o r from c o n v e n t i o n a l 
e x p e c t a t i o n s . We saw t h i s above when we i n v e s t i g a t e d the s e n s i 
t i v i t y of the hydrogen-oxygen m i x t u r e t o the presence of sound 
waves. I t has a l s o been shown t h a t the same systems are j u s t as 
s e n s i t i v e t o e n t r o p y p e r t u r b a t i o n s ( 1 2 ) . Below we d e s c r i b e a 
system i n which the combined e f f e c t s of sound wave and entropy 
p e r t u r b a t i o n s cause n o n - i d e a l b e h a v i o r behind i n c i d e n t shocks. 
The study i s based on the r e c e n t shock tube s t u d i e s by Edwards 
e t a l . (13) which have shown i g n i t i o n s t a r t i n g from one of a 
s e r i e s of hot s p o t s behind the shock. 
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9. ORAN interactions in Detonations 

Tim* (μ*) 

F i g u r e 2. C a l c u l a t e d temperature v s . time a t t h r e e l o c a t i o n s 
r e a c t i v e m i x t u r e s t h a t are p e r t u r b e d by a sound wave. 
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F i g u r e 3. Contours o f t h e s e n s i t i v i t y parameter d e f i n e d a t t h e 
to p o f t h e f i g u r e as a f u n c t i o n o f te m p e r a t u r e , T, and t h e i n d u c 
t i o n parameter, τ .  P
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9. ORAN Interactions in Detonations 157 

In order t o e x p l o r e p o s s i b l e mechanisms and understand the 
i m p l i c a t i o n s f o r s e n s i t i v e systems, we have performed a s e r i e s o f 
n u m e r i c a l s i m u l a t i o n s u s i n g the model d e s c r i b e d i n the l a s t s e c 
t i o n of t h i s paper ( 1 4 ) . S p e c i f i c a l l y , the c a l c u l a t i o n s s i m u l a t e d 
an i n c i d e n t shock d r i v e n by a h i g h p r e s s u r e h e l i u m d r i v e r i n t o a 
low p r e s s u r e r e g i o n c o n t a i n i n g a combustible mixture of hydrogen 
i n a i r . F i g u r e 4 shows the r e s u l t s from one such c a l c u l a t i o n 
which shows a r a t h e r s u r p r i s i n g e f f e c t : i g n i t i o n does not occur 
a t the c o n t a c t d i s c o n t i n u i t y , which i s the r e g i o n which i s heated 
f o r the l o n g e s t t i m e . A c a r e f u l look a t these c a l c u l a t i o n s shows 
t h a t some s m a l l amount of energy r e l e a s e has o r i g i n a l l y occured a t 
the c o n t a c t d i s c o n t i n u i t y , and t h i s has generated p r e s s u r e p u l s e s 
which have t r a v e l e d forward and a c c e l e r a t e d the shock f r o n t . T h i s 
process has c r e a t e d a r e g i o n behind the shock f r o n t which i s a t a 
h i g h e r temperature and p r e s s u r e than t h a t of the o r i g i n a l shock 
f r o n t . Since the mixture i s i n a s e n s i t i v e r e g i o n of the tempera
t u r e - p r e s s u r e p l a n e , the i n d u c t i o n time behind the shock now has 
been somewhat reduced. T h i s process repeats i t s e l f u n t i l one of 
the r e a c t i o n c e n t e r s i g n i t e s and forms a r e a c t i o n wave. Si n c e the 
c a l c u l a t i o n i s one-dimensional and C a r t e s i a n , t h e r e are r e a l l y two 
r e a c t i o n waves generated: one moving forward i n the d i r e c t i o n of 
the i n c i d e n t shock, and another moving backwards toward the con
t a c t d i s c o n t i n u i t y . T h i s i s shown i n F i g u r e 5. The forward 
moving wave can t r a n s i t i o n t o a d e t o n a t i o n even b e f o r e i t reaches 
the i n c i d e n t shock wave. When i t reaches the shock wave, t h e r e i s 
an abrupt i n c r e a s e i n shock v e l o c i t y . The backward moving wave 
t r a v e l s more s l o w l y and when i t reaches the c o n t a c t d i s c o n t i n u i t y , 
i t sends a p r e s s u r e p u l s e i n t o the d r i v e r gas. F i g u r e 6 shows the 
time h i s t o r y of the development of the r e a c t i o n c e n t e r s and the 
process of i g n i t i o n and t r a n s i t i o n t o d e t o n a t i o n . 

Thus we have seen another case where the i n t e r a c t i o n of sound 
waves and entropy p e r t u r b a t i o n s w i t h c h e m i c a l r e a c t i o n s has 
a l t e r e d the t i m e s c a l e s and even the l o c a t i o n of the p h y s i c a l p r o 
c e s s e s . T h i s i s a much more c o m p l i c a t e d and l e s s i d e a l i z e d example 
than the sound wave study d e s c r i b e d i n the p r e v i o u s s e c t i o n . The 
sound wave c a l c u l a t i o n s , however, d i d i s o l a t e the i n t e r a c t i o n s and 
looked a t what was r e q u i r e d t o q u a n t i f y the e f f e c t . Here we have 
not o n l y seen the d i r e c t e f f e c t of v a r i a t i o n s i n the i n d u c t i o n 
times due to the presence of p e r t u r b a t i o n s , but a l s o the i n d i r e c t 
e f f e c t of an a l t e r a t i o n o f the background p h y s i c a l c o n d i t i o n s , 
i . e . , the Mach number of the shock, due to p r e s s u r e p u l s e s gener
a t e d by energy r e l e a s e . 

K i n e t i c F a c t o r s and D e t o n a t i o n C e l l S i z e s 

I t has been known f o r some time t h a t a smooth, p l a n a r p r o p a g a t i n g 
d e t o n a t i o n i s u n s t a b l e . T h i s means t h a t s m a l l p e r t u r b a t i o n s can 
t r i g g e r the i n s t a b i l i t y and the system may change t o a more s t a b l e 
s t r u c t u r e . For example, Erpenbeck (15) developed a c r i t e r i o n f o r 
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F i g u r e k. The upper p o r t i o n s o f c a l c u l a t e d p r o f i l e s o f tempera
t u r e as a f u n c t i o n o f p o s i t i o n from a s i m u l a t i o n o f a shock p r o p a 
g a t i n g i n a r e a c t i v e hydrogen-oxygen m i x t u r e t h a t has a r e l a t i v e l y 
h i g h s e n s i t i v i t y as determined from F i g u r e 3. 
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POSITION (cm) 

F i g u r e 6 . L o c a t i o n as a f u n c t i o n o f time o f the shock f r o n t , con
t a c t s u r f a c e r e a c t i o n c e n t e r s , r e a c t i o n waves, and d e t o n a t i o n f r o n t 
f o r t h e c a l c u l a t i o n shown i n F i g u r e s k and 5 . 
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when an overdriven detonation front was stable, given an activa
tion energy and a single-step Arrhenius reaction rate. Such a 
s t a b i l i t y analysis gives a "go, no-go" answer, but i t does not 
give information about the evolution of the i n s t a b i l i t y . This 
aspect was treated by Fickett and Wood (16), who performed numeri
cal simulations of Erpenbeck's model problem. They did indeed 
find that the front o s c i l l a t e s due to the coupling of the f l u i d 
dynamics and energy release. 

We also know now that detonations do not propagate as smooth 
fronts. Their equilibrium structure i s composed of a set of 
interacting, intersecting shock waves, which we c a l l the incident 
shock, the Mach stem, and transverse waves. Further, we know that 
the intersection of the incident shock and Mach stem i s a t r i p l e 
point whose position i n time describes the rhombic shape we c a l l a 
"detonation c e l l . " The incident shock i s not steady, but i s con
tinuously decaying; and the transverse wave, a reflected shock 
intersecting the Mach stem and the incident shock, shuttles back 
and forth across the detonation front. A detonation c e l l i s 
r e i n i t i a t e d when c o l l i s i o n s occur between transverse waves moving 
i n opposite directions. Behind the shock fronts, there i s a reac
tion zone which varies in distance from the front depending on the 
length of time i t has been since c e l l r e i n i t i a t i o n . The velocity 
of the leading shock varies from above the Chapman-Jouguet value 
to below i t and takes a sudden jump when the c e l l structure i s 
r e i n i t i a t e d by transverse wave c o l l i s i o n s . Detonation c e l l s have 
been measured by coating the inside of a detonation tube with soot 
and l e t t i n g the t r i p l e point trace out the pattern. In general 
the pattern i s quite irregular, but a characteristic c e l l size can 
be determined for a particular material at a given temperature and 
pressure. Excellent summaries of what i s known about the c e l l 
structure have been given by Strehlow (17) and by Fickett and 
Davis (18). 

Thus we see that the factors that determine the detonation 
c e l l size are complicated interactions of f l u i d dynamics and 
chemical k i n e t i c s . The f l u i d dynamics here involves a number of 
interacting shock waves, pressure waves, sound waves, and pertur
bations due to energy release. The chemical reactions are occur
ring i n an environment which i s always subjected to fluctuations 
and pressure perturbations. Thus we have gone up in level of 
complexity in the flow properties. However, this problem encom
passes a l l of the issues we discussed i n the previous section. 

Numerical simulations of the structure of multidimensional 
detonations have been carried out by Taki and Fujiwara (19) and by 
Oran et a l . (20). Because of the expense involved in these simu
lations, both groups used a phenomenological model meant to 
describe the basic features of energy release, and coupled this to 
a solution of the conservation equations for the f l u i d dynamics. 
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Below we summarize some of the r e s u l t s o b t a i n e d by Oran e t a l . 
(20), which used c h e m i c a l models t h a t had the a b i l i t y t o r e p r e s e n t 
the change i n c h e m i s t r y due t o p r e s s u r e and temperature p e r t u r b a 
t i o n s i n the c h e m i c a l l y s e n s i t i v e regime. 

As mentioned above, the c e l l s i z e of a d e t o n a t i o n depends on 
the p a r t i c u l a r m i x t u r e and i t s p r e s s u r e and temperature. Thus the 
number of d e t o n a t i o n c e l l s t h a t w i l l be formed by a s e l f - p r o p a g a 
t i n g d e t o n a t i o n i n a tube depends on the h e i g h t of the tub e . In 
p r a c t i c e , however, i f the tube i s not h i g h enough, the d e t o n a t i o n 
w i l l e x t i n g u i s h due t o l o s s e s t o the w a l l s . For the c a l c u l a t i o n s , 
however, we do not have to i n c l u d e w a l l l o s s e s , and we assume f o r 
now t h a t we are d i s c u s s i n g two-dimensional C a r t e s i a n geometry. 
The e x p e r i m e n t a l e q u i v a l e n t would be a very t h i n tube. I f the 
tube h e i g h t i s l e s s than one c e l l h e i g h t , a p e r t u r b e d h a l f - c e l l 
s t r u c t u r e w i l l e v o l v e . I f the tube h e i g h t i s one c e l l h e i g h t , a 
f u l l c e l l w i l l d e v e lop, e t c . Note t h a t because o f the symmetry of 
the c e l l s , i t should be p o s s i b l e to o b t a i n many of the two-dimen
s i o n a l f e a t u r e s by s i m u l a t i n g a h a l f of a c e l l . 

F i g u r e 7 shows the r e s u l t s of s i m u l a t i o n s of a d e t o n a t i o n 
p r o p a g a t i n g down a tube f i l l e d w i t h a m i x t u r e of hydrogen, oxygen 
and argon. The tube h e i g h t i s s l i g h t l y g r e a t e r than h a l f of a 
d e t o n a t i o n c e l l h e i g h t . Itie s i m u l a t i o n was done f o r a m a r g i n a l 
d e t o n a t i o n : t h a t i s , a d e t o n a t i o n which i s c l o s e to the v a l u e s of 
p r e s s u r e , temperature, and s t o i c h i o m e t r y f o r which i t w i l l d i e 
ou t . F i g u r e 7 contours a q u a n t i t y we c a l l the i n d u c t i o n param
e t e r , which i s a measure of the amount of m a t e r i a l r e a c t e d . 
Superimposed on these contours i s the shock f r o n t as determined by 
the jump of temperature and p r e s s u r e . Thus the m a t e r i a l t o the 
r i g h t i s t o t a l l y unshocked and u n r e a c t e d . The m a t e r i a l t o the 
l e f t of the temperature contour i s i n v a r i o u s stages of r e a c t i o n 
c o m p l e t i o n . 

The i n t e r e s t i n g f e a t u r e which i s n o t i c e a b l e both i n these 
s i m u l a t i o n s and i n the experiments by Edwards (20) i s the forma
t i o n of the pockets of unburned gas which occurs when the t r a n s 
v e r s e wave c o l l i d e s w i t h the w a l l . Because of the symmetry of a 
c e l l , t h i s i s e q u i v a l e n t to the c o l l i s i o n of two t r a n s v e r s e waves. 
F i g u r e 8 shows contours from a s i m u l a t i o n i n a much s h o r t e r t u b e . 
The advantage of t h i s i s t h a t the h a l f c e l l s t r u c t u r e i s f o r c e d 
and the c a l c u l a t i o n i s much more r e s o l v e d . Here i t i s much e a s i e r 
to see the pockets b e i n g formed. I t i s p a r t i c u l a r l y i n t e r e s t i n g 
t o note t h a t the pockets have a temperature and p r e s s u r e t h a t are 
i n an extr e m e l y s e n s i t i v e regime i n the temperature-pressure 
p l a n e , as determined from c a l c u l a t i o n s such as those i n F i g u r e 3. 
Thus many of t h e i r b u r n i n g p r o p e r t i e s and t h e i r energy r e l e a s e 
p r o p e r t i e s w i l l be determined not by t h e i r i n i t i a l p r e s s u r e and 
temperature, but by the myriad of p r e s s u r e and en t r o p y 
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9. ORAN Interactions in Detonations 163 

p e r t u r b a t i o n s which they f e e l due t o the ext r e m e l y dynamic 
environment i n which they e x i s t . 

There are a l s o a number of i m p l i c a t i o n s of these u n r e a c t e d 
gas p o c k e t s . The f i r s t i s t h a t we now have a way of c r e a t i n g an 
inhomogeneous m a t e r i a l out of a homogeneous m a t e r i a l . The pockets 
of m a t e r i a l are a t d i f f e r e n t p r e s s u r e s and temperatures, and have 
a d i f f e r e n t c o m p o s i t i o n than the c o m p l e t e l y burned m a t e r i a l around 
them. Second, such pockets c o u l d p r o v i d e the p e r t u r b a t i o n neces
s a r y t o i n i t i a t e an i n s t a b i l i t y and thus p r o v i d e the i n i t i a l impe
tus t o a mechanism t h a t would a l l o w the m a t e r i a l t o form a new 
number of d e t o n a t i o n c e l l s c h a r a c t e r i s t i c of the chamber s i z e . I n 
an open environment where t h e r e are no w a l l s , the pockets c o u l d 
p r o v i d e the p e r t u r b a t i o n necessary t o a l l o w new c e l l s t o generate 
and the number of c e l l s t o i n c r e a s e . And f i n a l l y , the pockets 
c o u l d p r o v i d e a mechanism f o r the e x t i n c t i o n of d e t o n a t i o n s . A 
s c e n a r i o c o u l d e v o l v e i n which more and more energy r e l e a s e i s 
delayed because the pockets become b i g g e r and b i g g e r . 

Flame A c c e l e r a t i o n and T r a n s i t i o n t o Turbulence 

Here we are i n t e r e s t e d i n mechanisms of the t r a n s i t i o n p r o c e s s . 
Some of the b a s i c q u e s t i o n s we must address are f l u i d dynamics 
q u e s t i o n s : how do laminar f l o w s t r a n s i t i o n t o t u r b u l e n t f lows and 
what are the mechanisms of v o r t i c i t y g e n e r a t i o n . Then we ask how 
the presence of chem i c a l r e a c t i o n s and energy r e l e a s e a l t e r these 
s i t u a t i o n s o r generate a d d i t i o n a l mechanisms through c o u p l i n g 
i n t e r a c t i o n s . This i n v o l v e s q u e s t i o n s such as how do flames 
s t r e t c h and i n c r e a s e t h e i r s u r f a c e a r e a , and thereb y i n c r e a s e the 
burn r a t e and flame v e l o c i t y . 

The t r a n s i t i o n process i s o f t e n i n i t i a t e d by one of a number 
of i n s t a b i l i t i e s such as a R a y l e i g h - T a y l o r i n s t a b i l i t y , i n which a 
heavy f l u i d i s a c c e l e r a t e d through a l i g h t f l u i d , or a K e l v i n -
He lmholz i n s t a b i l i t y which i s the c l a s s i c shear f l o w i n s t a b i l i t y . 
F i g u r e 9 shows a two-dimensional s i m u l a t i o n of a R a y l e i g h - T a y l o r 
i n s t a b i l i t y which was done w i t h a Lag r a n g i a n n u m e r i c a l method i n 
which the u s u a l q u a d r i l a t e r a l c o m p u t a t i o n a l g r i d i s r e p l a c e d by a 
g r i d o f t r i a n g l e s ( 2 1 ) . Such an i n s t a b i l i t y a t a p r o p a g a t i n g 
i n t e r f a c e p r o v i d e s a mechanism f o r flame s t r e t c h i n g and thus flame 
a c c e l e r a t i o n . F i g u r e 10 shows a two-dimensional FCT E u l e r i a n 
s i m u l a t i o n of a K e l v i n - H e l m h o l z i n s t a b i l i t y generated a t the 
i n t e r f a c e between two c o f l o w i n g gases of d i f f e r e n t v e l o c i t i e s 
( 2 2 ) . The coherent s t r u c t u r e s which form through t h i s i n t e r a c t i o n 
ar e i m p o r t a n t f o r m i x i n g and the t r a n s i t i o n t o t u r b u l e n c e i n gas 
j e t s . 

There i s a l s o another method of g e n e r a t i n g v o r t i c i t y and thus 
a way of t r a n s i t i o n t o t u r b u l e n c e which i s not based on a f l u i d 
i n s t a b i l i t y , but sim p l y on the s t r a i g h t f o r w a r d g e n e r a t i o n of 
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F i g u r e 7a. Contours o f t h e i n d u c t i o n parameter f o r c a l c u l a t i o n s 
o f a d e t o n a t i o n p r o p a g a t i n g i n a m i x t u r e o f hydrogen, oxygen, and 
argon. High v a l u e s o f t h e i n d u c t i o n parameter i n d i c a t e t h a t t h e 
m a t e r i a l i s about t o r e l e a s e energy. The p o s i t i o n o f t h e shock 
f r o n t i s marked by t h e heavy dark s o l i d l i n e . 
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2.5r 
CYCLE = 9.01x10 

r 
TIME =2.24x10" 

F i g u r e 7b. Contours o f t h e i n d u c t i o n parameter f o r c a l c u l a t i o n s 
o f a d e t o n a t i o n p r o p a g a t i n g i n a m i x t u r e o f hydrogen, oxygen, and 
argon. High v a l u e s o f t h e i n d u c t i o n parameter i n d i c a t e t h a t t h e 
m a t e r i a l i s about t o r e l e a s e energy. The p o s i t i o n o f t h e shock 
f r o n t i s marked by the heavy dark s o l i d l i n e . 
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F i g u r e 8a. Same as F i g u r e s 7 a and 7b except f o r a s m a l l e r tube. 
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F i g u r e 8b . Same as F i g u r e s Ta and 7b except f o r a s m a l l e r tube. 
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F i g u r e 9- C a l c u l a t i o n o f R a y l e i g h - T a y l o r i n s t a b i l i t y u s i n g t h e 
Lagr a n g i a n t e c h n i q u e w i t h automatic zone r e s t r u c t u r i n g . A heavy 
f l u i d f a l l s t h r o u g h a l i g h t f l u i d , and t h e r e i s a f r e e s u r f a c e on 
th e t o p . 
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Figure 10. One frame from the calculation of the evolution of a 
Kelvin-Helmholtz i n s t a b i l i t y at the surface of a round jet of a i r 
into an a i r background. C y l i n d r i c a l symmetry was used and the axis 
of symmetry is- the left-hand boundary. The^inflow speed i s about 
10 cm/s, and the outer co-flow i s about 10 cm/s. 
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v o r t i c i t y by the i n t e r a c t i o n of p r e s s u r e waves w i t h d e n s i t y g r a d i 
ents or o b s t a c l e s . These are two q u i t e d i f f e r e n t mechanisms. The 
i n t e r a c t i o n w i t h d e n s i t y g r a d i e n t s has r e c e n t l y been d i s c u s s e d by 
Picone e t a l . (23) who look a t v o r t i c i t y g e n e r a t i o n through the 
i n t e r a c t i o n of weak shocks and d e n s i t y g r a d i e n t s t y p i c a l of an 
expanding f l a m e . Through the i n t e r a c t i o n of the p r e s s u r e wave 
w i t h the flame, the s c a l e of the inhomogeneity i s h a l v e d . Then as 
another p r e s s u r e wave i n t e r a c t s w i t h t h i s newly c r e a t e d inhomoge
n e i t y , the s c a l e i s a g a i n h a l v e d . F i g u r e 11 shows r e s u l t s of 
P i c o n e 1 s which were done to s i m u l a t e shock tube experiments by 
M a r k s t e i n (24) . As the p l a n a r shock passes through the s p h e r i c a l 
d e n s i t y p e r t u r b a t i o n , v o r t i c i t y i s generated and the s c a l e of the 
inhomogeneity i s h a l v e d . As the r e f l e c t e d shock passes through 
the d e n s i t y g r a d i e n t a g a i n , the s c a l e i s h a l v e d a g a i n . 
M a r k s t e i n ' s experiments were done w i t h a flame i g n i t e d i n a shock 
tube. Picone's c a l c u l a t i o n s were done f o r a d e n s i t y d i s c o n t i n u i t y 
modeled on t h a t expected f o r a f l a m e . 

C o n c l u s i o n s and Summary 

In the examples gi v e n above we have t r i e d to d e s c r i b e some of the 
phenomena which a r i s e as a r e s u l t of c h e m i c a l k i n e t i c - f l u i d 
dynamic c o u p l i n g . F i r s t , we d e s c r i b e d s t u d i e s of the i s o l a t e d 
e f f e c t s of c h e m i c a l - a c o u s t i c c o u p l i n g , emphasizing the e f f e c t s on 
the c h e m i c a l k i n e t i c s . The major c o n c l u s i o n i s t h a t sound waves 
and e n t r o p y p e r t u r b a t i o n s can a l t e r c h e m i c a l t i m e s c a l e s , and t h a t 
t h i s e f f e c t can be q u a n t i f i e d . We then d e s c r i b e d a system i n 
which sound waves and e n t r o p y p e r t u r b a t i o n s behind a shock wave 
caused e a r l y i g n i t i o n a t u n p r e d i c t a b l e l o c a t i o n s and a t reduced 
i g n i t i o n t i m e s . A s e r i e s of r e a c t i o n c e n t e r s formed and one of 
these c l o s e t o the shock f r o n t e v e n t u a l l y i g n i t e d . 

The l a s t two s e c t i o n s d e a l t w i t h systems i n which the f l o w 
was two-dimensional and thus s u b s t a n t i a l l y more c o m p l i c a t e d . 
F i r s t we d e s c r i b e d some of the p r o p e r t i e s o c c u r r i n g i n p r o p a g a t i n g 
d e t o n a t i o n s , f o r which the s t r u c t u r e i s h i g h l y dependent on the 
c h e m i c a l k i n e t i c - f l u i d dynamic i n t e r a c t i o n s . F i n a l l y , i n the l a s t 
s e c t i o n we d i s c u s s e d some pr o c e s s e s and mechanisms i n v o l v e d i n the 
t r a n s i t i o n to t u r b u l e n c e , which i s i m p o r t a n t f o r f l a m e s . 

As we proceeded i n t o the v a r i o u s s e c t i o n s i n t h i s paper, we 
d e s c r i b e d a s e r i e s of p r o g r e s s i v e l y more complex i n t e r a c t i o n s . 
Each new t o p i c c o n t a i n e d most of the c o m p l i c a t i o n s p r e s e n t i n the 
p r e v i o u s l y d i s c u s s e d t o p i c s . The b a s i c i n g r e d i e n t s i n the s t u d i e s 
p r e s e n t e d are reasonable r e p r e s e n t a t i o n s of both the f l o w f i e l d 
and the c h e m i c a l k i n e t i c s . The c o m p l e x i t y arose because we con
s i d e r e d m u l t i d i m e n s i o n a l e f f e c t s and expanded the range of s c a l e s 
c o n s i d e r e d . In g e n e r a l , the c u r r e n t l e v e l o f u n d e r s t a n d i n g of the 
d e t a i l s of the i n t e r a c t i o n s between the c h e m i s t r y and f l o w i s l e s s 
a c c u r a t e as the f l o w and the c h e m i c a l r e a c t i o n s become more and 
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DENSITY CONTOURS 

30.0, 
0.19 ms 0.38 0.49 0.60 

0.0 (cm) 10.0 

0.72 ms 1.11 1.40 1.88 

Figure 1 1 . Density contours for the simulation of a weak shock 
passing through a density gradient. Time i s marked on top of each 
frame. The incident shock i s passing through the gradient at 0 .19 
ms, and by 1.11 ms the reflected shock has passed through. 
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more complex. However, as we have t r i e d to show, we are just now 
at the stage where we can begin to include this effect accurately 
i n simulations· 
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10 
Chemical Kinetic Factors in Gaseous Detonations 

CHARLES K. WESTBROOK 

University of California, Lawrence Livermore National Laboratory, Livermore, CA 94550 

Computer modeling techniques have been applied to 
the study of hydrogen and hydrocarbon oxidation in 
gaseous detonation waves. Characteristic reaction 
times and lengths are computed which correlate well 
with observed detonation parameters, including 
cr i t ica l tube diameters for transition to spherical 
detonation, detonation cel l sizes, c r i t ica l i n i t i a 
tion energies, and lean and rich limits for detona
tion in a linear tube. Inhibition or extinction of 
a detonation is shown to occur from increases in 
the ignition delay time, and increased detonability 
or kinetic sensitization results from decreased 
ignition delay times. 

Detonation waves are an important c l a s s of combustion phenomena, 
due both to the p o t e n t i a l safety hazards which they represent 
and to the i n s i g h t s i n t o fundamental combustion processes which 
they provide. Gaseous detonations have been examined for many 
years, i n both experimental and t h e o r e t i c a l studies. More r e 
cently, computer modeling studies of detonation waves have begun 
to appear. The chemical k i n e t i c s submodels have been considered 
to be the weakest part of e x i s t i n g detonation models. However, 
recent development of comprehensive k i n e t i c reaction mechanisms 
for the oxidation of many p r a c t i c a l fuels (1,2) has changed t h i s 
s i t u a t i o n s i g n i f i c a n t l y . 

The present paper reports progress that has been made on 
chemical k i n e t i c s i n detonations and how well k i n e t i c predic
t i o n s c o r r e l a t e with a v a i l a b l e experimental data. The success 
of t h i s approach i n reproducing experimental data i l l u s t r a t e s 
the c e n t r a l r o l e of k i n e t i c s i n detonations, and i t suggests 
strongly that t h i s technique provides a r e l i a b l e basis for pre
d i c t i n g detonation properties for conditions which have not yet 
been explored experimentally. For example, very few ex p e r i 
mental data are av a i l a b l e for detonation properties at i n i t i a l 

0097-6156/ 84/ 0249-0175$06.00/ 0 
© 1984 American Chemical Society 
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176 CHEMISTRY OF COMBUSTION PROCESSES 

p r e s s u r e s above 1 atm, a t i n i t i a l t e m p e r a t u r e s d i f f e r e n t from 
normal room t e m p e r a t u r e , o r f o r m i x t u r e s i n which t h e o x i d i z e r 
i s a i r r a t h e r t h a n oxygen. A l l t h e s e c a n be o f extreme p r a c t i 
c a l i n t e r e s t t o t h e i n d u s t r i a l community i n h e l p i n g t o u n d e r 
s t a n d t h e h a z a r d s îsociated w i t h e x p l o s i v e m i x t u r e s and t o know 
how a c c i d e n t a l d i s a s t e r s c a n be p r e v e n t e d . As a f u r t h e r e x t e n 
s i o n o f t h i s t y p e o f a p p r o a c h , t h i s t y p e o f m o d e l i n g c a n s u g g e s t 
k i n e t i c means o f m o d i f y i n g t h e d e t o n a t i o n p a r a m e t e r s o f a g i v e n 
f u e l - o x i d i z e r m i x t u r e , e i t h e r e n h a n c i n g o r i n h i b i t i n g d e t o n a 
b i l i t y t h r o u g h t h e use o f a p p r o p r i a t e c h e m i c a l a d d i t i v e s . 

C h e m i c a l K i n e t i c s 

A t t h e p r e s e n t t i m e , t h e f u e l s which c a n be d e s c r i b e d by t h i s 
m o d e l i n g a p p r o a c h i n c l u d e hydrogen, c a r b o n monoxide, methane, 
me t h a n o l , e t h a n e , e t h y l e n e , a c e t y l e n e , propane, and p r o p y l e n e . 
The r e a c t i o n mechanism used t o d e s c r i b e t h e o x i d a t i o n o f t h e s e 
f u e l s has been d e v e l o p e d and v a l i d a t e d i n a s e r i e s o f p a p e r s 
(3-7). The e l e m e n t a r y r e a c t i o n s and t h e i r r a t e e x p r e s s i o n s a r e 
summarized i n R e f e r e n c e (_7) and a r e n o t r e p r o d u c e d h e r e due t o 
spa c e l i m i t a t i o n s . R e v e r s e r e a c t i o n r a t e s a r e computed from t h e 
f o r w a r d r a t e s and t h e a p p r o p r i a t e thermodynamic d a t a (J3). T h i s 
mechanism has been shown t o d e s c r i b e t h e o x i d a t i o n o f methane 
(3 ,A), methanol (_5), e t h y l e n e (6), and propane and p r o p y l e n e (7) 
o v e r wide r a n g e s o f e x p e r i m e n t a l c o n d i t i o n s . I t has a l s o been 
u s e d t o d e s c r i b e t h e shock t u b e o x i d a t i o n o f etha n e (4,9), and 
a c e t y l e n e (10). 

The p a r a m e t e r r e g i m e s i n a d e t o n a t i o n a r e s i m i l a r t o t h o s e 
i n shock t u b e s , s o t h e most i m p o r t a n t t e s t o f t h i s t y p e o f mech
ani s m i s i t s a b i l i t y t o r e p r o d u c e shock t u b e i g n i t i o n d a t a . One 
example o f t h i s v a l i d a t i o n p r o c e s s compared computed i g n i t i o n 
d e l a y t i m e s Ç7) w i t h e x p e r i m e n t a l r e s u l t s o f B u r c a t e t a l . 
(11). In t h e e x p e r i m e n t s , m i x t u r e s o f propane, oxygen, and 
ar g o n were s t u d i e d i n r e f l e c t e d shock waves a t i n i t i a l tempera
t u r e s from 1250 t o 1700 K, p r e s s u r e s from 2 t o 15 atmospheres, 
and e q u i v a l e n c e r a t i o s from 0.5 t o 2.0. From t h e e x p e r i m e n t a l 
r e s u l t s , i t was found t h a t t h e i g n i t i o n d e l a y time τ c o u l d be 
app r o x i m a t e d i n terms o f t h e i n i t i a l t e m p e r a t u r e T 0 and r e a c 
t a n t c o n c e n t r a t i o n s ( i n moles/cm^) by 

τ = 4.4 χ Ι Ο " 1 * exp(21240/To) [C 3H 8 ]0.57[o 2 ]-1.22 s e c . 

I n e ach c o m p u t a t i o n τ was d e f i n e d a s t h e t i m e c o r r e s p o n d i n g t o 
th e maximum r a t e o f r e a c t i o n between CO and 0 atoms. O t h e r 
r e a l i s t i c d e f i n i t i o n s o f τ , suc h a s t h e t i m e o f maximum r a t e 
o f p r e s s u r e o r t e m p e r a t u r e r i s e , gave n e a r l y i d e n t i c a l r e s u l t s . 
From t h e computed i g n i t i o n d e l a y t i m e s and i n i t i a l r e a c t a n t 
c o n c e n t r a t i o n s , model v a l u e s o f t h e c o r r e l a t i o n f u n c t i o n 3 

β = τ [ 0 2 3 1 · 2 2 [C3H 8]-0.57 u s (mole/cm3)0.65 
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were calculated, and the r e s u l t s are summarized i n Figure 1. 
The s o l i d l i n e represents the o v e r a l l experimental c o r r e l a t i o n 
function of Burcat et a l . , while the i n d i v i d u a l symbols repre
sent computed values of 3. The s p e c i f i c conditions for each 
Mixture i d e n t i f i e d i n Figure 1 can be found i n Reference (11). 
The general agreement between computed and experimental data i s 
very good, i n d i c a t i n g that the reaction mechanism i s properly 
reproducing the shock tube i g n i t i o n behavior for t h i s f u e l . 
S i m i l a r d e t a i l e d comparisons have been c a r r i e d out i n previous 
modeling studies with b a s i c a l l y the same reaction mechanism fo r 
ethylene (6), methane and ethane (A), and methanol (5). The 
H2 oxidation submechanism has been extensively validated, with 
nearly a l l of the elementary reaction rates being w e l l known. 

In the past, detonation models have used global rate expres
sions to compute chemical induction times for f u e l - o x i d i z e r mix
tures, but such expressions are often not s a t i s f a c t o r y , even 
when they have been based on shock tube data. Most shock tube 
experiments are ca r r i e d out with high d i l u t i o n by Ar, He, or 
N2, so that f u e l and oxygen concentrations are usually quite 
low. However, o v e r a l l reaction order and a c t i v a t i o n energy i n 
global induction time c o r r e l a t i o n s often change with the amount 
of d i l u t i o n . Global rate parameters can also change with equiv
alence r a t i o , pressure and temperature. As a r e s u l t , induction 
times computed from global expressions can be seri o u s l y i n error 
when applied to undiluted f u e l - o x i d i z e r mixtures, making a de
t a i l e d k i n e t i c mechanism an e s s e n t i a l part of the present deto
nation model. 

The k i n e t i c submechanism fo r the i n h i b i t i o n studies was also 
developed by a sequential process, beginning with HBr (12) and 
the other halogen acids HC1 and HI, followed by reactions i n 
volving methyl, v i n y l , and et h y l halides (13) and CF3Br (14). 
The i n h i b i t i o n mechanism and reaction rates are given i n 
Reference (13). 

Detonation Model 

The model used here i s the Zeldovich-von Neumann-Doring (ZND) 
model i n which, l o c a l l y , a detonation consists of a shock wave 
t r a v e l i n g at the Chapman-Jouguet (CJ) v e l o c i t y , followed by a 
reaction zone. The shock wave compresses and heats the f u e l -
o x i d i z e r mixture which then begins to react. In most mixtures 
the f u e l oxidation consists of a r e l a t i v e l y long induction 
period during which the temperature and pressure remain nearly 
constant, followed by a rapid release of chemical energy and 
temperature increase. For each f u e l - o x i d i z e r mixture, a ca l c u 
l a t i o n i s f i r s t made of the relevant CJ conditions. From the 
detonation v e l o c i t y D Q J , the conditions i n the von Neumann 
spike, including the temperature Τχ, pressure P i , and 
p a r t i c l e v e l o c i t y u i of the post-shock unreacted gases can be 
computed and then used as i n i t i a l conditions for the chemical 
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Figure 1. Correlation functions for shock tube i g n i t i o n of pro
pane. Sol i d l i n e i s overall correlation from Burcat et a l . ( i l ) ; 
symbols are computed values. 
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k i n e t i c s model. The shock v e l o c i t y v a r i e s w i t h i n a s i n g l e d e t o 
n a t i o n c e l l from an i n i t i a l v a l u e o f about 1.6 D ç j t o a m i n i 
mum o f about 0.6 D Q J , so t h e C J c o n d i t i o n s u s ed h e r e r e p r e s e n t 
a v e r a g e v a l u e s , and computed i n d u c t i o n t i m e s w i l l a l s o be 
av e r a g e s . 

The r e a c t i v e m i x t u r e i s assumed t o remain a t a c o n s t a n t 
volume o v e r i t s r e a c t i o n t i m e , and t h e i n d u c t i o n t i m e i s d e f i n e d 
i n terms o f i t s t e m p e r a t u r e h i s t o r y . Most o f t h e m i x t u r e s 
underwent a l a r g e t e m p e r a t u r e i n c r e a s e o f more t h a n 1000 K, and 
t h e i n d u c t i o n t i m e i s d e f i n e d as t h e t i m e o f maximum r a t e o f 
t e m p e r a t u r e i n c r e a s e . I n most c a s e s , t h i s c o i n c i d e s a p p r o x i 
m a t e l y w i t h t h e t i m e a t which t h e t e m p e r a t u r e has c o m p l e t e d 
about h a l f o f i t s t o t a l i n c r e a s e . T h i s i s n o t , s t r i c t l y s p e a k 
i n g , a t r u e i n d u c t i o n p e r i o d , o f t e n d e f i n e d a s t h e t i m e r e q u i r e d 
f o r a s m a l l ( i . e . 1-5%) t e m p e r a t u r e o r p r e s s u r e i n c r e a s e , b u t i t 
r e p r e s e n t s a t i m e s c a l e f o r t h e r e l e a s e o f a s i g n i f i c a n t amount 
o f e n e r g y . I n a d d i t i o n t o t h e i n d u c t i o n t i m e τ , i t i s u s e f u l 
t o d e f i n e t h e i n d u c t i o n l e n g t h Δ Ξ T ( D C J - U I ) , which r e p r e 
s e n t s a c h a r a c t e r i s t i c l e n g t h s c a l e i n t h e p o s t - s h o c k u n r e a c t e d 
gas m i x t u r e . 

As a r e s u l t o f t h e s e s i m p l i f i c a t i o n s , t h e computed i n d u c t i o n 
t i m e s and l e n g t h s d e f i n e c h a r a c t e r i s t i c t i m e and l e n g t h s c a l e s 
r a t h e r t h a n t h e p r e c i s e h i s t o r y o f a gas element t h r o u g h t h e 
d e t o n a t i o n f r o n t . The e v o l u t i o n o f t h e r e a c t e d gas s u b s e q u e n t 
t o t h e i n d u c t i o n p e r i o d c o n s i d e r e d h e r e i s dominated by t h e 
f l u i d m e c h a n i c s o f t h e p o s t - i n d u c t i o n e x p a n s i o n o f t h e r e a c t i o n 
p r o d u c t s . T h i s e x p a n s i o n r e d u c e s t h e p r e s s u r e and d e n s i t y o f 
t h e s e p r o d u c t s and a l t e r s t h e k i n e t i c e q u i l i b r i u m , l e a d i n g 
e v e n t u a l l y t o t h e C J s t a t e . S i n c e v i r t u a l l y a l l o f t h e r e a c -
t a n t s have been consumed by t h i s t i m e , t h e k i n e t i c s o f t h i s 
f i n a l e x p a n s i o n phase a r e c o n t r o l l e d by r e l a t i v e l y slow r a d i c a l 
r e c o m b i n a t i o n p r o c e s s e s . The p r e s e n t model does n o t a t t e m p t t o 
f o l l o w t h a t e n t i r e r e l a x a t i o n phase, c o n c e n t r a t i n g on t h e de
t a i l s o f t h e i n d u c t i o n k i n e t i c s i n t h e von Neumann s p i k e . 

T h i s model o f t h e d e t o n a t i o n n e g l e c t s some p o t e n t i a l l y s i g 
n i f i c a n t e f f e c t s a r i s i n g from h y d r o d y n a m i c - k i n e t i c i n t e r a c 
t i o n s . V a r i a t i o n s o f d e n s i t y , t e m p e r a t u r e , and p a r t i c l e 
v e l o c i t y i n t h e p o s t - s h o c k u n r e a c t e d m i x t u r e a r e n o t c o n s i d 
e r e d . M u l t i p l e shock wave r e f l e c t i o n s , r a r e f a c t i o n s , i n t e r a c 
t i o n s w i t h c o n f i n i n g w a l l s , c e l l u l a r s t r u c t u r e , and r e l a t e d 
e f f e c t s a r e a l s o n o t t r e a t e d d i r e c t l y by t h e p r e s e n t s i m p l i f i e d 
model. A r e a l l y c o m p rehensive d e t o n a t i o n s i m u l a t i o n model w i l l 
have t o i n c l u d e s u c h i n t e r a c t i o n s and a t l e a s t two and p r o b a b l y 
even t h r e e s p a c e d i m e n s i o n s , b u t s u c h a t r e a t m e n t i s beyond t h e 
s c o p e o f t h e p r e s e n t f o r m u l a t i o n . In c a s e s where s u c h i n t e r a c 
t i o n s a r e i m p o r t a n t , t h i s a p p r o a c h may n o t be a d e q u a t e . 

R e s u l t s 
Many C J and i n d u c t i o n d e l a y t i m e c a l c u l a t i o n s have been c a r r i e d 
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out, examining the e f f e c t s of va r i a t i o n s i n many physical and 
chemical parameters. For fuel-02 and f u e l - a i r mixtures, the 
equivalence r a t i o can be varied over the complete range from 
pure o x i d i z e r to pure f u e l . For stoichiometric fuel-02 mix
tures the amount of d i l u t i o n by N2 can be varied between β = 
0 (β i s the i n i t i a l r a t i o of N2 to O2, so β = 0 corre
sponds to a fuel-02 mixture) and β = 3.76 ( i . e . f u e l - a i r ) . 
Other diluents such as CO2, H2O, and Ar have been used. The 
i n i t i a l pressure has been varied between 0.01 and 10.0 atmo
spheres, and the i n i t i a l temperature between 200 Κ and 500 Κ i n 
stoichiometric fuel-C^ and f u e l - a i r . F i n a l l y , small amounts 
of selected halogenated species have been included i n f u e l - a i r 
mixtures i n i t i a l l y at atmospheric temperature and pressure. 

As an example, computed values of the induction length Δ 
are summarized i n Figure 2, showing the e f f e c t s of va r i a t i o n s i n 
the f u e l - o x i d i z e r equivalence r a t i o φ. The dashed curves 
represent f u e l - a i r and the s o l i d curves fuel-02 mixtures. 
Results for propane (not shown) are very s i m i l a r to those f o r 
ethane. A l l of these r e s u l t s assume that the i n i t i a l pressure 
i s atmospheric and the i n i t i a l temperature i s 300 K. There i s a 
s i g n i f i c a n t difference between the hydrocarbon r e s u l t s and those 
for hydrogen. For each hydrocarbon, values of Δ for fuel-02 
are lower than those for f u e l - a i r by a factor of about 100, and 
the minimum value of Δ f a l l s on the r i c h side of s t o i c h i o 
metric. However, for H2-O2 mixtures, values of Δ are only 
a factor of 10 lower than those for H2-air (15), and the mini
mum value of Δ occurs on the lean side of stoichiometric. In
duction lengths have been computed for a wide vari e t y of other 
i n i t i a l conditions as w e l l , and the remaining sections of t h i s 
paper w i l l show how these induction lengths can be relat e d to 
s p e c i f i c detonation properties. 

Detonation l i m i t s . The most important r e s u l t of the k i n e t i c 
modeling work has been the observation that the induction length 
Δ i s approximately proportional to the c h a r a c t e r i s t i c detona
t i o n c e l l width a. For stoichiometric f u e l - a i r and fuel-oxygen 
mixtures i n i t i a l l y at atmospheric temperature and pressure, the 
r a t i o a/Δ i s approximately 20 and 35 respectively, based on 
observed c e l l s i z e s from experimental studies (16-18). S i m i l a r 
agreement i s obtained between computed induction lengths and 
experimental c e l l s i z e data at i n i t i a l pressures that are d i f 
ferent from atmospheric (19,20). Correlations with c e l l s i z e 
data of Manzhalei et aTT ll9) f o r CH4-O2, C2H2-O2, and 
H2-O2 mixtures are shown i n Figure 3. Here i n i t i a l pres
sures are varied between 0.01 and 10 atmospheres, and the agree
ment with computed r e s u l t s i s good when a/Δ = 29, consistent 
with the pr o p o r t i o n a l i t y obtained above at atmospheric pres
sure. The computed r e s u l t s reproduce even the s l i g h t curvature 
i n the H2-O2 measurements. This p r o p o r t i o n a l i t y can then be 
used to predict the lean and r i c h l i m i t s of detonation i n l i n e a r 
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Figure 2. Computed induction lengths for fuel-oxidizer mixtures. 
Dashed curves are for f u e l - a i r mixtures ; s o l i d curves for fuel-O^ 
mixtures. 
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tubes, i f i t i s assumed that single-head spinning detonation 
occurs at the l i m i t s with a transverse wave spacing that i s 
twice the tube diameter. This has been done (15,21-24), using 
experimental data from a varie t y of sources (25-29). Using the 
computed induction length, the experimental tube diameter can be 
used to predict the l i m i t compositions. A l t e r n a t i v e l y , the 
l i m i t composition can be given and the model w i l l predict the 
tube diameter required. 

C r i t i c a l tube diameter. I t has been found (30-32) that, f o r a 
planar detonation i n a l i n e a r tube of c i r c u l a r cross section to 
i n i t i a t e an unconfined sphe r i c a l detonation, the tube must have 
a diameter d c large enough to accomodate at le a s t 13 trans
verse waves. Since the k i n e t i c induction length i s proportional 
to the transverse wave spacing, i t should also be proportional 
to t h i s c r i t i c a l tube diameter d c. In Figure 4 we r e l a t e 
these q u a n t i t i e s , together with experimental data (33-35). In 
these experiments, stoichiometric fuel-C^ mixtures were 
d i l u t e d by successively larger amounts of Ν 2, u n t i l the r a t i o 
3 of N2/O2 i n the unreacted mixture was equal to 3.76, the 
value of 3 i n normal a i r . In Figure 4 the experimental data 
are represented by symbols, with χ i n d i c a t i n g C2H^-oxidizer 
mixtures studied by Zeldovich et a l . (35), plus i n d i c a t i n g 
C2H4-oxidizer mixtures studied by Moen et a l . (34), and a l l 
other symbols showing data of Matsui and Lee (33ΤΓ Both con
ventional stoichiometric mixtures and "CO stoichiometric" mix
tures are shown. The best agreement between computed and meas
ured r e s u l t s i s obtained when d c = 380 Δ. Combined with the 
c e l l s i z e p r o p o r t i o n a l i t y from Figure 2 of a = 29 Δ, these 
computations predict 

d c = 13.1 a (1) 

which i s i n excellent agreement with the observations that 13 
c e l l diameters are required for the c r i t i c a l tube diameter. 
Because the o v e r a l l agreement between computed predictions of 
d c and experimental values shown i n Figure 4 i s good for a l l 
of the fuel s considered (as well as for propane and hydrogen, 
not shown), the model can be used to predict values for f u e l -
o x i d i z e r mixtures which have not been studied experimentally. 
I t i s also important to note that H2-O2 responds much d i f 
f e r e n t l y to d i l u t i o n by ΙΨ? than do the hydrocarbon mixtures. 
Although H2-O2 has a value of Δ s i m i l a r to that of 
C2H5-O2, the computed v a r i a t i o n of Δ with d i l u t i o n f o r 
H2 i s much les s than for the hydrocarbons, so that Δ for 
H2-air i s very s i m i l a r to that of stoichiometric C2H2-air. 

C r i t i c a l tube diameters have also been measured for s t o i 
chiometric f u e l - o x i d i z e r mixtures at pressures d i f f e r e n t from 
atmospheric (33,36-38). Comparisons between experimental values 
for d c and computed values of Δ at d i f f e r e n t i n i t i a l 
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Ο 
I υ T3 

Air 4 

Figure k. Variation of computed induction length and c r i t i c a l tube 
diameter with degree of nitrogen d i l u t i o n for stoichiometric f u e l -
oxidizer mixtures. The symbols are described i n the text. 
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pressures are shown i n Figure 5. Again the general agreement i s 
good when d c = 380 Δ. Several other points are worth not
ing. F i r s t , f or a l l of the hydrocarbon-02 mixtures, 

P 0 = k i Δ-a (2) 

i s consistent with experimental observations (33). However, fo r 
H2-O2 there i s a d e f i n i t e curvature i n the computed r e s u l t s 
when they are plotted l o g a r i t h m i c a l l y as i n Figure 5, although 
over the pressure range studied experimentally the apparently 
l i n e a r r e s u l t s are reproduced well by the k i n e t i c model. A l l of 
the f u e l - a i r computed r e s u l t s show curvature i n Figure 5. Of 
p a r t i c u l a r i n t e r e s t i s the computed curve for H2-air which i s 
multiple-valued for some values of d c or Δ. Similar to ex
plosion l i m i t curves for H2-O2 (28), t h i s behavior i s due to 
changes with pressure i n the dominant elementary reaction chains 
which occur i n H2 oxidation, p a r t i c u l a r l y the competition be
tween the reactions 

Η + 0 2 = 0 + OH 
Η + 0 2 + Μ = H0 2 + M 

No experimental data could be found to compare with t h i s pre
dicted behavior of H2~air mixtures at d i f f e r e n t i n i t i a l pres
sures; i t would be i n t e r e s t i n g to see i f the same value of d c 

would be found at several d i f f e r e n t i n i t i a l pressures, as the 
k i n e t i c model pr e d i c t s . Further, because of the curvature and 
multiple-valued behavior shown for some mixtures i n Figure 5, 
Equation 2 should not be used for extrapolating r e s u l t s to pres
sures outside the range a c t u a l l y studied experimentally. 

The model has also been used to predict the v a r i a t i o n of 
induction length with i n i t i a l gas temperature T 0 (35). At 
constant i n i t i a l pressure, the induction length and c r i t i c a l 
tube diameter were found to increase slowly with T 0. The 
va r i a t i o n i n i n i t i a l density with T 0 i s therefore more impor
tant than the s l i g h t increase i n elementary reaction rates with 
T 0. These r e s u l t s suggest that the de t o n a b i l i t y of cold gas 
mixtures, such as those which can r e s u l t from s p i l l s of l i q u e 
f i e d natural gas (LNG) or other cryogenically stored f u e l s , w i l l 
be s l i g h t l y greater than the same mixtures at normal ambient 
temperatures. 

C r i t i c a l energy of d i r e c t i n i t i a t i o n . The k i n e t i c s model has 
been used to predict the amount of energy necessary to i n i t i a t e 
unconfined detonations, using the r e l a t i o n of Zeldovich et a l . 
(35) 

E c α AJ (3) 

where j = 1, 2, or 3 for planar, c y l i n d r i c a l , or spheric a l 
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c o n f i g u r a t i o n s , r e s p e c t i v e l y . Comparisons between computed 
v a l u e s o f A J and c r i t i c a l h i g h e x p l o s i v e i n i t i a t o r masses 
(39-46) show good agreement (15,21-24). F o r example, i n F i g u r e 
6 t h e c r i t i c a l mass o f T e t r y l h i g h e x p l o s i v e r e q u i r e d t o i n i t i 
a t e u n c o n f i n e d s p h e r i c a l d e t o n a t i o n i n C2H£-air (43) i s 
p l o t t e d a s a f u n c t i o n o f e q u i v a l e n c e r a t i o φ. A l s o shown i s 
t h e computed c u r v e f o r Δ 3 f o r t h e same m i x t u r e s ( 2 1 ) . The 
shape o f t h e c u r v e and t h e v a l u e o f φ c o r r e s p o n d i n g t o t h e 
minimum v a l u e o f E c (and maximum d e t o n a b i l i t y ) a r e b o t h r e p r o 
d u c e d v e r y w e l l by t h e n u m e r i c a l k i n e t i c model. S i m i l a r a g r e e 
ment was fou n d w i t h t h e o t h e r f u e l - a i r m i x t u r e s f o r which d a t a 
were a v a i l a b l e . 

F o r i n i t i a t i o n o f s p h e r i c a l d e t o n a t i o n by means o f a l i n e a r 
t u b e , Lee e t a l . (33,47) and U r t i e w and T a r v e r (48) r e l a t e d t h e 
c r i t i c a l i n i t i a t i o n e n e r g y t o t h e work which must be done t o 
produ c e a s u f f i c i e n t l y s t r o n g s o u r c e i n t h e u n c o n f i n e d g a s . The 
r e s u l t i n g e x p r e s s i o n 

g i v e s t h e c r i t i c a l e n e r g y i n terms o f t h e c r i t i c a l t u b e d i a m e t e r 
d c and t h e p r e s s u r e P, p a r t i c l e v e l o c i t y u, and shock v e l o c i t y 
D o f t h e C J s t a t e . T h i s c a n be combined w i t h t h e r e l a t i o n 
between d c and Δ, g i v i n g 

E c = k o T ( 3 δ ° ) 3 Δ 3 ^ 

Computed v a l u e s o f E c , b a s e d on t h e k i n e t i c model ( w i t h ko = 
0.1964) a g r e e w e l l (23,24) w i t h v a l u e s d e r i v e d from e x p e r i m e n t a l 
measurements i n f u e l - 0 2 m i x t u r e s ( 3 3 , 4 9 ) . 

F o r a l l o f t h e s e c o r r e l a t i o n s , p e r h a p s t h e most s i g n i f i c a n t 
c o n c l u s i o n i s t h a t t h e computed c u r v e s a g r e e s i m u l t a n e o u s l y w i t h 
t h e e x p e r i m e n t a l r e s u l t s f o r a l l o f t h e f u e l s examined. The 
r a t i o s between t h e e x p e r i m e n t a l and p r e d i c t e d v a l u e s o f E c a r e 
e s s e n t i a l l y t h e same i n each c a s e . T h i s means t h a t s i m i l a r p r e 
d i c t i o n s c a n be made f o r o t h e r f u e l s f o r which e x p e r i m e n t a l d a t a 
a r e l a c k i n g b u t f o r which a r e l i a b l e k i n e t i c mechanism e x i s t s . 
I n h i b i t i o n o f d e t o n a t i o n . C h e m i c a l a d d i t i v e s c a n have a l a r g e 
e f f e c t on e x p e r i m e n t a l l y o b s e r v e d i g n i t i o n d e l a y t i m e s . S m a l l 
amounts o f NO2, N2O, H2, o r h i g h e r a l k a n e s c a n s i g n i f i 
c a n t l y r e d u c e t h e i n d u c t i o n t i m e i n CH4-O2 and C f y - a i r 
m i x t u r e s (4,9,42,46,50-55). C o n v e r s e l y , h a l o g e n a t e d s p e c i e s 
have been shown (56,57) t o i n c r e a s e t h e i n d u c t i o n t i m e i n 
fuel-02 m i x t u r e s . S i n c e t h e i n d u c t i o n time i s a c r i t i c a l 
f a c t o f i n d e t e r m i n i n g t h e d e t o n a b i l i t y o f f u e l - o x i d i z e r 
m i x t u r e s , h a l o g e n a t e d compounds and o t h e r s p e c i e s may have an 
i m p o r t a n t r o l e i n r e d u c i n g t h e d e t o n a b i l i t y h a z a r d s o f p r a c t i c a l 
f u e l s . 
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0.001 
d c - (meters) 

0.1 1 100 

Induction length Δ (meters) 

Figure 5 . Variation of computed induction length and experimental
l y measured c r i t i c a l tube diameter with i n i t i a l pressure. S o l i d 
curves are computed results for fuel-O^ mixtures ; dashed curves 
for f u e l - a i r mixtures ; and dotted lines with symbols represent 
experimental data from Matsui and Lee ( 3 3 ) . 
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Figure 6 . Cube of computed induction length i n ethane-air mixtures, 
with data from B u l l et a l . ( U 3 ) . 
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U s i n g t h e p r e s e n t model, t h e k i n e t i c r e s p o n s e o f 
h y d r o c a r b o n - a i r m i x t u r e s t o t h e a d d i t i o n o f v a r y i n g amounts o f 
h a l o g e n a t e d s p e c i e s has been examined ( 1 3 ) . These i n h i b i t o r s 
i n c l u d e t h e h a l o g e n a c i d s HC1, HBr and HI, as w e l l as m e t h y l , 
v i n y l , and e t h y l c h l o r i d e s , b r o m i d e s , and i o d i d e s . The common 
flame r e t a r d a n t CF3Br was a l s o u s e d . As an example o f t h e s e 
r e s u l t s , computed v a l u e s o f t h e i n d u c t i o n l e n g t h Δ a r e shown 
i n F i g u r e 7 f o r C 2 H 4 - a i r . From t h i s f i g u r e i t i s c l e a r 
t h a t , r e l a t i v e t o t h e c a s e w i t h o u t i n h i b i t o r s , a l l o f t h e a d d i 
t i v e s i n c r e a s e d t h e i n d u c t i o n l e n g t h . T h i s i n c r e a s e i s s m a l l e s t 
when C I atoms a r e added, r e g a r d l e s s o f whether t h e a d d i t i v e i s 
HC1, CH3CI, C2H3CI, o r C2H5CI, and o n l y t h e r e s u l t s 
w i t h 1% HC1 a r e shown i n F i g u r e 7. The i o d i d e s were most e f 
f e c t i v e a s i n h i b i t o r s , and t h e b romides were n e a r l y a s e f f e c t i v e 
as t h e i o d i d e s . The compound CF3Br was s l i g h t l y more e f f e c 
t i v e a s an i n h i b i t o r t h a n CH3Br, s i n c e t h e F atoms remove 
a d d i t i o n a l H atoms from t h e r e a c t i n g m i x t u r e s , p r o d u c i n g t h e 
r e l a t i v e l y i n e r t s p e c i e s HF. A l l o f t h e i n h i b i t o r s a c t as 
c a t a l y s t s f o r t h e r e c o m b i n a t i o n o f H atoms, l o w e r i n g t h e s i z e o f 
t h e r a d i c a l p o o l and r e d u c i n g t h e r a t e o f c h a i n b r a n c h i n g by 
means o f t h e r e a c t i o n 

H + 0 2 = 0 + OH 
The r i c h l i m i t f o r d e t o n a t i o n i n a 70 mm t u b e , measured by 

B o r i s o v and Loban ( 2 7 ) , i s <)>R = 2.5. At t h i s p o i n t Δ = 
1.04 χ 1 C T 2 m. Based on t h e e a r l i e r d i s c u s s i o n , t h e same 
v a l u e o f Δ w i l l c o r r e s p o n d t o t h e r i c h l i m i t i n t h e same t u b e 
f o r o t h e r m i x t u r e s a s w e l l . As i n h i b i t o r s a r e added t o t h e 
r e a c t i v e f u e l - a i r m i x t u r e , t h e v a l u e o f e q u i v a l e n c e r a t i o c o r 
r e s p o n d i n g t o Δ = 1.04 χ Ι Ο - 2 m i s g r a d u a l l y r e d u c e d . F o r 
1% HI t h i s g i v e s a r i c h l i m i t o f 4>R - 2.0, showing a su b 
s t a n t i a l n a r r o w i n g o f t h e d e t o n a t i o n l i m i t s . Because t h e c u r v e s 
i n F i g u r e 7 a r e v e r y s t e e p on t h e f u e l - l e a n s i d e , most o f t h e 
r e d u c t i o n i n d e t o n a t i o n l i m i t s o c c u r s a t t h e r i c h l i m i t r a t h e r 
t h a n a t t h e l e a n l i m i t . The i n c r e a s e i n i n d u c t i o n l e n g t h w i t h 
i n h i b i t o r s a l s o r e s u l t s i n an i n c r e a s e i n t h e c r i t i c a l e n e r g y 
f o r i n i t i a t i o n o f d e t o n a t i o n , which c a n be see n e a s i l y from 
E q u a t i o n 5. 

C o n c l u s i o n 
D e t o n a t i o n s a r e e x t r e m e l y complex phenomena and i n v o l v e many 
competing p h y s i c a l and c h e m i c a l p r o c e s s e s . Complete t h e o r e t i c a l 
models o f t h e i n i t i a t i o n , s t a b i l i t y , and s t r u c t u r e o f d e t o n a t i o n 
waves r e q u i r e an a c c u r a t e d e s c r i p t i o n o f t h e c h e m i c a l k i n e t i c s 
o f t h e i n d u c t i o n phase. The p r i m a r y g o a l o f t h e p r e s e n t work i s 
t o d e m o n s t r a t e t h a t k i n e t i c mechanisms a r e now a v a i l a b l e which 
a r e a b l e t o p r e d i c t t h e i n d u c t i o n d e l a y p e r i o d f o r a v a r i e t y o f 
p r a c t i c a l f u e l s . 
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Figure 7 · Computed induction lengths for ethylene-air mixtures 
showing the effects of addition of selected i n h i b i t o r s . Also 
shown i s the predicted r i c h l i m i t for the propagation of detonation 
in a l i n e a r tube, based on the data without inhi b i t o r s present of 
Borisov and Loban ( 2 7 ) . 
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I t was o b s e r v e d t h a t computed i n d u c t i o n d e l a y t i m e s and 
i n d u c t i o n l e n g t h s c o r r e l a t e w e l l w i t h o b s e r v e d e x p e r i m e n t a l d e t 
o n a t i o n phenomena, i n d e p e n d e n t o f f u e l t y p e , o x i d i z e r t y p e , 
n i t r o g e n d i l u t i o n , i n i t i a l p r e s s u r e , i n i t i a l t e m p e r a t u r e , and 
e q u i v a l e n c e r a t i o . T h i s g e n e r a l agreement emphasizes t h e 
c e n t r a l r o l e t h a t c h e m i c a l k i n e t i c s p l a y s i n t h e d e t o n a t i o n 
p r o c e s s , d e t e r m i n i n g t h e c h a r a c t e r i s t i c l e n g t h and t i m e s c a l e s . 
E v e n t u a l l y , c o m p l e t e c o u p l e d m u l t i d i m e n s i o n a l f l u i d m e c h a n i c s 
and k i n e t i c s models w i l l a p p ear, b u t t h e p r e s e n t s i m p l i f i e d 
a p p r o a c h s t i l l p r o v i d e s a g r e a t d e a l o f u s e f u l i n f o r m a t i o n . 
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11 
Review of Plasma Jet Ignition 

R. M. CLEMENTS 
Department of Physics, University of Victoria, Victoria, B.C., V8W 2Y2, Canada 

During the last decade or so there has been consider
able interest in lean-burn, spark ignited, internal 
combustion engines. Motivating reasons behind this 
are the reduction of pollutants and increased fuel 
economy. However such lean mixtures are difficult 
to ignite and have longer burn times by comparison 
to stoichiometric mixtures. One way of alleviating 
these problems is with plasma jet ignition. The 
mechanical construction of typical igniters as well 
as associated electrical circuitry required to power 
igniters are discussed. The igniter produces a puff 
of gas which is the ignition kernel. How this puff 
behaves is examined when it is either in the 
presence or absence of a combustible mixture. This 
is done in the light of the relative roles of fluid 
mechanical turbulence and chemical effects. Finally, 
the practical aspects of using these igniters in 
internal combustion engines as well as associated 
problems are discussed. 

Lean burn, spark i g n i t e d , i n t e r n a l combustion ( i c ) engines 
e s p e c i a l l y as used i n motor v e h i c l e s have r e c e i v e d c o n s i d e r a b l e 
a t t e n t i o n d u r i n g the past few y e a r s . The reasons f o r t h i s a r e 
w e l l known: by comparison w i t h s t o i c h i o m e t r i c or r i c h m i x t u r e s , 
l e a n m i x t u r e s produce a lower p o l l u t a n t l e v e l and improved f u e l 
economy. There are problems a s s o c i a t e d w i t h l e a n burn, 
s p e c i f i c a l l y the m i x t u r e i s slow b u r n i n g and hard to i g n i t e . 
There are numerous p r o p o s a l s f o r the a l l e v i a t i o n of these 
problems, i n c l u d i n g charge s t r a t i f i c a t i o n , h i g h l e v e l s of 
tu r b u l e n c e or s w i r l induced by s p e c i a l v a l v e or p i s t o n d e s i g n , as 
w e l l as improved e l e c t r i c a l i g n i t i o n systems. These are reviewed 
by Dale and Oppenheim (1) · One such form of enhanced i g n i t i o n 
system i s plasma j e t i g n i t i o n ( P J I ) and t h i s i s the s u b j e c t of 
the present r e v i e w . Because a companion paper i n t h i s symposium 

0097-6156/84/0249-0193506.00/0 
© 1984 American Chemical Society 
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194 CHEMISTRY OF COMBUSTION PROCESSES 

s e r i e s (Sloane and R a t c l i f f e ( 2 ) ) c o n c e n t r a t e s on the c h e m i s t r y of 
i g n i t i o n the present paper w i l l emphasize the r o l e of f l u i d 
mechanics w i t h the c h e m i c a l r o l e somewhat s u b o r d i n a t e d . F i n a l l y 
because of the l a r g e number of r e s e a r c h papers i n the area of P J I 
the present r e v i e w w i l l be aimed toward g e n e r a l concepts and no 
attempt w i l l be made to r e v i e w every paper p u b l i s h e d i n t h i s 
f i e l d . 

B a s i c P J I System 

F i g u r e 1 shows the s i m p l e s t type of plasma j e t i g n i t e r of the 
d e s i g n used by Topham et a l (3) and A s i k et a l ( 4 ) . While t h e r e 
i s a wide v a r i a t i o n i n the d i f f e r e n t d e s i g n s , the d e s i g n i n d i c a t e d 
i n F i g u r e 1 i s t y p i c a l . However t h e r e are two i n t e r e s t i n g d e s i g n 
v a r i a t i o n s . The f i r s t e n t a i l s p l a c i n g a n o z z l e a t the j e t o r i f i c e 
(see f o r example Oppenheim et a l ( 5 ) ) . The second i s the 
i n c o r p o r a t i o n of a gas i n l e t i n t o the s m a l l b l i n d chamber of the 
i g n i t e r , as proposed by Weinberg et a l ( 6 ) . The l a t t e r means t h a t 
the chamber of the plasma i g n i t e r need not c o n t a i n the same gas 
m i x t u r e as t h a t o u t s i d e the plasma j e t c a v i t y . 

A l t h o u g h somewhat d i f f e r e n t i n d e s i g n d e t a i l s , a l l of these 
i g n i t e r s work i n the same manner. An a r c s t r i k e s between the 
c e n t e r e l e c t r o d e and the end p l a t e . T h i s a r c heats the gas i n the 
c a v i t y and the o v e r p r e s s u r e e x p e l l s a t h i n j e t of h i g h l y luminous 
plasma. I t s h o u l d be noted t h a t t h e r e i s e s s e n t i a l l y no 
i n t e r a c t i o n between the c u r r e n t i n the a r c and i t s own s e l f -
produced magnetic f i e l d . T h i s was not the s i t u a t i o n i n the 
i g n i t e r s i n v e s t i g a t e d by B r a d l e y and C r i t c h l e y (_7) or H a r r i s o n and 
Weinberg (8). 

A l t h o u g h the c i r c u i t s to power the i g n i t e r used by the 
d i f f e r e n t i n v e s t i g a t o r s 3-5) d i f f e r i n d e t a i l they are 
b a s i c a l l y s i m i l a r . The c i r c u i t c o n s i s t s e s s e n t i a l l y of two 
s t a g e s . The f i r s t stage produces a h i g h v o l t a g e (10s of kV) low 
energy (100 mJ t y p i c a l l y ) p u l s e which causes the i n i t i a l breakdown 
of the gap i n the plasma i g n i t e r . A low v o l t a g e (say < 1 kV) 
m a i n t a i n s the e l e c t r i c a l d i s c h a r g e d i s s i p a t i n g e n e r g i e s i n the 
order of a few j o u l e s w i t h maximum c u r r e n t s between 100A and 
1000A. T y p i c a l l y the time t o c u r r e n t maximum i s i n the order of a 
few 10s of μβ. S t r e a k photographs (_3, _5) have shown t h a t the 
luminous plasma j e t i s a few c e n t i m e t e r s l o n g and a f t e r c u r r e n t 
maximum the j e t q u i c k l y becomes non-luminous. The v e l o c i t y of the 
f r o n t of t h i s luminous j e t ranges from about h a l f the speed of 
sound t o s l i g h t l y over the speed of sound f o r these c o n d i t i o n s . 
These s t r e a k s o f t e n a l s o show c o n s i d e r a b l e s t r u c t u r e behind the 
luminous f r o n t . Some of t h i s s t r u c t u r e can be i n t e r p r e t e d as 
gaseous m a t e r i a l e j e c t e d from the i g n i t e r a t v e l o c i t i e s 
c o n s i d e r a b l y h i g h e r than t h a t of the luminous f r o n t . 
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II. CLEMENTS Review of Plasma Jet Ignition 195 

Figure 1. A cross section of a t y p i c a l simple plasma jet i g n i t e r . 
(Reproduced with permission from Ref. 3 . Copyright 1975 , The 
Combustion Institute.) 
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The Gaseous P u f f Produced by P J I and I g n i t i o n 

For t y p i c a l combustion r e a c t i o n s i n d u c t i o n times are i n the 
o r d e r of m i l l i s e c o n d s . However f o r many of the experiments 
d i s c u s s e d above, the luminous j e t produced by the i g n i t e r d i e s 
away i n times an order of magnitude s h o r t e r than t h i s q u a n t i t y . 
I n o r d e r to i n v e s t i g a t e t h i s , time r e s o l v e d S c h l i e r e n photography 
i s employed. T h i s was f i r s t done by Oppenheim et a l (5) and 
s u b s e q u e n t l y by o t h e r w o r k e r s . F i g u r e 2 (A) shows photographs of 
the t e l e v i s i o n s c r e e n of a time r e s o l v e d S c h l i e r e n system f o r a 
plasma j e t i g n i t e r i n t o a i r a t f o u r atmospheres p r e s s u r e . The 
p u f f of warmish gas which e x i s t s l o n g a f t e r a l l plasma j e t 
luminescence has d i s a p p e a r e d i s noteworthy and appears v e r y much 
l i k e an atmospheric thermal or a t u r b u l e n t p u f f as d e s c r i b e d by 
R i c h a r d s ( 9 ) . I n f a c t i t i s m a t h e m a t i c a l l y s i m i l a r to the 
t u r b u l e n t p u f f d e s c r i b e d by R i c h a r d s and the r e l a t i o n s h i p s which 
he d e r i v e s f o r h i s l a r g e s c a l e t u r b u l e n t p u f f s a p p l y to the p u f f 
generated by the plasma j e t . Thus even though the time and l e n g t h 
s c a l e between the two types of p u f f s may d i f f e r up to o r d e r s of 
magnitude the same mathematical a n a l y s i s d e s c r i b e s both ( 1 0 ) . 

C l e a r l y , as d i s c u s s e d i n some d e t a i l by O r r i n et a l ( 1 1 ) , 
f l u i d m e c hanical e f f e c t s are not the whole s t o r y when one i s u s i n g 
the plasma j e t as a source of i g n i t i o n . F i g u r e 2(B) show a s e r i e s 
of photographs of i g n i t i o n by a plasma j e t and f o r comparison 
( F i g u r e 2(C)) by a c o n v e n t i o n a l spark i n a combustion bomb 
c o n t a i n i n g a methane-air m i x t u r e at f o u r atmospheres p r e s s u r e . 
F o r these p i c t u r e s the n o r m a l i z e d a i r - f u e l r a t i o λ = 1.3 and f o r 
a l l cases the combustion chamber dimensions are 3 cm x 4 cm x 
9 cm. The s t r i k i n g s i m i l a r i t y of the plasma j e t w i t h and w i t h o u t 
combustion i s v e r y e v i d e n t from the photographs. T h i s would tend 
to i m p l y t h a t a t l e a s t f o r t h i s m i x t u r e s t r e n g t h t u r b u l e n c e i s 
g o v e r n i n g the combustion p r o c e s s , or a t l e a s t the e a r l y stages 
t h e r e o f . A l s o the d r a m a t i c d i f f e r e n c e between a c o n v e n t i o n a l 
spark i g n i t i o n and the plasma j e t i g n i t i o n i s c l e a r l y shown and i t 
i s e v i d e n t t h a t the combustion f o r spark i g n i t i o n i s c o n s i d e r a b l y 
slower than t h a t f o r the plasma j e t . T h i s i s a g a i n c o n s i s t e n t 
w i t h the h i g h l e v e l s of t u r b u l e n c e generated by the plasma j e t and 
t h e i r a f f e c t on the combustion p r o c e s s . 

Because the S c h l i e r e n photographs shown i n F i g u r e 2(B) and 
(C) are at best q u a s i - q u a n t i t a t i v e the more q u a n t i t a t i v e 
measurement of p r e s s u r e i n s i d e the combustion chamber versus time 
has been made. F i g u r e 3 shows such a graph f o r the same 
c o n d i t i o n s as shown i n F i g u r e 2(B) and ( C ) . The d i f f e r e n c e 
between c o n v e n t i o n a l spark i g n i t i o n and P J I are v e r y e v i d e n t . To 
f a c i l i t a t e comparisons between the two systems f o r d i f f e r e n t 
v a l u e s of a i r - f u e l r a t i o the f o l l o w i n g parameters are d e f i n e d . 
Delay time i s taken as the time from the s t a r t of the e l e c t r i c a l 
p u l s e to the i g n i t e r to the time when the p r e s s u r e reaches 10% of 
i t s maximum v a l u e and burn r a t e i s taken as the mean s l o p e between 
10% maximum p r e s s u r e and 90% maximum p r e s s u r e . F i g u r e 4 g i v e s 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
24

9.
ch

01
1

In The Chemistry of Combustion Processes; Sloane, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



Fi
gu

re
 
2.

 
Ti

me
-r

es
ol

ve
d 

Sc
hl

ie
re

n 
ph

ot
og

ra
ph

s 
of

 a
 c

on
st

an
t 
vo

lu
me

 
co

mb
us

ti
on

 
ch

am
be

r 
at

 
k 

at
m.

 
pr

es
su

re
. 

Th
e 

ve
rt

ic
al

 
di

me
ns

io
n 

of
 e

ac
h 

fr
am

e 
i
s 

0.
3 

cm
. 

A,
 
pl

as
ma

 
je

t 
ig

ni
te

r 
in

to
 

ai
r;

 B
, 

pl
as

ma
 
je

t 
ig

ni
ti

on
 
of

 a
 m

et
ha

ne
-a

ir
 
mi

x
tu

re
 w

it
h 

λ 
= 

1.
3;

 
an

d 
C,

 
co

nv
en

ti
on

al
 
sp

ar
k 

ig
ni

ti
on

 
of

 a
 m

et
ha

ne
-a

ir
 
mi

x
tu

re
 w

it
h 

λ 
= 

1.
3.
 

Nu
mb

er
s 

ar
e 

ti
me

 i
n 

ms
. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
24

9.
ch

01
1

In The Chemistry of Combustion Processes; Sloane, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



198 CHEMISTRY OF COMBUSTION PROCESSES 
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Figure 3. A pressure (p) time (t) history of combustion i n a 
constant volume chamber for a methane-air mixture with λ = 1.3. 
(Reproduced with permission from Ref. 20. Copyright 1983, Com
bustion Science and Technology.) 
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Figure k. Induction delay vs. λ for a methane-air mixture i n a 
constant volume chamber. (Reproduced with permission from Ref. 
20. Copyright 1983, Combustion Science and Technology.) 
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d e l a y time versus λ w h i l e F i g u r e 5 g i v e s the burn r a t e versus λ. 
The d i f f e r e n c e between the c o n v e n t i o n a l spark and P J I are v e r y 
e v i d e n t . 

A l l the p r e c e d i n g data are not f o r u l t r a l e a n m i x t u r e s ( i . e . 
m i x t u r e s near or beyond the normal l e a n l i m i t of f l a m a b i l i t y ) . 
A l s o the gas i n s i d e the chamber of the plasma j e t i g n i t e r i s the 
same as the m i x t u r e i n the main combustion chamber. T h i s data i s 
compa t i b l e w i t h the premise t h a t the plasma j e t causes a h i g h 
degree of t u r b u l e n c e which i n c r e a s e s the flame f r o n t a rea and t h i s 
accounts f o r the r e d u c t i o n i n d e l a y time and i n c r e a s e i n burn 
r a t e . 

I n an i n i t i a l b r i e f r e p o r t by Weinberg et a l (6) and i t s 
subsequent expansion by O r r i n et a l (11) the e f f e c t of d i f f e r e n t 
gases and l i q u i d s i n the plasma j e t c a v i t y was i n v e s t i g a t e d . They 
worked a t both c o n s t a n t volume (6) and co n s t a n t p r e s s u r e ( 1 1 ) . An 
i g n i t e r of the b a s i c d e s i g n which i s a t t r i b u t e d to them i n the 
p r e c e d i n g s e c t i o n was used to i g n i t e l e a n (λ i n the order of 2) 
methane-air m i x t u r e s . The i g n i t e r c a v i t y was f i l l e d w i t h d i f f e r 
ent gases ( f o r example hydrogen, methane, argon, e t c . ) and d i f f e r 
ent l i q u i d s ( f o r example a l c o h o l s , aldehydes, benzene, water e t c ) . 
The s i z e of the combusting r e g i o n was measured u s i n g S c h l i e r e n 
t e c h n i q u e s and the c o n c e n t r a t i o n of numerous i n t e r e s t i n g s p e c i e s , 
f o r example H, OH, 0, e t c . were a l s o measured. I t i s c l e a r t h a t 
the h i g h e n e r g i e s developed i n a plasma j e t w i l l generate numerous 
r a d i c a l s which are of i n t e r e s t i n the i g n i t i o n of the combustion 
r e a c t i o n . T h e i r g o a l was to f i n d out which were most important 
and a l s o to s e p a r a t e the f l u i d m e c hanical e f f e c t s which have been 
d i s c u s s e d p r e v i o u s l y i n the present paper, from c h e m i c a l e f f e c t s . 
B r i e f l y s t a t e d , the c o n c l u s i o n s were t h a t f o r these v e r y l e a n 
m i x t u r e s atomic hydrogen i s of utmost importance and t h a t r o u g h l y 
speaking ( a t l e a s t up to a g i v e n minimum hydrogen c o n c e n t r a t i o n i n 
the s p e c i e s c o n t a i n e d i n the plasma j e t c a v i t y ) the more hydrogen 
the s p e c i e s c o n t a i n e d the b e t t e r the i g n i t i o n p r o p e r t i e s were. 
For these v e r y l e a n m i x t u r e s they found t h a t argon was 'an excep
t i o n a l l y poor i g n i t i o n s o u r c e 1 . Inasmuch as Zhang et a l (12) 
found t h a t f o r m i x t u r e s near s t o i c h i o m e t r i c argon was a very good 
source of i g n i t i o n , one can surmise, based on a l l the data 
presented here, t h a t f o r m i x t u r e s near s t o i c h i o m e t r i c f l u i d 
m e c h a nical e f f e c t s dominate and c h e m i c a l e f f e c t s are s u b o r d i n a t e d 
p r o b a b l y because t h e r e are the needed c o n c e n t r a t i o n of r a d i c a l s 
p r e s e n t no matter what one uses as a gas i n the plasma j e t c a v i t y . 
However f o r e x t r e m e l y l e a n (6, 11) m i x t u r e s the ch e m i c a l e f f e c t s 
predominate and i n f a c t a h i g h degree of t u r b u l e n c e may w e l l be 
c o u n t e r p r o d u c t i v e to e f f e c t i v e i g n i t i o n . As a f i n a l comment: i t 
i s not i n c o n c e i v a b l e t h a t o t h e r r a d i c a l s p e c i e s , as y e t not 
i n v e s t i g a t e d , c o u l d p l a y a major r o l e i n the i g n i t i o n p r o c e s s . 

P J I i n Engines 

There have been a number of i n v e s t i g a t i o n s (4^, 13-16) on the 
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e f f e c t s of P J I on the performance of the i n t e r n a l combustion 
engine. The i n v e s t i g a t i o n s have c o n s i d e r e d not o n l y the u s u a l 
l i q u i d f u e l g a s o l i n e , but a l s o the gaseous f u e l s methane and 
propane. Most of the i n v e s t i g a t i o n s , but not a l l 04), have been 
done on s i n g l e c y l i n d e r l a b o r a t o r y t e s t engines the most popular 
b e i n g a CFR engine. R e s u l t s from these i n v e s t i g a t i o n s are 
e s s e n t i a l l y m u t u a l l y c o n s i s t e n t and thus r a t h e r than d i s c u s s each 
of the experiments i n d i v i d u a l l y a t y p i c a l one w i l l be d i s c u s s e d i n 
a l i t t l e d e t a i l . A l s o of the f u e l s d i s c u s s e d methane i s the 
s i m p l e s t and shows the s t r o n g e s t e f f e c t s when u s i n g P J I . Hence, 
f o r s i m p l i c i t y the experiment by P i t t and Clements (15) w i l l be 
d i s c u s s e d . 

The engine used i n t h i s experiment (15) was a s i n g l e c y l i n d e r 
L-head t e s t engine connected to an e l e c t r i c dynamometer. The 
s t a n d a r d comparison i g n i t i o n system was a c a p a c i t i v e d i s c h a r g e 
system (CDI) s t o r i n g about 30 raJ and the P J I system s t o r i n g 1.2 J . 
A low compression r a t i o of 4:1 was used i n order to a v o i d any 
problems of e l e c t r i c a l m i s f i r e w i t h the plasma j e t . The engine 
displacement was about 500 cm 3 and a l l t e s t s were taken at 2000 
rpm and a c o n s t a n t methane f l o w of 0.43 1/s. The engine c y l i n d e r 
p r e s s u r e h i s t o r i e s were measured by a p i e z o - e l e c t r i c p r e s s u r e 
t r a n s d u c e r . A summary of the r e s u l t s i s as f o l l o w s . T y p i c a l l y 
the CDI system r e q u i r e d 20° more t i m i n g advance than d i d the P J I 
system f o r o p t i m a l performance of both systems. However when 
c o n d i t i o n s were not o p t i m i z e d the P J I system showed c o n s i d e r a b l y 
l e s s c y c l e - t o - c y c l e v a r i a t i o n of the p r e s s u r e h i s t o r y . A l s o P J I 
extended the l e a n m i s f i r e l i m i t from λ = 1.2 to s l i g h t l y beyond 
λ = 1 . 3 . 

For the c o n d i t i o n s d i s c u s s e d i n the p r e c e d i n g paragraph, even 
f o r o p t i m a l c o n d i t i o n s , t h e r e was some c y c l e - t o - c y c l e v a r i a t i o n i n 
the p r e s s u r e h i s t o r y . Thus to o b t a i n m e a n i n g f u l r e s u l t s the 
average of a l a r g e number (say 100 or more) of p r e s s u r e t r a c e s 
must be taken. A g r e a t d e a l of t h i s v a r i a t i o n i s because the a i r -
f u e l r a t i o v a r i e s from c y c l e to c y c l e . T h i s r e s u l t s from the f a c t 
t h a t the burn and scavenging a c t i o n of the p r e v i o u s c y c l e a f f e c t s 
the a i r - f u e l r a t i o f o r the c y c l e i n q u e s t i o n . I n order to 
a l l e v i a t e t h i s problem the engine was motored at the d e s i r e d speed 
(2000 rpm) and the a i r - f u e l r a t i o s t a b i l i z e d at the d e s i r e d v a l u e . 
The i g n i t i o n was f i r e d o n l y once and the c y l i n d e r p r e s s u r e h i s t o r y 
r e c o r d e d . F i g u r e 6 i s o b t a i n e d from the average of t e n such 
" s h o t s " and as u s u a l g i v e s l o g pV^ as a f u n c t i o n of crank a n g l e . 
Here ρ i s c y l i n d e r p r e s s u r e , V i s c y l i n d e r volume and γ i s the 
r a t i o of s p e c i f i c h e a t s . One sees from t h i s f i g u r e t h a t t h e r e i s 
e s s e n t i a l l y no d i f f e r e n c e between the two curves except t h a t an 
a d d i t i o n a l 20° of advance i s r e q u i r e d f o r the CDI system. I n t h i s 
f i g u r e o p t i m a l t i m i n g i s chosen f o r both i g n i t i o n systems and the 
m i x t u r e i s s t o i c h i o m e t r i c . However, f o r l e a n m i x t u r e s (say λ > 
1.2) t h e r e i s a d i f f e r e n c e between the s t a n d a r d i g n i t i o n system 
and the P J I system d u r i n g the combustion phase; the P J I system 
c a u s i n g a f a s t e r burn. 
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Figure 5. Burn rate (Δρ/Δΐ) vs. λ for a methane-air mixture i n 
a constant volume chamber. (Reproduced with permission from Ref. 
20. Copyright 19Ô3, Combustion Science and Technology.) 

Figure 6. Log pV^ vs. timing angle for combustion of a methane-
a i r mixture (λ = 1.0) i n a single-cylinder test engine. (Repro
duced with permission from Ref. 15. Copyright 19Ô3, Combustion 
Science and Technology.) 
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I n a manner s i m i l a r to t h a t done f o r c o n s t a n t volume 
combustion the i g n i t i o n d e l a y time i s d e f i n e d as b e i n g the time 
between when the i g n i t i o n system f i r e s and when l o g pV^ reaches 
10% of i t s maximum v a l u e , and a l s o the burn time i s the time 
between 10% and 90% on the l o g pV^ diagram. Table I shows these 
times f o r both i g n i t i o n systems and f o r two a i r - f u e l r a t i o s as a 
f u n c t i o n of t i m i n g . A g a i n one sees an a p p r e c i a b l e decrease i n the 

Table I . I g n i t i o n Delay and Combustion Times f o r l o g pV"Y a n a l y s i s 
(Reproduced w i t h p e r m i s s i o n from Ref. 15. C o p y r i g h t 1983, 

"Combustion Sc i e n c e and Technology".) 

P J I CDI 

Spark I g n i t i o n Combustion I g n i t i o n Combustion 
Time A i r - F u e l Delay Time Delay Time 
(°BTDC) R a t i o (ms) (ms) (ms) (ms) 

20 1.0 1.3 1.9 2.6 2.0 
30 1.0 1.4 2.1 2.5 2.0 
40 1.0 1.4 2.1 2.8 2.0 
50 1.0 1.8 2.0 3.2 2.1 
40 1.2 2.0 2.1 3.0 2.5 
50 1.2 2.3 2.2 3.3 2.8 
60 1.2 2.4 2.3 3.6 2.8 
70 1.2 2.3 2.3 4.0 2.6 
80 1.2 - - 4.4 2.0 

i g n i t i o n d e l a y w i t h P J I but minimal change i n the combustion time 
f o r the two v a l u e s of λ shown. 

Thus, i n a more q u a n t i t a t i v e manner, one sees the same 
r e s u l t s as were d i s c u s s e d f o r the s i t u a t i o n of the engine r u n n i n g 
i n a continuous mode. 

Problems w i t h P J I 

There are b a s i c a l l y two problems a s s o c i a t e d w i t h P J I and these are 
i n t e r - r e l a t e d . For e s s e n t i a l l y a l l the experiments reviewed i n 
the p r e s e n t paper e n e r g i e s i n the o r d e r of 1 J are d i s s i p a t e d each 
time the i g n i t i o n system f i r e s . Thus i n a t y p i c a l m u l t i - c y l i n d e r 
engine e l e c t r i c a l power i n the order of 100 W i s r e q u i r e d f o r , say 
automotive a p p l i c a t i o n s ; t h i s i s a n o n - n e g l i g i b l e amount of power. 
Secondly, because of the l a r g e c u r r e n t s which f l o w i n the plasma 
j e t i g n i t e r t h e r e i s a g r e a t d e a l of e l e c t r o d e e r o s i o n . That t h i s 
i s so I s no s u r p r i s e i n t h a t i t has l o n g been known (17) t h a t f o r 
every coulomb of charge passed between two e l e c t r o d e s a c e r t a i n 
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amount of e l e c t r o d e m a t e r i a l i s eroded. These two problems have 
been c o n s i d e r e d by Smy e t a l . (18) and they conclude t h a t i g n i t e r 
l i f e t i m e s i n the order of 10 or so hours are to be expected. 

O b v i o u s l y the s i m p l e s t s o l u t i o n to the above two problems i s 
to reduce the amount of energy d i s s i p a t e d i n the i g n i t e r . Thus 
at p r e s e n t t h e r e are i n v e s t i g a t i o n s aimed a t d e t e r m i n i n g the 
minimum amount of energy which needs to be d e l i v e r e d to the 
i g n i t e r i n order to generate a p r o p e r l y formed i g n i t i n g p u f f and 
a l s o the temporal manner i n which t h i s energy s h o u l d be 
d e p o s i t e d . Oppenheim (19) has used a s m a l l watch j e w e l as the 
o r i f i c e i n the plasma j e t and thus reduced the e r o s i o n of the end 
p l a t e of the plasma j e t . T h i s concept coupled w i t h e l e c t r o d e 
m a t e r i a l s which are d i f f i c u l t to erode may w e l l m i t i g a t e the 
l i f e t i m e problem as r e l a t e d t o the plasma j e t . F i n a l l y , i t 
appears p o s s i b l e to m e c h a n i c a l l y generate a p u f f which i s i n the 
f l u i d m e chanical sense s i m i l a r t o t h a t generated by a plasma j e t . 
P i t t et a l (20) have used a f a s t a c t i n g m echanical v a l v e to 
generate the h i g h l y t u r b u l e n t p u f f . T h i s p u f f then passes between 
two low energy c o n v e n t i o n a l spark e l e c t r o d e s . The r e s u l t i s ve r y 
s i m i l a r to P J I and such a system r e q u i r e s v e r y l i t t l e e l e c t r i c a l 
energy. 

C o n c l u s i o n s 

For P J I i g n i t i o n of non t u r b u l e n t m i x t u r e s i t appears t h a t f o r 
v a l u e s of λ » 1 f l u i d m e chanical e f f e c t s dominate the development 
of the i g n i t i o n stage w h i l e f o r v a l u e s of λ near or beyond the 
c o n v e n t i o n a l l y d e f i n e d l e a n f l a m m a b i l i t y l i m i t i t i s ch e m i c a l 
e f f e c t s which dominate. For h i g h l y t u r b u l e n t m i x t u r e s , i . e . 
i n t e r n a l combustion engines, when the m i x t u r e s t r e n g t h i s near 
s t o i c h i o m e t r i c and f o r o p t i m a l t i m i n g of each i g n i t i o n system 
t h e r e appears to be minimal d i f f e r e n c e between them. However f o r 
l e a n m i x t u r e s P J I extends the l e a n l i m i t a p p r e c i a b l y . For a l l 
s i t u a t i o n s P J I i s much l e s s s e n s i t i v e t o t i m i n g than i s the 
c o n v e n t i o n a l i g n i t i o n system. T h i s may w e l l be u s e f u l i n d u a l 
f u e l v e h i c l e s , f o r example g a s o l i n e and methane f u e l e d v e h i c l e s . 
I n t h i s c i r c u m s t a n c e i t i s n o r m a l l y n e c e s s a r y to advance the 
i g n i t i o n some 20° when changing from g a s o l i n e t o methane as a 
f u e l . With P J I an o p t i m a l t i m i n g c o u l d be chosen which would 
cause good combustion f o r e i t h e r f u e l and the t i m i n g advance l e f t 
unchanged. F i n a l l y from a p r a c t i c a l p o i n t of view the problems 
r e l a t e d to h i g h energy consumption and h i g h e l e c t r o d e wear must be 
overcome b e f o r e P J I can become a c o m m e r c i a l l y v i a b l e i g n i t i o n 
s o u r c e . 
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12 
Chemistry of Spark Ignition 
An Experimental and Computational Study 

THOMPSON M. SLOANE and JOHN W. RATCLIFFE 
Physical Chemistry Department, General Motors Research Laboratories, Warren, MI 48090 

The chemistry of ignition has been investigated by 
time-resolved molecular beam mass spectrometry and 
schlieren photography. A simultaneous characteri
zation of the physical and chemical properties of 
flame ignition has yielded the first detailed chemi
cal information about the process. Time-of-flight 
detection has allowed a correspondence to be made 
between the oxygen signal detected as a function 
of time after the spark and the oxygen concentra
tion at the sampling cone tip. Flame propagation 
appears to begin about 0.2 cm from the spark elec
trodes rather than between the electrodes as has 
been conventionally assumed. A one-dimensional 
combustion model shows that heat loss to the elec
trodes can cause the flame to begin at a distance 
from the electrodes rather than in the electrode 

We have p r e v i o u s l y demonstrated (1) our a b i l i t y t o make tim e -
r e s o l v e d mass spectrometer sampling measurements of a flame 
p r o p a g a t i n g through a combustion bomb. Our i n t e r e s t i n making 
these k i n d s of measurements i s t o study the c h e m i s t r y of i g n i 
t i o n by v a r i o u s i g n i t i o n methods and t o determine the v a l u e of 
these d i f f e r e n t methods f o r combustion m o d i f i c a t i o n . T h i s r e p o r t 
p r e s e n t s our f i r s t r e s u l t s on the c h e m i s t r y of sp a r k i g n i t i o n . 

There a r e a t l e a s t two reasons why a d e t a i l e d study of 
spa r k i g n i t i o n i s w o r t h w h i l e . F i r s t , v e r y l i t t l e i s known about 
the c h e m i s t r y of spark i g n i t i o n . The i d e n t i t y and q u a n t i t y of 
r a d i c a l s produced i n d i f f e r e n t m i x t u r e s compared t o the amount 
of energy d e p o s i t e d as heat c o u l d be an im p o r t a n t f a c t o r i n the 
i g n i t a b i l i t y o f these m i x t u r e s . An improved method of i g n i t i o n 
c o u l d decrease the hydrocarbon e m i s s i o n s from a d i r e c t - i n j e c t i o n 

0097-6156/84/0249-0205506.00/0 
© 1984 American Chemical Society 
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s t r a t i f i e d charge engine and c o u l d a l s o remedy problems due t o 
wet o r f o u l e d s p a r k p l u g s i n homogeneous spark i g n i t e d e n gines. 
Second, knowledge o f the c h e m i s t r y of spark i g n i t i o n s e r v e s as a 
b a s e l i n e of comparison w i t h o t h e r types of i g n i t i o n such as 
plasma j e t and p h o t o c h e m i c a l i g n i t i o n . The d i f f e r e n c e s observed 
among these d i f f e r e n t types of i g n i t i o n i s r e l a t e d t o the d i f 
f e r e n c e s i n the c h e m i s t r y and f l u i d mechanics a s s o c i a t e d w i t h 
them. The p r e s e n t study t h e r e f o r e forms an i m p o r t a n t step i n 
our i n v e s t i g a t i o n i n t o the mechanism of combustion i n i t i a t i o n 
w i t h the i n t e n t t o modify the combustion p r o c e s s i n a f a v o r a b l e 
way through the i g n i t i o n p r o c e s s . 

There i s v e r y l i t t l e known about the c h e m i s t r y of i g n i t i o n 
by e l e c t r i c s p a r k , o r by any o t h e r means f o r t h a t m a t t e r . A 
number of p h y s i c a l c h a r a c t e r i z a t i o n s have g i v e n r i s e t o a gener
a l l y a ccepted o v e r a l l p i c t u r e of how i g n i t i o n proceeds. One such 
d e s c r i p t i o n of what i s known about sp a r k i g n i t i o n i s g i v e n i n 
Lewis and von E l b e ( 2 ) . W i t h i n the s m a l l volume of heated gas 
produced by the spark t h e r e i s undoubtedly some i o n i z a t i o n and 
d i s s o c i a t i o n i n a d d i t i o n t o t h e r m a l h e a t i n g . I t i s not known 
what d i s t r i b u t i o n of energy i n these d i f f e r e n t forms p r o v i d e s an 
optimum mix f o r i g n i t i o n . I t i s apparent, though, t h a t a minimum 
amount of energy i s n e c e s s a r y to produce a flame k e r n e l of a 
c e r t a i n c r i t i c a l s i z e . I f t h i s c r i t i c a l s i z e i s not a t t a i n e d , 
the flame does not propagate. 

The r e s u l t s o b t a i n e d here g i v e a q u a l i t a t i v e p i c t u r e of the 
e v o l u t i o n of c h e m i c a l components f o r an e l e c t r i c s park i n t h r e e 
m i x t u r e s , two o f which i g n i t e and one o f which does not i g n i t e . 
We w i l l show the time and s p a t i a l e v o l u t i o n of the c o n c e n t r a t i o n 
of an i m p o r t a n t r a d i c a l as w e l l as r e a c t a n t s . We a l s o show 
simultaneous f l a s h S c h l i e r e n p i c t u r e s of the i g n i t i o n to c h a r a c 
t e r i z e the p h y s i c a l a s p e c t s of the i g n i t i o n p r o c e s s and of the 
sampling method. Our f i r s t r e s u l t s o f t i m e - o f - f l i g h t d e t e c t i o n 
which y i e l d g r e a t l y enhanced time r e s o l u t i o n w i l l be p r e s e n t e d 
f o r oxygen. A comparison o f these experiments w i t h the unchopped 
s i g n a l enhances the v a l u e of the d a t a p r e s e n t e d . 

E x p e r i m e n t a l 

The apparatus used i n the m o l e c u l a r beam sampling experiments has 
been p r e v i o u s l y d e s c r i b e d i n d e t a i l (j.) . A schematic diagram i s 
shown i n F i g u r e 1. A q u a r t z cone h a v i n g an i n c l u d e d a n g l e of 60° 
a t the t i p mounted on the w a l l of the combustion bomb samples the 
r e g i o n of i n t e r e s t by s e r v i n g as the n o z z l e of a m o l e c u l a r beam 
sampling system. A m u l t i c h a n n e l a n a l y z e r r e c o r d s mass spectrome
t e r s i g n a l s as a f u n c t i o n of time a f t e r the spark. The s p a r k i s 
2 ys i n d u r a t i o n and i s produced by a c i r c u i t which i s s u p p l i e d 
w i t h 200 mJ o f e l e c t r i c a l energy. The l o c a t i o n of the 0.1 cm 
s p a r k gap can be changed so t h a t d i f f e r e n t r e g i o n s of the d e v e l 
o p i n g flame can be sampled. F i l l i n g and emptying of the bomb, 
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TIME-RESOLVED MOLECULAR B E A M M A S S SPECTROMETRY 
OF TRANSIENT COMBUSTION PHENOMENA 

Gas Manifold 

Pulse Counting 
Electronics 

X-Y Recorder 

ι 
J — Minicomputer | • 

I—I Multichannel Analyzer 

Vacuum _ 
Chamber 

Quadrupole 
Mass Spectrometer 

Collimators 

Quartz Sampling Cone 

Combustion Bomb 

Ignition 
Source 

Exhaust 

Figure 1. Schematic diagram of the apparatus. (Reproduced with 
permission from Réf. 1. Copyright 1983, Combust. S c i . Technol.)  P
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sp a r k t i m i n g , and d a t a c o l l e c t i o n a r e performed under the con
t r o l of a microcomputer so t h a t s i g n a l can be o b t a i n e d from 
r e p e t i t i v e i g n i t i o n s . The bomb was f i l l e d t o an i n i t i a l p r e s 
s u r e of 32 kPa w i t h m i x t u r e s of CH^-0 2~Ar ha v i n g d i f f e r e n t 
s t o i c h i o m e t r i e s . The r a t i o of oxygen t o argon was i d e n t i c a l to 
the 02^2 r a t i o i n a i r f o r a l l but one experiment. 

I n o r d e r t o i n c r e a s e the time r e s o l u t i o n i n these e x p e r i 
ments, a t i m e - o f - f l i g h t chopper was p l a c e d 6.9 cm downstream from 
the cone t i p , between the bomb and the skimmer. The chopper 
b l a d e has f o u r e q u a l l y spaced s l o t s and i s d r i v e n by a 400 Hz 
synchronous motor. The r e s u l t i n g s h u t t e r f u n c t i o n g i v e s an open 
time of 50 ys f o l l o w e d by a c l o s e d time of 575 y s . Taking i n t o 
account the f l i g h t time d i s t r i b u t i o n from the sampling cone t i p 
t o the chopper, s i g n a l s can then be o b t a i n e d w i t h a time r e s o l u 
t i o n of about 100 ys a t 625 ys i n t e r v a l s f o r a g i v e n time r e l a 
t i o n s h i p between the chopper p o s i t i o n and the spark. T h i s type 
of measurement has been made f o r argon and oxygen i n a s t o i c h i o 
m e t r i c m i x t u r e w i t h the t i p of the cone l o c a t e d 0.5 cm and 0.2 
cm from the s p a r k e l e c t r o d e s . 

We c o n s i d e r e d i t l i k e l y t h a t p l a c i n g the chopper between the 
n o z z l e and the skimmer might i n t e r f e r e w i t h the s u p e r s o n i c expan
s i o n downstream of the n o z z l e . We were p l e a s a n t l y s u r p r i s e d t o 
f i n d t h a t t h i s was not the case because we o b t a i n e d v e l o c i t y 
d i s t r i b u t i o n s w i t h the chopper l o c a t e d between the n o z z l e and the 
skimmer which were i d e n t i c a l t o the d i s t r i b u t i o n s o b t a i n e d when 
the chopper was l o c a t e d i n the more c o n v e n t i o n a l p o s i t i o n down
stream of the skimmer. T h i s i s undoubtedly due t o the non-
i d e a l i t y of the f l o w through the cone which w i l l be d e s c r i b e d 
l a t e r . 

S c h l i e r e n photographs of the spark k e r n e l and the d e v e l o p i n g 
flame were o b t a i n e d u s i n g a c o n v e n t i o n a l arrangement. A f l a s h -
lamp-pumped dye l a s e r was used t o f u r n i s h a 1 ys l i g h t p u l s e 
(λ«600 nm) t o i l l u m i n a t e the i n t e r i o r of the combustion bomb. 
By d e l a y i n g the l a s e r p u l s e f o r a v a r i a b l e time a f t e r the s p a r k , 
the p r o g r e s s of the i g n i t i o n k e r n e l and the flame c o u l d be 
f o l l o w e d a t v e r y s h o r t d e l a y times f o r s e q u e n t i a l i g n i t i o n s . A 
s e r i e s of p i c t u r e s which shows the flame approaching and then 
p a s s i n g the cone t i p i s shown i n F i g u r e 2. There i s no n o t i c e 
a b l e d i s t o r t i o n of the flame as i t approaches the t i p because the 
f l ame shape i n the absence of the probe i s v i r t u a l l y i d e n t i c a l to 
the flame shape w i t h the probe p r e s e n t . T h i s i s c o n s i s t e n t w i t h 
the f i n d i n g of Yoon and Knuth (3) t h a t a t comparable p r e s s u r e i n 
a s t e a d y - s t a t e flame sampling experiment the cone has no appre
c i a b l e e f f e c t on the flame. The l e n g t h of the o r i f i c e i s s h o r t 
enough (~0.015 cm o r t w i c e the diameter) t h a t t h e r e should be 
l i t t l e r a d i c a l r e c o m b i n a t i o n i n the o r i f i c e ( 3 ) . 

The v e l o c i t y d i s t r i b u t i o n of argon sampled w i t h the q u a r t z 
cone a t 32 kPa and 300 K, the i n i t i a l p r e s s u r e and temperature, 
corresponds t o a t e r m i n a l Mach number of about 2.8 i n the molec
u l a r beam, which i s somewhat s m a l l e r than the expected Mach 
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Figure 2. Schlieren photographs of a stoichiometric flame passing 
the sampling cone. 
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number of 16.6. T h i s i s v e r y l i k e l y due to the presence of a 
boundary l a y e r a l o n g the i n s i d e w a l l s of the sampling cone which 
p r e v e n t s much of the c o o l i n g which accompanies the i s e n t r o p i c 
e x p a n s i o n of the sampled gas. When the cone i s r e p l a c e d by a 
s i m p l e f r e e j e t source h a v i n g the same o r i f i c e s i z e , the Mach 
number c h a r a c t e r i z i n g the v e l o c i t y d i s t r i b u t i o n o b t a i n e d i s about 
15. F u t u r e experiments w i l l be performed w i t h cones h a v i n g a 
l a r g e r i n c l u d e d a n g l e t o attempt t o m i n i m i z e t h i s problem. 
A c c o r d i n g t o the work of Yoon and Knuth, we s h o u l d be a b l e t o use 
a sampling cone w i t h an a n g l e of 110° w i t h o u t unduly d i s t u r b i n g 
t h e flame. P r e l i m i n a r y experiments w i t h such a cone y i e l d 
v e l o c i t y d i s t r i b u t i o n s which a r e n e a r l y i d e n t i c a l to t h a t ob
t a i n e d w i t h the f r e e j e t s o u r c e . T h i s has c o n f i r m e d our s u s 
p i c i o n t h a t the s m a l l e r a n g l e cone used i n these experiments 
causes a t h e r m a l i z a t i o n of the beam i n a t h i c k boundary l a y e r 
w h i c h f i l l s the r e g i o n of the cone j u s t downstream of the o r i f i c e . 
T h i s boundary l a y e r may be p r e s e n t w i t h the 110° cone, but i t 
a p p a r e n t l y does not i n t e r f e r e w i t h the c o r e of the j e t because of 
t h e l a r g e r a n g l e . We expect t o a c h i e v e h i g h e r beam i n t e n s i t i e s , 
narrower v e l o c i t y d i s t r i b u t i o n s , and l e s s v e l o c i t y s l i p , i . e . , 
l e s s d i f f e r e n c e i n the v e l o c i t y of d i f f e r e n t components, w i t h 
t h i s cone. Perhaps the most im p o r t a n t advantage t o be g a i n e d i s 
a narrow v e l o c i t y d i s t r i b u t i o n because t h i s has a d i r e c t e f f e c t 
on the time r e s o l u t i o n i n these experiments. 

I n v i e w of the f a c t t h a t the sampling c o n d i t i o n s a r e some
what l e s s than i d e a l , time-dependent s i g n a l s o b t a i n e d f o r r a d i 
c a l s must be viewed w i t h some c a u t i o n . The time dependence of 
the major components, however, s h o u l d be u n a f f e c t e d by the low 
Mach number f l o w through the sampling cone. Subsequent e x p e r i 
ments w i t h the 110° cone s h o u l d p r o v i d e much more d e f i n i t i v e i n 
f o r m a t i o n on r a d i c a l r e l a t i v e mole f r a c t i o n s , temperature, and 
perhaps a l s o a b s o l u t e mole f r a c t i o n s of a number of components. 

R e s u l t s 

S c h l i e r e n Photography of the I g n i t i o n K e r n e l . S c h l i e r e n photo
graphs taken a t v e r y s h o r t times a f t e r the spark (3-44 ys) show 
t h a t a l t h o u g h the cone does cause a d i s t u r b a n c e o f the shock wave 
produced by the s p a r k when i t i s l o c a t e d 0.2-0.5 cm from the 
e l e c t r o d e s , t h e r e i s v e r y l i t t l e v i s i b l e e f f e c t on the d e v e l o p 
ment of the s p a r k k e r n e l . The photographs show t h a t i n a s t o i 
c h i o m e t r i c m i x t u r e a s p h e r i c a l r e g i o n of hot gas about 1 cm i n 
diameter i s formed v e r y r a p i d l y ( i n about 15 y s ) . T h i s r e g i o n 
t h e n expands s l o w l y i n a t o r o i d a l shape and b e g i n s t o propagate 
as shown i n F i g u r e 3. The presence of the cone had no n o t i c e a b l e 
e f f e c t on how f a s t the flame developed. The q u a l i t a t i v e b e h a v i o r 
of the d e v e l o p i n g flame f o l l o w e d v e r y c l o s e l y t h a t which was 
observed by L i t c h f i e l d (4-) under s i m i l a r c o n d i t i o n s . 

Mass S p e c t r o m e t r i c Sampling of R e a c t a n t s . The p r i n c i p a l l o c a t i o n s 
of the sampling cone were 0.0, 0.2, and 0.5 cm away from the 
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12. SLOANE AND RATCLIFFE Chemistry of Spark Ignition 211 

F i g u r e 3 . I g n i t i o n k e r n e l and d e v e l o p i n g flame i n t h e presence 
and absence o f the cone a t t h r e e d i f f e r e n t t i m e s a f t e r t h e spark. 
The cone i s absent i n a, b, and c, and i s p r e s e n t i n d, e, and f . 
The p i c t u r e s were t a k e n a t t h e f o l l o w i n g times a f t e r the spar k : 
a and d, 18 μ ε ; b and e, 6h μ ε ; and c and f , 900 μ s. 
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spa r k e l e c t r o d e s . The methane s i g n a l as a f u n c t i o n of time a f t e r 
the s p a r k i s shown i n F i g u r e 4 f o r the cone p l a c e d a t the e l e c 
t r o d e s . R e s u l t s f o r two e q u i v a l e n c e r a t i o s a r e shown; the φ=1.0 
m i x t u r e i g n i t e s and the φ=0.35 m i x t u r e does n o t . I n the s t o i 
c h i o m e t r i c case the methane s i g n a l d i s a p p e a r s r a t h e r s l o w l y . As 
a comparison the r e s u l t s i n F i g u r e 5a show a much e a r l i e r methane 
dis a p p e a r a n c e . I n t h i s F i g u r e the cone i s l o c a t e d 0.2 cm from 
the s p a r k gap. T h i s means t h a t the methane i s d i s a p p e a r i n g 0.2 
cm from the gap b e f o r e i t d i s a p p e a r s a t the spark gap i t s e l f . 
W i t h the cone l o c a t e d 0.5 cm away from the gap, the methane 
disap p e a r a n c e b e g i n s a t v e r y n e a r l y the same time as i t does a t 
0.2 cm a r d decreases somewhat more s l o w l y as shown i n F i g u r e 6. 
W h i l e t h e r e appears t o be a b a r e l y n o t i c e a b l e amount of i n c r e a s e 
i n the methane s i g n a l a f t e r 0.5 ms i n F i g u r e 5a, the methane 
decreases m o n o t o n i c a l l y t o the post-combustion v a l u e a t 0.5 cm. 
T h i s i n c r e a s e i s p r o b a b l y due t o unburned methane d i f f u s i n g i n t o 
the 0.2 cm r e g i o n , a l t h o u g h i t i s c l e a r t h a t the amount i s v e r y 
s m a l l i n t h i s case. 

To see how t h i s b e h a v i o r changes w i t h d i l u t i o n , the methane 
s i g n a l f o r φ=1.0 and an oxygen-argon r a t i o of 0.32 was measured. 
The r e s u l t s a r e shown i n F i g u r e 5b. Methane d i s a p p e a r a n c e b e g i n s 
a t about the same time as f o r 0 2 /Α Γ = 0.376, but much more un
burned methane i s d i f f u s i n g i n t o t h i s r e g i o n . A r e s u l t v e r y 
s i m i l a r t o F i g u r e 5b i s o b t a i n e d f o r 0 2 / A r = 0.376, φ=0.5 w i t h 
the cone l o c a t e d 0.2 and 0.3 cm away from the s p a r k gap. 

F i g u r e 7 shows the oxygen s i g n a l as a f u n c t i o n of time w i t h 
and w i t h o u t t i m e - o f - f l i g h t chopping f o r a s t o i c h i o m e t r i c m i x t u r e 
and the cone t i p l o c a t e d 0.5 cm from the chopper. The chopped 
s i g n a l has been a p p r o x i m a t e l y c o r r e c t e d f o r the f l i g h t time t o 
the chopper u s i n g the measured a r r i v a l time d i s t r i b u t i o n . The 
v e l o c i t y d i s t r i b u t i o n (not shown) does not change much w i t h t i m e , 
i n d i c a t i n g t h a t the apparent s t a g n a t i o n temperature of the sam
p l e d gas changes l i t t l e . T h i s must be due t o the t h e r m a l i z a t i o n 
of the gas as i t passes through the cone which i s a l s o r e s p o n s i 
b l e f o r low Mach number f l o w of a room-temperature gas. Sub
sequent experiments w i t h a 110° cone y i e l d v e l o c i t y d i s t r i b u t i o n s 
w h i c h a r e c h a r a c t e r i s t i c of the temperature of the sampled gas. 
T h e r m a l i z a t i o n of the sampled gas j u s t downstream of t h e sampling 
o r i f i c e i s an e x p l a n a t i o n w h i c h r e c o n c i l e s these p o s s i b l y con
f l i c t i n g o b s e r v a t i o n s : the low apparent s t a g n a t i o n temperature 
o f the burned gas and the absence of v i s i b l e flame d i s t o r t i o n 
due t o the presence of the cone (see F i g u r e 2 ) . F i g u r e 8 g i v e s 
the 0 2 s i g n a l o b t a i n e d w i t h the sampling cone t i p l o c a t e d 0.2 cm 
from the e l e c t r o d e s . I n b o t h p o s i t i o n s , the chopped s i g n a l i n 
c r e a s e s a b r u p t l y a t the t ime o f the s p a r k , and then decays 
r a p i d l y w i t h i n 50-100 ys of t h e s p a r k . We b e l i e v e t h a t the 
a b r u p t i n c r e a s e i n s i g n a l i s due t o the passage of the shock 
wave, a l t h o u g h t h i s i n c r e a s e i s r e f l e c t e d i n the unchopped 
s i g n a l o n l y a t 0.2 cm. We can o n l y s p e c u l a t e t h a t perhaps t h i s 
happens because the shock i s i n t e n s e enough a t 0.2 cm t o be 
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METHANE Ocm \ ^ 

. . . . / 

· ·'" '····.·. Φ = i.o 

< ··'"...···" 

ζ 
CD 
CO 

φ = .35 

_J ι ι ι ι I I I I I 
.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

TIME (ms) 

Figure U. Methane signal as a function of time for two different 
equivalence r a t i o s . The sampling cone i s located at the electrodes. 
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0.2 cm 

(a) 02/Ar = .376 

< 

CO 

(b)0 2/Ar=32 

1.0 

T I M E (ms) 

1.5 2.0 

Figure 5 · Methane signal for 0 = 1.0 and two different O^/Ar r a t i o s . 
The cone i s 0.2 cm from the electrodes, a, 0 p/Ar = 0.376; and b, 
0 2/Ar = 0.32. 

Figure 6 . Methane signal for 0 = 1 . 0 , 0^/Ar = 0 . 3 7 6 . The cone i s 
0 . 5 cm from the electrodes. 
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ο 

0.5 cm 

SPARK 

0.5 1.0 1.5 
TIME (ms) 

2.0 

Figure 7· Oxygen signal for 0 = 1.0, 0 /Ar = 0.376, with the cone 
located 0.5 cm from the electrodes. Both unchopped and chopped 
signal i s shown. The time of the spark i s indicated with an arrow. 
Open c i r c l e s , chopped; and dots, unchopped. 

Figure 8. Oxygen signal for 0 = 1.0, 0^/Ar = 0.376, with the cone 
located 0.2 cm from the electrodes. Chopped and unchopped signals 
are shown. Open c i r c l e s , chopped; and dots, unchopped. 
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n o t i c e a b l e i n the unchopped s i g n a l but has decayed i n s t r e n g t h 
a t 0.5 cm so t h a t the r e s u l t i n g i n c r e a s e i s l o s t i n the a v e r a g 
i n g over a l a r g e range of t r a n s i t t i mes. 

Mass S p e c t r o m e t r i c Sampling of R a d i c a l s . M e t h y l r a d i c a l s and 
hydrogen atoms were observed i n the spark r e g i o n . The hydrogen 
atom s i g n a l w i t h the cone a t 0 and 0.2 cm f o r the s t o i c h i o m e t r i c 
m i x t u r e i s shown i n F i g u r e 9. The H atom s i g n a l was u n d e t e c t a b l e 
a t 0.5 cm f o r t h i s m i x t u r e . F i g u r e 10 shows the H atom r e s u l t s 
f o r φ=0.35. The s i g n a l s appear t o be s t r o n g e r than f o r e i t h e r 
φ=1.0 o r 0.5, p a r t i c u l a r l y a t 0.5 cm where t h e r e i s a s m a l l but 
d i s c e r n i b l e s i g n a l . T h i s i s c o n s i s t e n t w i t h i g n i t i o n c a l c u l a 
t i o n s we have performed u s i n g oxygen atom d i s s o c i a t i o n as the 
i g n i t i o n method. I n m i x t u r e s t h a t i g n i t e , the i n i t i a l l y h i g h 
oxygen atom c o n c e n t r a t i o n r e l a x e s r a p i d l y to a v a l u e c h a r a c t e r 
i s t i c of the flame. Other r a d i c a l s i n the H-O-OH system i n 
c r e a s e t o t h e i r c h a r a c t e r i s t i c s t e a d y - s t a t e flame v a l u e s . I n 
m i x t u r e s which do not i g n i t e , the 0 atom c o n c e n t r a t i o n r e l a x e s 
more s l o w l y . An analogous s i t u a t i o n o c c u r s i f e i t h e r Η or OH 
a r e i n i t i a l l y i n excess s i n c e r e a c t i o n s i n v o l v i n g the ^-O^ 
system a r e v e r y f a s t a t combustion temperatures, d r i v i n g H, 0, 
and OH toward t h e i r e q u i l i b r i u m v a l u e s f o r the #2~®2 s y s t e m a t 

t h a t temperature. We know t h a t l a r g e amounts of H, 0, and CH^ 
a r e produced i n the spark because CH^ and Η a r e observed d i r e c t l y 
and 0 can be observed i n the absence of methane. I n m i x t u r e s 
t h a t i g n i t e , the c o n c e n t r a t i o n s of these r a d i c a l s should decrease 
more r a p i d l y than i n a n o n - i g n i t i n g m i x t u r e due t o the more r a p i d 
r e a c t i o n s of the ^ - 0 2 system which i n v o l v e these r a d i c a l s i n the 
d e v e l o p i n g flame and due t o more r a p i d r e a c t i o n s w i t h the f u e l . 

As mentioned p r e v i o u s l y , any i n t e r p r e t a t i o n of these Η atom 
measurements must be l o o k e d upon w i t h a r a t h e r s k e p t i c a l eye due 
t o the n o n - i d e a l sampling c o n d i t i o n s under which they were ob
t a i n e d . The e f f e c t of beam t h e r m a l i z a t i o n i n a l t e r i n g r a d i c a l 
c o n c e n t r a t i o n s may be d i f f e r e n t f o r d i f f e r e n t p o s i t i o n s of the 
cone r e l a t i v e t o the spark. More d e f i n i t i v e r a d i c a l measurements 
w i l l be o b t a i n e d w i t h a more s u i t a b l e cone. T h i s work i s c u r 
r e n t l y i n p r o g r e s s . 

D i s c u s s i o n 

S i n c e the v e l o c i t y d i s t r i b u t i o n of the sampled oxygen appears t o 
be a p p r o x i m a t e l y independent of the time a t which i t was sampled, 
we can s a f e l y assume t h a t t h i s i s a l s o the case f o r methane. I f 
we assume t h a t the a r r i v a l time d i s t r i b u t i o n f o r methane i s approx
i m a t e l y the same as t h a t f o r oxygen except f o r the d i f f e r e n c e i n 
the masses, the time s c a l e s of the methane measurement shown i n 
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5 i o 1.5 2.0 Figure 9 5 Hydrogen atom signal for 
TIME (ms) 0 = 1.0 at two cone locations.  P
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0 cm 
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0.2 cm 

ure 10. Hydrogen atom s i g n a l f o r 
0.35 a t t h r e e cone l o c a t i o n s . 
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F i g u r e s 5a and 6 sho u l d be r o u g h l y comparable. T h i s means t h a t 
the methane begins t o d i s a p p e a r a t 0.5 cm from the cone about 
60 ys a f t e r i t b e g i n s t o d i s a p p e a r 0.2 cm from the cone. T h i s 
d i f f e r e n c e i s l e s s than our time r e s o l u t i o n , and the r e s u l t 
agrees w e l l w i t h the oxygen measurements. A l t h o u g h we have not 
y e t measured the v e l o c i t y d i s t r i b u t i o n of any components w i t h 
the cone l o c a t e d a t the e l e c t r o d e s , t h e r e can be no a m b i g u i t y 
about the o b s e r v a t i o n t h a t methane disappearance b e g i n s a t 0.2 
cm and 0.5 cm b e f o r e i t begins a t the e l e c t r o d e s . The o n l y way 
t o conclude from the dat a t h a t methane disa p p e a r a n c e b e g i n s a t 
the e l e c t r o d e s a t the same time as o r sooner than i t b e g i n s t o 
di s a p p e a r a t 0.5 cm i s t o assume t h a t the v e l o c i t y d i s t r i b u t i o n 
o f the sampled methane a t 0 cm i s c h a r a c t e r i s t i c of a much lower 
apparent s t a g n a t i o n temperature than the methane sampled a t 0.5 
cm. S i n c e the apparent s t a g n a t i o n temperature of the methane 
d e t e c t e d a t 0.5 cm i s near room temperature, t h i s assumption 
cannot be v a l i d . T h e r e f o r e , unburned methane must remain i n the 
spark gap a f t e r the flame b e g i n s t o develop. T h i s flame develop 
ment p r o b a b l y b e g i n s a t a d i s t a n c e of about 0.2 cm from the 
e l e c t r o d e s i n the s t o i c h i o m e t r i c m i x t u r e . The methane p r o f i l e s 
o b t a i n e d i n a more d i l u t e s t o i c h i o m e t r i c m i x t u r e (shown i n 
F i g u r e 5b) and i n a m i x t u r e where Û2/Ar=0.376 and φ=0.5 (not 
shown) suggest t h a t f o r these m i x t u r e s flame p r o p a g a t i o n b e g i n s 
a t a somewhat g r e a t e r d i s t a n c e from the sp a r k e l e c t r o d e s . 

L ewis and von E l b e (2) and o t h e r s , i n t h e i r d e s c r i p t i o n of 
spark i g n i t i o n , assume t h a t the f u e l i s burned i n s i d e the spark 
k e r n e l . A p p a r e n t l y t h i s i s not the case i n the experiment 
r e p o r t e d here. R e s u l t s c o n s i s t e n t w i t h the presence o f unburned 
f u e l i n the spark k e r n e l have been r e p o r t e d by Maly and V o g e l 
( 5 ) . They found t h a t f o r a 60 ns breakdown, the c e n t e r of the 
spark k e r n e l c o o l e d o f f v e r y r a p i d l y a f t e r the breakdown. They 
suggested t h a t the shock wave generated by such a f a s t spark 
causes a r a p i d expansion of the gas i n the e l e c t r o d e r e g i o n . 
T h i s expansion would have l i t t l e e f f e c t on the unburned m i x t u r e 
near the e l e c t r o d e s due t o t h e i r v i s c o u s e f f e c t , so the m i x t u r e 
i n t h i s boundary l a y e r would be sucked i n t o the r a r e f i e d r e g i o n 
near the e l e c t r o d e s l e f t behind by the r a p i d l y expanding gas. 
Our spark i s undoubtedly r a p i d enough (2 ys d u r a t i o n ) t o produce 
t h i s same e f f e c t because we can observe a shock wave due t o the 
spark i n our s c h l i e r e n photographs. I n a d d i t i o n , the cone can 
cause a boundary l a y e r t o be formed which adds t o the amount of 
unburned m i x t u r e which can f l o w i n t o the e l e c t r o d e r e g i o n . 
Experiments i n v o l v i n g e l e c t r o d e l e s s i g n i t i o n , such as by a l a s e r 
spark, would be u s e f u l i n v e r i f y i n g whether t h i s phenomenon 
o c c u r s . 

I t i s not n e c e s s a r y , however, t o c o n s i d e r the f o r m a t i o n of 
v i s c o u s boundary l a y e r near the e l e c t r o d e s and sampling cone i n 
or d e r t o a t l e a s t q u a l i t a t i v e l y e x p l a i n the oxygen and methane 
r e s u l t s . We have performed o n e - d i m e n s i o n a l c a l c u l a t i o n s w i t h a 
code used by us i n p r e v i o u s work (6,7) t o s i m u l a t e the i g n i t i o n 
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220 CHEMISTRY OF COMBUSTION PROCESSES 

p r o c e s s . We b e g i n the c a l c u l a t i o n a t the time the spark k e r n e l 
i s f u l l y formed, and assume a temperature d i s t r i b u t i o n c e n t e r e d 
i n a 4 cm wide c o n t a i n e r as shown i n F i g u r e 11. The p o s i t i o n of 
maximum temperature g r a d i e n t i s l o c a t e d 0.5 cm on e i t h e r s i d e of 
the c e n t e r of the c o n t a i n e r i n a c c o r d w i t h the o u t l i n e of the 
sp a r k k e r n e l i n the s c h l i e r e n photographs. Oxygen and methane 
a r e d i s s o c i a t e d i n amounts such t h a t 0.4% of the ther m a l energy 
d e p o s i t e d i n each g r i d r e g i o n goes i n t o d i s s o c i a t i o n of oxygen 
and 0.4% i n t o methane d i s s o c i a t i o n a t t=0. A heat l o s s due t o 
the presence of the spa r k e l e c t r o d e s i s i n t r o d u c e d by i n s e r t i n g 
an e x t r a term i n the energy e q u a t i o n as was done p r e v i o u s l y (6) 
t o s i m u l a t e a c o o l e d c r e v i c e . We assume t h a t the e l e c t r o d e gap 
i s 0.08 cm a c r o s s and the e l e c t r o d e f a c e s a r e 0.08 cm wide. The 
e l e c t r o d e s a r e l o c a t e d a t the c e n t e r of the c o n t a i n e r and a r e 
e q u i d i s t a n t from the χ a x i s . The temperature of the e l e c t r o d e s 
i s the f o l l o w i n g : 

T e ( x ) = 0 . 1 T(x) + 270 Κ 

where T(x) i s the temperature of the gas a t a p o i n t x. T h i s 
e x p r e s s i o n a l l o w s the e l e c t r o d e s t o i n c r e a s e i n temperature as 
the gas near the e l e c t r o d e s g e t s warmer, but a t a much slower 
r a t e than the gas. 

The r e s u l t i n g time e v o l u t i o n of the 0^ and CH^ c o n c e n t r a t i o n s 
a t t h r e e l o c a t i o n s i n the c o n t a i n e r i s shown i n F i g u r e 12. The 
methane and oxygen d i s a p p e a r more r a p i d l y a t 0.2 cm than a t 
e i t h e r 0.0 or 0.5 cm. I f no heat l o s s i s i n c l u d e d i n the c a l c u 
l a t i o n s , o r i f the f r a c t i o n of heat energy g o i n g i n t o d i s s o c i a 
t i o n of 0 2 and CH^ i s 0.1 r a t h e r than 0.004, methane and oxygen 
di s a p p e a r a n c e i s v e r y r a p i d a t the c e n t e r . 

We make no c l a i m t o have modeled a c c u r a t e l y the i g n i t i o n 
p r o c e s s b e g i n n i n g w i t h the formed s p a r k k e r n e l , a l t h o u g h t h a t 
appears t o be p o s s i b l e and w i l l be i n v e s t i g a t e d f u r t h e r . We 
performed these c a l c u l a t i o n s t o show t h a t a t l e a s t one phenom
enon, which we know must be p r e s e n t i n our ex p e r i m e n t s , can 
q u a l i t a t i v e l y account f o r the e x p e r i m e n t a l r e s u l t s we have ob
t a i n e d . V i s c o u s boundary l a y e r s may a l s o c o n t r i b u t e t o the 
r e l a t i v e l y slow b u r n i n g of methane a t x=0.0. We p l a n experiments 
w i t h e l e c t r o d e l e s s i g n i t i o n , such as l a s e r s p a r k s , t o f u r t h e r 
understand t h i s a s p e c t of the i g n i t i o n p r o c e s s . 

C o n c l u s i o n s 

The experiments r e p o r t e d here show the c h e m i c a l e f f e c t of heat 
l o s s t o the spark e l e c t r o d e s i n the i g n i t i o n p r o c e s s . For r a p i d 
s p a r k s of the type used h e r e , flame development begins about 0.2 
cm away from the e l e c t r o d e s r a t h e r than a t the e l e c t r o d e s or a t 
the edge of the spark k e r n e l . T h i s new c h e m i c a l i n f o r m a t i o n 
p r o v i d e s a d e s c r i p t i o n of the spark i g n i t i o n p r o c e s s which has 
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4.0 

Figure 11. I n i t i a l temperature d i s t r i b u t i o n for the i g n i t i o n c a l 
culation. 

χ = 2.0 cm 

χ = 2.5 cm 

50 100 150 200 250 
TIME (ms) 

Figure 12. Oxygen and methane 
as a function of time for the 
ig n i t i o n calculation at three 
locations. 
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never been o b t a i n e d b e f o r e . As the r e s u l t s o b t a i n e d a r e p r e l i m 
i n a r y i n n a t u r e , however, a more d e t a i l e d i n v e s t i g a t i o n o f spark 
i g n i t i o n w i t h improved sampling c o n d i t i o n s i s c u r r e n t l y i n p r o 
g r e s s . 
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Elementary Combustion Reactions 
Laser Photolysis-Laser-Induced Fluorescence Kinetic Studies 

FRANK P. TULLY 
Sandia National Laboratories, Livermore, CA 94550 

A new, laser-based, chemical kinetics technique 
has been demonstrated in studies of the reactions 
of the hydroxyl radical with ethane and ethylene. 
A widely-tunable, quasi-cw, ultraviolet laser 
source for exciting transient-species fluorescence 
in chemical kinetics experiments has been built 
and is described. The reaction between OH and 
C2H4 is shown to proceed through both OH addition 
and Η-atom abstraction routes. 

Combustion p r o c e s s e s are d r i v e n by e n e r g y - r e l e a s i n g c h e m i c a l r e 
a c t i o n s . D e t a i l e d knowledge of the c h e m i c a l k i n e t i c s of these 
i n d i v i d u a l r e a c t i v e s t e p s i s r e q u i r e d i n p u t t o combustion models. 
For more than a decade, elementary gas-phase r e a c t i o n k i n e t i c s 
has been s u c c e s s f u l l y s t u d i e d w i t h the f l a s h p h o t o l y s i s / r e s o n a n c e 
f l u o r e s c e n c e t e c h n i q u e ( 1 - 8 ) . T y p i c a l l y , f o l l o w i n g broadband 
p h o t o l y s i s of a m o l e c u l a r p r e c u r s o r , r e a c t a n t decays have been 
measured under p s e u d o - f i r s t - o r d e r k i n e t i c c o n d i t i o n s w i t h cw 
resonance lamp e x c i t a t i o n of f r e e r a d i c a l f l u o r e s c e n c e . I n c r e a s e d 
u t i l i z a t i o n of l a s e r probes i n k i n e t i c s t u d i e s i s e x e m p l i f i e d by 
the r e c e n t p u l s e d - l a s e r p h o t o l y s i s / p u l s e d - l a s e r - i n d u c e d f l u o r e s 
cence experiments of McDonald, L i n and coworkers (9-13). 

In the present work, a new k i n e t i c s c o n f i g u r a t i o n u t i l i z i n g 
a p u l s e d l a s e r f o r p h o t o l y s i s and a quasi-cw, u l t r a v i o l e t l a s e r 
f o r f l u o r e s c e n c e e x c i t a t i o n has been developed. T h i s t e c h n i q u e 
combines the best f e a t u r e s of the two k i n e t i c methods mentioned 
above. L a s e r p h o t o l y s i s g e n e r a l l y p e r m i t s g r e a t e r r e a c t a n t f o r 
mation s p e c i f i c i t y than does f l a s h l a m p p h o t o l y s i s . L a s e r - i n d u c e d 
f l u o r e s c e n c e d e t e c t i o n outperforms resonance f l u o r e s c e n c e d e t e c 
t i o n because of i t s i n c r e a s e d f l u o r e s c e n c e e x c i t a t i o n f l u x , de
creased s c a t t e r e d l i g h t s i g n a l , and wavelength t u n a b i l i t y . Cw 
f l u o r e s c e n c e e x c i t a t i o n i s d e s i r a b l e over p u l s e d f l u o r e s c e n c e 
e x c i t a t i o n due t o i t s freedom from p u l s e - t o - p u l s e n o r m a l i z a t i o n 
c o n s t r a i n t s and, most i m p o r t a n t l y , because of i t s e f f i c i e n t duty 
c y c l e and the consequent i n c r e a s e d d e n s i t y of p o i n t s o b t a i n a b l e 

0097-6156/84/0249-0225S06.00/0 
© 1984 American Chemical Society 
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226 CHEMISTRY OF COMBUSTION PROCESSES 

i n measured m o l e c u l a r c o n c e n t r a t i o n v e r s u s time p r o f i l e s . T h i s 
h i g h d a t a p o i n t d e n s i t y f a c i l i t a t e s a c c u r a t e s l o p e d e t e r m i n a t i o n s , 
r e a d i l y r e v e a l s even s u b t l e d e v i a t i o n s from p s e u d o - f i r s t o r d e r ex
p o n e n t i a l decays, and o f f e r s i n f o r m a t i o n on secondary r e a c t i o n s 
by c a r e f u l l y mapping such d e v i a t i o n s induced by c o n t r o l l e d p e r t u r 
b a t i o n s of the i n i t i a l r e a c t a n t c o n d i t i o n s . 

Many m o l e c u l a r i n t e r m e d i a t e s of importance t o combustion and 
atmospheric c h e m i s t r y have p r i m a r y e l e c t r o n i c t r a n s i t i o n s i n t h e 
near u l t r a v i o l e t r e g i o n of the e l e c t r o m a g n e t i c spectrum. We have 
t h e r e f o r e c o n s t r u c t e d a w i d e l y - t u n a b l e , quasi-cw, u l t r a v i o l e t 
l a s e r source f o r e x c i t i n g t r a n s i e n t - s p e c i e s f l u o r e s c e n c e i n chem
i c a l k i n e t i c s experiments. As summarized i n F i g u r e 1, a mode-
l o c k e d A r + l a s e r o p e r a t i n g a t 514.5 nm s y n c h r o n o u s l y pumps an 
e x t e n d e d - c a v i t y dye l a s e r , p r o d u c i n g , w i t h v a r i o u s dyes, t u n a b l e 
r a d i a t i o n from 540 nm t o 900 nm. The dye l a s e r fundamental o u t 
put c o n s i s t s of a t r a i n of p u l s e s of 3-6 n J energy and 8-10 ps 
d u r a t i o n at a r e p e t i t i o n r a t e of 246 MHz. T h i s output i s 
frequency doubled u s i n g temperature- and angle-tuned second h a r 
monic g e n e r a t i o n c r y s t a l s . The u l t r a v i o l e t l a s e r r a d i a t i o n p r o 
duced i n t h i s p r o c e s s i s then used t o e x c i t e f l u o r e s c e n c e i n the 
r e a c t i v e r a d i c a l s of i n t e r e s t . 

Three f e a t u r e s of t h i s l a s e r source m e r i t f u r t h e r d i s c u s s i o n . 
F i r s t , i n a t y p i c a l k i n e t i c experiment, the 1/e c h e m i c a l l i f e t i m e 
of t he p h o t o l y t i c a l l y produced r a d i c a l s v a r i e s between 0.2 and 
25 ms, a r e p r e s e n t a t i v e mean b e i n g t i / e = 2 ms. F o r s t a t i s t i c a l 
r e a s o n s , one d e s i r e s t o c o l l e c t a minimum of 20 c o n c e n t r a t i o n 
v e r s u s time d a t a p o i n t s per 1/e c o n c e n t r a t i o n decay p e r i o d . For 
m u l t i c h a n n e l s c a l i n g d e t e c t i o n , these t y p i c a l k i n e t i c c o n d i t i o n s 
i m p l y a maximum d w e l l p e r i o d per channel of 100 y s . The u l t r a 
v i o l e t l a s e r source d e s c r i b e d above emits 2.5 χ 10** p u l s e s per 
100 ys i n t e r v a l ; t h u s , r e l a t i v e t o c h e m i c a l decays, t h i s r a p i d l y 
p u l s e d source i s viewed by t h e experiment as a cw e x c i t a t i o n 
probe. Second, g i v e n t h a t a p u l s e d initiâtion/cw d e t e c t i o n 
k i n e t i c s c o n f i g u r a t i o n i s d e s i r e d , one may ask why a cw l a s e r 
source i s not used. The r a t i o n a l e here i s t h a t the v i s i b l e - t o -
u l t r a v i o l e t c o n v e r s i o n e f f i c i e n c y i s much h i g h e r when the q u a s i -
cw source r a t h e r than a cw source i s used. Frequency d o u b l i n g 
e f f i c i e n c y v a r i e s i n p r o p o r t i o n t o the fundamental peak power 
d e n s i t y present i n the second harmonic g e n e r a t i o n c r y s t a l , 
(P 2 a )/Po))ot Ρ ω . Tab l e I l i s t s t y p i c a l p u l s e r e p e t i t i o n r a t e s , 
fundamental peak power d e n s i t i e s and frequency d o u b l i n g e f f i 
c i e n c i e s o b t a i n a b l e w i t h v a r i o u s v i s i b l e l a s e r s o u r c e s . For the 
cw and quasi-cw dye l a s e r s o u r c e s , peak power d e n s i t i e s are e s 
t i m a t e d assuming t h a t 1.0 watt of v i s i b l e r a d i a t i o n i s focu s e d 
t o a 50 ym spot w i t h i n the freque n c y d o u b l i n g c r y s t a l . Because 
the beam energy i s bunched i n t o s h o r t d u r a t i o n p u l s e p a c k e t s 
w i t h the quasi-cw s o u r c e , t h e o b t a i n a b l e focused peak power den
s i t y and the r e s u l t a n t second harmonic g e n e r a t i o n e f f i c i e n c y are 
much l a r g e r w i t h t h i s source than w i t h a cw dye l a s e r s o u r c e . 
From 1.0 watt of dye l a s e r r a d i a t i o n a t 616 nm, f o r example, we 
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F i g u r e 1. L a s e r - i n d u c e d f l u o r e s c e n c e d e t e c t i o n o f UV-absorbing 
f r e e r a d i c a l s . The v e r t i c a l l i n e s denote t h e -wavelengths t h a t 
are most u s e f u l i n f l u o r e s c e n c e e x c i t a t i o n . 
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Table I . Second Harmonic G e n e r a t i o n from V i s i b l e Dye L a s e r s 

P u l s e Peak Power Den- Second Harmonic Gen-
R e p e t i t i o n s i t y (MW/cm2) e r a t i o n E f f i c i e n c y (%) 
Rate (Hz) 

Nd/YAG-pumped 30 50, 10-25 
dye l a s e r unfocused 

cw dye l a s e r cw 0.05, 0.1 
focus e d 

quasi-cw dye 2.46 χ 1 0 8 20, 8 
l a s e r focused 

o b t a i n average u l t r a v i o l e t l a s e r powers of 80 mW and 1 mW upon 
frequency d o u b l i n g the quasi-cw and cw fundamental beams, r e s p e c 
t i v e l y . The h i g h u l t r a v i o l e t f l u x so o b t a i n e d w i t h the quasi-cw 
l a s e r source w i l l permit e f f i c i e n t study of many p r e v i o u s l y un-
ob s e r v a b l e c h e m i c a l p r o c e s s e s . F i n a l l " the u n c e r t a i n t y p r i n c i 
p l e d i c t a t e s t h a t s h o r t d u r a t i o n l a s e r P a l s e s have wide s p e c t r a l 
bandwidths. We measure FWHM l a s e r l i n e w i d t h s of ~ 50 GHz f o r the 
fundamental beam. T h i s w i d t h i s much l a r g e r than a t y p i c a l 
Doppler-broadened a b s o r p t i o n l i n e i n a d i a t o m i c m o l e c u l e , and, as 
d e s c r i b e d below f o r OH d e t e c t i o n , a b s o r p t i o n l i n e c o i n c i d e n c e s 
must be l o c a t e d and e x p l o i t e d t o o p t i m i z e the l a s e r - i n d u c e d f l u o 
r escence d e t e c t i o n e f f i c i e n c y of d i a t o m i c r a d i c a l s w i t h t h i s 
quasi-cw, u l t r a v i o l e t s o u r c e. T h i s c o n s t r a i n t l a r g e l y d i s a p p e a r s 
when m o n i t o r i n g p o l y a t o m i c r a d i c a l s , as the s e p a r a t i o n s between 
t h e i r r o - v i b r o n i c t r a n s i t i o n l i n e s are comparable t o Doppler 
l i n e w i d t h s , t h e r e b y making a l l of the source u l t r a v i o l e t r a d i a 
t i o n a b s o rbable by the r a d i c a l . These c o n s i d e r a t i o n s are d i s 
cussed i n d e t a i l by Inoue et a l (14) i n t h e i r comparison of the 
l a s e r - i n d u c e d f l u o r e s c e n c e s p e c t r o s c o p i e s of the m o l e c u l a r 
homologs OH and CH 30. 

The a p p l i c a t i o n of the quasi-cw, u l t r a v i o l e t l a s e r source t o 
k i n e t i c s t u d i e s was demonstrated i n the l a s e r p h o t o l y s i s / l a s e r -
induced f l u o r e s c e n c e experiments shown s c h e m a t i c a l l y i n F i g u r e 2. 
Chemical r e a c t i o n s were i n i t i a t e d by 193-nm p h o t o l y s i s of N 20 i n 
N 20/H 20/hydrocarbon/helium gas m i x t u r e s . The 0(*D) atoms formed 
by p h o t o d i s s o c i a t i o n r a p i d l y c o n v e r t e d t o OH through r e a c t i o n 
w i t h H 20, and t i m e - r e s o l v e d OH c o n c e n t r a t i o n s were measured as 
f u n c t i o n s of hydrocarbon number d e n s i t y by l a s e r - i n d u c e d f l u o 
r e s c e n c e . H y d r o x y l r a d i c a l f l u o r e s c e n c e was e x c i t e d by pumping 
the n e a r l y c o i n c i d e n t P j l , 0^3, and Q^ 1 (0,0) band Χ 2Π>Α 2Σ* 
t r a n s i t i o n s at 308.16 nm, (15) and r a d i a t i o n emanating from the 
r e a c t i o n volume i n a downward d i r e c t i o n was skimmed by b l a c k -
anodized c o l l i m a t o r s , focused by q u a r t z l e n s e s , s e l e c t e d by a 
bandpass f i l t e r (308.3 nm peak, 8 nm FWHM), and d e t e c t e d by an 
RCA 8850 p h o t o m u l t i p l i e r o p e r a t i n g i n the photon-counting mode. 
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The p h o t o m u l t i p l i e r output p u l s e s were a m p l i f i e d , d i s c r i m i n a t e d , 
and f e d i n t o a m u l t i c h a n n e l s c a l e r , and OH f l u o r e s c e n c e decays 
were s i g n a l averaged over 25-250 excimer l a s e r s h o t s . 

The f i r s t k i n e t i c s experiments performed w i t h t h i s apparatus 
d e a l t w i t h the a b s t r a c t i o n of hydrogen atoms by OH from methane 
and ethane, OH + RH • H 2 0 + R. R e l i a b l e r a t e c o e f f i c i e n t d a t a 
f o r t hese r e a c t i o n s had p r e v i o u s l y been o b t a i n e d i n f l a s h 
p h o t o l y s i s / r e s o n a n c e f l u o r e s c e n c e s t u d i e s , (7,16) and agreement 
w i t h these p u b l i s h e d d a t a served as a r e q u i r e d check on the p e r 
formance of the new k i n e t i c s c o n f i g u r a t i o n . The r e s u l t s f o r the 
r e a c t i o n between OH and C 2 H 6 are shown i n F i g u r e 3. The r a t e 
c o e f f i c i e n t s measured i n the present work a l l f a l l about 5% below 
those of Ref. 16; such agreement i s w e l l w i t h i n the e s t i m a t e d 10% 
a c c u r a c y l i m i t s of the two s t u d i e s . In both s e t s of experiments, 
the OH e x c i t a t i o n and f l u o r e s c e n c e wavelengths were r e s o n a n t , and 
o p t i m i z i n g the [0H]-time p r o f i l e s r e q u i r e d maximizing the d e t e c 
t e d f l u o r e s c e n c e s i g n a l (S) w h i l e m i n i m i z i n g the d e t e c t e d s c a t 
t e r e d l i g h t background ( B ) . For s i m i l a r v a l u e s of [0H] t_Q, the 
r a t i o S/B i n the present work exceeded t h a t of Ref. 16 by more 
than an o r d e r of magnitude. Two f a c t o r s c o n t r i b u t e d t o t h i s 
marked improvement i n S/B. F i r s t , the a b s o r b a b l e photon f l u x 
generated w i t h the quasi-cw, u l t r a v i o l e t l a s e r source exceeded 
t h a t from an OH resonance lamp by a f a c t o r of 2-3. Second, and 
most s i g n i f i c a n t , the d e t e c t e d s c a t t e r e d l i g h t s i g n a l from t h i s 
c o l l i m a t e d l a s e r source was 10-25 times l e s s than t h a t t y p i c a l l y 
o b t a i n e d w i t h a volume-source, OH resonance lamp 08). F u r t h e r 
improvements i n S/B are expected i n f u t u r e experiments i n which 
OH f l u o r e s c e n c e w i l l be e x c i t e d by s i n g l e - f r e q u e n c y u l t r a v i o l e t 
l a s e r r a d i a t i o n o b t a i n e d by i n t r a c a v i t y f r e q u e n c y - d o u b l i n g an 
a c t i v e l y s t a b i l i z e d cw r i n g dye l a s e r . 

Encouraged by these r e s u l t s , we began t o study h y d r o x y l 
r a d i c a l r e a c t i o n s f o r which o n l y l i m i t e d k i n e t i c i n f o r m a t i o n i s 
a v a i l a b l e . A d e t a i l e d i n v e s t i g a t i o n of the r e a c t i o n 

i s i n p r o g r e s s . At p r e s e n t , k i n e t i c measurements have been made 
at 600 T o r r h e l i u m throughout the temperature range 291-796 K, 
and at 291 Κ over the p r e s s u r e range 50-600 T o r r h e l i u m . Abso
l u t e r e a c t i o n r a t e c o e f f i c i e n t s k j were determined, o r , i n some 
ca s e s , approximated, as d e s c r i b e d below. 

We c a r r i e d out a l l experiments under p s e u d o - f i r s t - o r d e r 
k i n e t i c c o n d i t i o n s w i t h [0H]«[t^H^ ] . E x c l u d i n g secondary r e 
a c t i o n s t h a t s i g n i f i c a n t l y d e p l e t e or r e f o r m OH, [OH] v a r i e d 
e x p o n e n t i a l l y w i t h t i m e : 

where k' i s the measured p s e u d o - f i r s t - o r d e r decay r a t e , k j i s 
the b i m o l e c u l a r r a t e c o e f f i c i e n t f o r R e a c t i o n ( 1 ) , [0 2Η^] i s 

(1) 

[ 0 H ] t = [ 0 H ] q exp - ( k J C j H j + k d ) t = [ 0 H ] q e x p ( - k ' t ) 
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ι ο - 1 ^ 

3 
ϊ> io - 1 2 H 
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10 -13 π 1 1 1 
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1000/T(K) 
3.5 

F i g u r e 3. A r r h e n i u s p l o t o f r a t e c o e f f i c i e n t d a t a f o r the r e a c t i o n 
OH + CpHg —- H 20 + CgH . Ο , Ref. l 6 , f l a s h p h o t o l y s i s / r e s o 
nance r l u o r e s c e n c e ; Δ , t h i s work, l a s e r p h o t o l y s i s / l a s e r - i n d u c e d 
f l u o r e s c e n c e . E r r o r s p e c i f i c a t i o n s are +2 p r e c i s i o n l i m i t s i n 
bot h c a s e s . 
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the ( c o n s t a n t ) e t h y l e n e c o n c e n t r a t i o n , and i s the f i r s t - o r d e r 
r a t e constant f o r OH removal i n the absence of [C^H^] due t o d i f 
f u s i o n from the r e a c t i o n volume and t o r e a c t i o n w i t h background 
i m p u r i t i e s . We observed e x p o n e n t i a l [OH] decays, such as t h a t 
shown as l n [OH] v e r s u s time i n F i g u r e 4a, f o r a l l experiments 
at Τ = 291 and 361.5 K. However, as we v a r i e d Τ from 438 to 666 
K, n o n - e x p o n e n t i a l f e a t u r e s i n the [OH] p r o f i l e s became i n c r e a s 
i n g l y apparent. A t y p i c a l [OH] p r o f i l e o b t a i n e d at 591 Κ i s 
p l o t t e d f o r comparison i n F i g u r e 4b. For e x p o n e n t i a l [OH] p r o 
f i l e s , - k f was equated t o the c a l c u l a t e d l e a s t - s q u a r e s s l o p e of 
the decay taken over at l e a s t a f a c t o r of t e n v a r i a t i o n i n [OH]. 
When a n a l y z i n g n o n e x p o n e n t i a l [OH] p r o f i l e s , we e s t i m a t e d - k f 

from the steep i n i t i a l s l o p e of the decay. I n e i t h e r case, the 
k f v a l u e s o b t a i n e d at a g i v e n temperature and p r e s s u r e were 
p l o t t e d , as shown i n F i g u r e 5, as a f u n c t i o n of the c o r r e s p o n d i n g 
e t h y l e n e c o n c e n t r a t i o n . B i m o l e c u l a r r a t e c o e f f i c i e n t s k j ( T , P ) 
were then determined from the s l o p e of the l e a s t - s q u a r e s s t r a i g h t 
l i n e through the ( [ C H j , k ' ) d a t a p o i n t s . The h i g h - p r e s s u r e -
l i m i t e d r a t e c o e f f i c i e n t s k 2 ( T ) measured i n t h i s work and i n 
p r e v i o u s s t u d i e s are p l o t t e d , a l o n g w i t h v a r i o u s summary a n a l y t i c 
r e p r e s e n t a t i o n s , i n F i g u r e 6. 

At 291 K, k j was found t o be pressure-dependent, and i t 
reached a h i g h - p r e s s u r e - l i m i t e d v a l u e of (8.47±0.24) χ 1 0 ~ 1 2 cm 3 

m o l e c u l e " 1 s " 1 above 400 T o r r h e l i u m . T h i s v a l u e f o r k j ( 2 9 1 K) 
i s i n e x c e l l e n t agreement w i t h the r e s u l t s of p r e v i o u s s t u d i e s 
(17-19). From 291-438 K, the r e a c t i o n mechanism i s dominated by 
e l e c t r o p h i l i c a d d i t i o n of OH t o the e t h y l e n e double bond, and 
the temperature dependence over t h i s range of the h i g h - p r e s s u r e -
l i m i t e d r a t e c o e f f i c i e n t may be r e p r e s e n t e d by the e x p r e s s i o n 
k j ( T ) = (1.74±0.53) χ ΙΟ""12 exp (918±214)/RT cm 3 m o l e c u l e " 1 s" 1, 
where quoted e r r o r s r e p r e s e n t ±2σ v a l u e s and = Α σ ^ ^ (20,21). 

Our o b s e r v a t i o n of n o n e x p o n e n t i a l [OH] p r o f i l e s i n the 
temperature range 438-666 Κ can o n l y be i n t e r p r e t e d i n terms of 
a c h e m i c a l p r o c e s s which reforms OH d u r i n g the 1-20 ms d u r a t i o n 
of the experiment. T h i s p r o c e s s i s the d e c o m p o s i t i o n back t o 
r e a c t a n t s of the t h e r m a l i z e d adduct H0C 2H l t. Indeed, at 591 K, 
we observed t h a t at v e r y l o n g times the [OH] decays a g a i n became 
e x p o n e n t i a l w i t h a s l o p e of - k d (see F i g u r e 4b). T h i s s i t u a t i o n 
r e s u l t s o n l y when the OH + C 2H 1 + + M ^ Η00 2Η^ + M r e a c t i o n has 
e s t a b l i s h e d dynamic e q u i l i b r i u m , w i t h the t h e r m a l i z e d adduct 
s e r v i n g , i n e f f e c t , as a temporary s i n k f o r OH. The r a t e co
e f f i c i e n t d a t a d e r i v e d from n o n e x p o n e n t i a l [OH] p r o f i l e s must 
thus be c o n s i d e r e d approximate, and they are i n c l u d e d i n F i g u r e 
6 o n l y t o show the d e c r e a s i n g t r e n d i n " n e t " r e a c t i v i t y between 
OH and C 2H l f w i t h i n c r e a s i n g temperature. These r e s u l t s and t h e i r 
i n t e r p r e t a t i o n a r e e n t i r e l y analogous t o those o b t a i n e d i n s t u d 
i e s of h y d r o x y l r a d i c a l a d d i t i o n t o aromatic hydrocarbons (22-25). 

We have a l s o made v e r y p r e l i m i n a r y k i n e t i c measurements on 
R e a c t i o n (1) at Τ = 704 and 796 K. The [OH] p r o f i l e s c o l l e c t e d 
at these temperatures show a lower degree of n o n e x p o n e n t i a l 
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I 1 1 1 1 1 1 • 1 · 1 
0 10 20 30 40 50 

TIME (milliseconds) 

F i g u r e k. T y p i c a l [OH] c o n c e n t r a t i o n p r o f i l e s o b t a i n e d i n k i n e t i c 
measurements o f t h e r e a c t i o n OH + C^H^ —·»products; a, Τ = 291K, 
Ρ = 6θΟ t o r r h e l i u m , and [CpH. ] = 3.W χ 1 0 1 3 m o l e c u l e cm" 3; b, 
Τ = 591K, Ρ = 600 t o r r h e l i u m , and [ C ^ ] = 2 . 7 8 χ 10lk molecule 
cm" 3. (Reproduced w i t h p e r m i s s i o n from Ref. 2 0 . C o p y r i g h t 
1 9 8 3 , N o r t h - H o l l a n d . ) 
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1000 Ί 

F i g u r e 5· Measured decay r a t e k' as a f u n c t i o n o f e t h y l e n e con
c e n t r a t i o n f o r experiments at Τ = 291K and Ρ = 100 t o r r h e l i u m . 
Three d i f f e r e n t C2H^/He source gas m i x t u r e s were sampled. The 
e s t i m a t e d a c c u r a c y o f t h e [C^Hi] measurements i s 5%. (Reproduced 
w i t h p e r m i s s i o n from Ref. 20. C o p y r i g h t 1983, N o r t h - H o l l a n d . ) 
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Figure 6. Arrhenius plot for the reaction OH + C^H^—·· products: 
O, t h i s work, exponential [OH] decays ; X, th i s work, nonexponential 
[OH] decays; Δ , Ref. IT; • , Ref. 2 1 ; , Ref. 2 0 ; , 
Ref. 2 6 ; * ' , Ref. 2 7 ; and - -, Ref. 2 8 . 
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behavior than those measured in the range 515-666 K. However, 
k* values at fixed ethylene concentrations varied somewhat when 
photolysis pulse energies were changed; we have not yet i d e n t i 
fied the source of this e f f e c t . Nevertheless, semi-quantitative 
estimates of k2(704-796 K) may be derived from these measure
ments, and the reaction rate coefficient appears to grow with 
increasing temperature over this range. We believe this increase 
in kj(T) to be caused by the onset of the hydrogen abstraction 
channel for Reaction (1), OH + C2HI+ •H 20 + C 2H 3. Two-
parameter expressions for this abstraction channel rate c o e f f i 
cient have previously been derived from complex, high-temperature 
kinetic studies in three reviews (26-28). As seen in Figure 6, 
our preliminary measurements y i e l d poor agreement with these 
recommendations. Further direct, "single-reaction 1 1 studies of 
this abstraction process w i l l be needed to c l a r i f y these d i s 
crepancies. 

In summary, we have demonstrated that photolysis/fluores
cence chemical kinetics techniques must exploit ongoing advances 
in laser technology. A highly-sensitive, quasi-cw, u l t r a v i o l e t 
laser source was constructed and used in d e f i n i t i v e chemical 
kinetics experiments. OH-ethylene reactions have been charac
terized in terms of OH addition and hydrogen atom abstraction 
channels, and questions have been raised concerning both the 
importance of the addition process and the accuracy of presently 
recommended kinetic parameters for the abstraction process at 
combustion temperatures. 
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14 
Reaction Rate of OH and C 2 H 2 near 1100 Kelvin 
Laser Pyrolysis-Laser Fluorescence Measurement 

PAUL W. FAIRCHILD1, G R E G O R Y P. S M I T H , and DAVID R. C R O S L E Y 

SRI International, Menlo Park, C A 94025 

A laser pyrolysis/laser fluorescence apparatus has 
been used to measure the rate constant for the 
reaction of hydroxyl radicals with acetylene at 
temperatures near 1100K. A pulsed CO2 laser rapidly 
heats a mixture of SF6, N2, and H2O2, pyrolyzing the 
peroxide to form OH. The radicals are detected by 
laser-induced fluorescence, produced by a dye laser 
fired at a variable time delay following the infrared 
laser. Addition of C2H2 causes a decrease in the OH 
signal with time, permitting a measurement of the rate 
constant. At 1100 ± 50K a value of 3 x 10-13cm3sec-1 

was obtained, with no significant pressure dependence 
over the range 10-100 torr. A Troe-type calculation 
has been carried out for the pressure-dependent 
addition channel known to occur for this reaction at 
lower temperature, and shows a temperature dependence 
of the fall-off such that the rate channel should be 
slow at 1100K. Thus our results and these previous 
experiments are consistent, and a direct reaction 
channel important above 1000K is indicated. This 
combined temperature/pressure dependence must be 
included in combustion models incorporating detailed 
chemical kinetics. 

As e x e m p l i f i e d by s e v e r a l papers w i t h i n t h i s symposium, computer 
models of combustion p r o c e s s e s which i n c o r p o r a t e e x t e n s i v e and 
d e t a i l e d c h e m i c a l k i n e t i c s are now f e a s i b l e . Such c a l c u l a t i o n s 
are capable of t r e a t i n g systems v a r y i n g w i d e l y i n time 

1Current address: T R W , Space and Technology Group, Redondo Beach, CA 90278 

0097-6156/ 84/ 0249-0239506.00/ 0 
© 1984 American Chemical Society 
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240 CHEMISTRY OF COMBUSTION PROCESSES 

s c a l e - s t a b l e flames through d e t o n a t i o n s - and over a l a r g e range 
of temperature and p r e s s u r e . The i n p u t to these models c o n s i s t s 
of m e c h a n i s t i c and r a t e c o n s t a n t data f o r the r e a c t i o n s i n v o l v e d ; 
f o r at l e a s t some of the key r e a c t i o n s these r a t e c o n s t a n t s must 
be w e l l determined from independent experiments. P a r t i c u l a r l y 
i m p o r t a n t i s knowledge of the r a t e c o n s t a n t s at i n t e r m e d i a t e and 
h i g h temperatures and, i n cases where three-body a d d i t i o n 
mechanisms can c o n t r i b u t e , at v a r y i n g p r e s s u r e s at each tempera
t u r e . Simple e x t r a p o l a t i o n of room temperature v a l u e s i s o f t e n 
inadequate f o r these purposes, w h i l e measurements d i r e c t l y at h i g h 
temperatures, as i n flames themselves, are o f t e n c o m p l i c a t e d by 
the occurrence of o t h e r r e a c t i o n s as w e l l . 

We have developed a new technique of l a s e r p y r o l y s i s / l a s e r 
f l u o r e s c e n c e , or LP/LF (1_), designed to f u r n i s h d i r e c t measurement 
of r a t e c o n s t a n t s of r e a c t i o n s i n v o l v i n g f r e e r a d i c a l s at e l e v a t e d 
temperatures (800-1400K). A p u l s e d CO2 l a s e r i s used to heat a 
sample c o n t a i n i n g a p r e c u r s o r t h a t p y r o l y z e s to form r a d i c a l s . 
These r a d i c a l s are then d e t e c t e d u s i n g l a s e r - i n d u c e d f l u o r e s c e n c e 
( L I F ) . The measurement of the r a d i c a l removal r a t e s i n the 
presence of added r e a c t a n t then y i e l d s the r a t e c onstant f o r the 
s e l e c t e d c o n d i t i o n s of temperature (T) and p r e s s u r e ( P ) . 

In the present study we have a p p l i e d the LP/LF method to the 
measurement of the r a t e c onstant f o r the OH + C2H2 r e a c t i o n , at 
Τ ~ 1100K and Ρ between 10 and 100 t o r r . T h i s r e a c t i o n may be of 
c r u c i a l importance i n the mechanism of soot f o r m a t i o n , a t o p i c 
a l s o t r e a t e d i n s e v e r a l papers w i t h i n t h i s symposium. P r e v i o u s 
d i r e c t measurements have been performed i n the range Τ = 230 t o 
420K, where a d i s t i n c t p r e s s u r e dependence i n d i c a t e d the dominance 
of an a d d i t i o n mechanism. We f i n d l i t t l e or no p r e s s u r e 
dependence at the e l e v a t e d temperature and an o v e r a l l r a t e 
c o n s t a n t below the room temperature v a l u e . 

A t h e o r e t i c a l d e s c r i p t i o n of the a d d i t i o n r e a c t i o n , based on 
Troe's f o r m u l a t i o n (_2) of u n i m o l e c u l a r r e a c t i o n r a t e t h e o r y , has 
been c o n s t r u c t e d to address the q u e s t i o n of the c o n s i s t e n c y of our 
r e s u l t s and the e a r l i e r low temperature measurements. These 
c a l c u l a t i o n s show a d r a m a t i c combined temperature and p r e s s u r e 
dependence of t h i s r a t e c onstant which must be i n c l u d e d when t h i s 
r e a c t i o n i s i n c o r p o r a t e d i n t o models of combustion c h e m i s t r y . 
These r e s u l t s i l l u s t r a t e the need t o combine i n d i v i d u a l 
e x p e r i m e n t a l data w i t h a t h e o r e t i c a l overview i n order to o b t a i n a 
d e s c r i p t i o n v a l i d over the range of Τ and Ρ l i k e l y encountered i n 
combustion systems. 

Laser P y r o l y s i s / L a s e r F l u o r e s c e n c e 

The LP/LF t e c h n i q u e u t i l i z e s a p u l s e d CO2 l a s e r as the h e a t i n g 
source and a p u l s e d dye l a s e r , delayed i n time w i t h r e s p e c t to the 
CO2 l a s e r , as the probe l a s e r f o r d e t e c t i o n of the r a d i c a l s . The 
e x p e r i m e n t a l set-up i s shown i n F i g u r e 1. A gas m i x t u r e con
t a i n i n g an i n f r a r e d a b s o r b e r ( S F , ) , a bath gas (Ν«), a r a d i c a l 
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p r e c u r s o r (lUO/R^C^), and a r e a c t a n t (C2H2) f l o w s through the c e l l 
and i s i r r a d i a t e d by the CC>2 l a s e r . The SF^ absorbs the CC^ l a s e r 
r a d i a t i o n and c o l l i s i o n a l l y t r a n s f e r s t h i s energy to the 
sur r o u n d i n g gas. The temperature of the heated m i x t u r e i s chosen 
by the C0 2 l a s e r f l u e n c e and the SF^ p r e s s u r e used. Once heated, 
thermal decomposition of the p e r o x i d e produces h y d r o x y l 
r a d i c a l s . The frequency doubled dye l a s e r i s tuned to an absorp
t i o n l i n e of the OH ( t y p i c a l l y the l i n e f o r the (0,0) band of 
the Α^Σ +-Χ^η\ t r a n s i t i o n ) , p r o d u c i n g f l u o r e s c e n c e which i s 
d e t e c t e d through a s m a l l monochromator and averaged w i t h a gated 
boxcar i n t e g r a t o r . V a r i a t i o n of the de l a y between the l a s e r s 
p e r m i t s the r e l a t i v e OH d e n s i t y to be mapped as as f u n c t i o n of 
time f o l l o w i n g the i n i t i a l h e a t i n g p u l s e . By t u n i n g the dye l a s e r 
through a s e r i e s of r o t a t i o n a l a b s o r p t i o n l i n e s , the p o p u l a t i o n 
d i s t r i b u t i o n among ground s t a t e r o t a t i o n a l l e v e l s and hence the 
temperature can be determined at each d e l a y time. 

The dye l a s e r beam i s 2 mm i n diameter and the f l u o r e s c e n c e 
i s f o c u s s e d onto a 2 mm s l i t o r i e n t e d p e r p e n d i c u l a r to the beam. 
T h i s p r o v i d e s p o i n t - t y p e p r o b i n g of the heated gas, and per m i t s us 
to s e l e c t a p a r t i c u l a r s p a t i a l r e g i o n f o r pe r f o r m i n g the k i n e t i c s 
e xperiments. 

F o l l o w i n g the i n i t i a l h e a t i n g p u l s e , a s e r i e s of gas dynamic 
proceses take p l a c e , a l t e r i n g the environment i n the heated 
r e g i o n , which i s c y l i n d r i c a l w i t h a 1 cm diameter. A shock wave 
proceeds outward from the heated r e g i o n w h i l e a r a r e f a c t i o n 
(expansion) wave propagates inward. Upon r e a c h i n g the c e n t e r of 
the heated c y l i n d e r , t h i s e xpansion wave r e f l e c t s and proceeds 
outward; the net r e s u l t i s a two-stage c o o l i n g and an expansion of 
the heated gas. T h i s c o o l i n g process takes p l a c e i n ~ 30 μββο, 
t h a t i s , the t r a n s i t time f o r the expansion wave a c r o s s the heated 
r e g i o n at the speed of sound at the e l e v a t e d temperature. The 
t y p i c a l c o o l i n g of 200-300K e f f e c t i v e l y quenches the h i g h 
a c t i v a t i o n energy r a d i c a l p r o d u c t i o n r e a c t i o n . A f t e r t h i s t i m e , 
t h e r e c o n t i n u e to be minor r e f l e c t e d and r e f r a c t e d waves near the 
ce n t e r of the c e l l , but the d e n s i t y and temperature remain 
con s t a n t to w i t h i n about 5% over the 100 μsec time p e r i o d i n which 
the r e a c t i o n r a t e s are measured. F u r t h e r c o o l i n g occurs s l o w l y 
(< ΙΚ/μβθο) by thermal c o n d u c t i v i t y a c r o s s the i n t e r f a c e between 
the i n i t i a l l y heated and unheated r e g i o n s , but does not a f f e c t 
r e s u l t s on the time s c a l e of the present experiments. 

Although we d i r e c t l y measure the temperature i n each 
experiment, we must r e l y on a computer c a l c u l a t i o n (3) of the 
te m p e r a t u r e - d e n s i t y r e l a t i o n s h i p produced by the gas dynamic 
p r o c e s s e s . In o r d e r to v e r i f y t h a t the code i s p r o p e r l y 
d e s c r i b i n g the s i t u a t i o n , we have performed a s e r i e s of 
measurements of the OH d e n s i t y and temperature as a f u n c t i o n of 
time (_1_,_4)· In F i g u r e 2 i s shown the e v o l u t i o n of Τ f o l l o w i n g the 
CO2 l a s e r p u l s e f o r two d i f f e r e n t gas m i x t u r e s , pure SF^ and 
SF^ + In the l a t t e r c ase, which has a h i g h e r heat c a p a c i t y 
r a t i o , a l a r g e r c o o l i n g i s observed. These measurements, 
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F i g u r e 1. Schematic diagram o f the experiment. The time d e l a y 
A t i s a c t u a l l y c o n t r o l l e d by an e x t e r n a l c i r c u i t t h a t f i r e s t h e 
CO^ and YAG l a s e r s e q u e n t i a l l y . The f l u o r e s c e n c e i s f o c u s e d onto 
t h e s l i t o f a monochromator, d e t e c t e d by a p h o t o m u l t i p l i e r t u b e , 
and averaged -with a ga t e d b o x c a r i n t e g r a t o r . (Reproduced w i t h 
p e r m i s s i o n from Réf. 1. C o p y r i g h t 1 9 8 2 , The Combustion I n s t i t u t e . ) 

F i g u r e 2 . Measured temperature as a f u n c t i o n o f t i m e , at c e l l 
c e n t e r . C i r c l e s , 100 t o r r SFg o n l y , T

i n - + i a l
 = l^OOK. Note t h e 

low v a l u e o f y produces l e s s c o o l i n g by t h e expansion wave. Squares, 
100 t o r r SFg, 30 t o r r N 2 , T. ... = 1300K. (Reproduced w i t h 
p e r m i s s i o n from Réf. 1. C o p y r i g h t 1 9 8 2 , The Combustion I n s t i t u t e . ) 
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performed at the c e n t e r of the c e l l where the i n f l u e n c e of the gas 
dynamics and p o t e n t i a l f l u c t u a t i o n s are g r e a t e s t , a r e i n 
q u a l i t i t a t i v e agreement w i t h the code c a l c u l a t i o n s . In 
p a r t i c u l a r , the o v e r c o o l i n g of the m i x t u r e at about 20 μsec 
appears i n both the computation and the experiment. In F i g u r e 3 
i s shown the s i g n a l l e v e l as a f u n c t i o n of de l a y time at the 
ce n t e r of the c e l l . A narrow gate i s used on the boxcar so t h a t 
the s i g n a l i s p r o p o r t i o n a l to the OH d e n s i t y and i s u n a f f e c t e d by 
quenching c o l l i s i o n s (_4). The r i s e i n the f l u o r e s c e n c e r e f l e c t s 
the p r o d u c t i o n of OH from the p y r o l y s i s of the ̂ 0 2 * The s h o r t 
i n d u c t i o n time and l i n e a r r i s e of the OH s i g n a l i n d i c a t e s t h a t the 
deco m p o s i t i o n i s time-independent and t h a t the energy t r a n s f e r 
from the SF^ i s f a s t . T h i s has been v e r i f i e d i n subsequent 
experiments i n which the r o t a t i o n a l temperature of the OH measured 
by 1-1 and 0-0 e x c i t a t i o n a re found t o be the same, w i t h i n 
e x p e r i m e n t a l e r r o r . The s o l i d l i n e i n F i g . 3 shows the d e n s i t y 
p r o f i l e p r e d i c t e d by the code a t the c e n t e r of the c e l l . The 
d e c l i n e and f i n a l v a l u e , at times > 50 μββο, f o l l o w w e l l . The 
disagreement between computation and experiment f o r the 
o s c i l l a t i o n near 30 vsec i s caused at l e a s t p a r t i a l l y because the 
l a s e r beam averages over the c e n t r a l 20% of the c e l l , w h i l e the 
code p r e d i c t i o n s are f o r the exact c e n t e r , where such o s c i l l a t i o n s 
are most se v e r e . 

Halfway between the c e l l c e n t e r and the edge of the heated 
r e g i o n , the code p r e d i c t s o n l y minor o s c i l l a t i o n s and f l u c t u a t i o n s 
i n the d e n s i t y , and very l i t t l e i n i t i a l o v e r c o o l i n g . T h i s i s the 
r e g i o n chosen f o r the k i n e t i c s measurements. Confidence i n our 
a b i l i t y t o c o r r e c t l y p r e d i c t the d e n s i t y i n t h i s r e g i o n i s 
ob t a i n e d from the p r e v i o u s measurements (1) of the OH+CH^ r a t e 
c o n s t a n t between 800 and 1400K, which show, w i t h i n the s c a t t e r of 
i n d i v i d u a l p o i n t s of ±30%, very good agreement w i t h the v a l u e s 
expected from an e x t r a p o l a t i o n of r e s u l t s up to 1050K from o t h e r 
i n v e s t i g a t o r s . 

The r a t e c o n s t a n t s are then determined by measuring the time 
dependence of the OH d e n s i t y , f i r s t i n the absence and then i n the 
presence of a known amount of added r e a c t a n t . The measurements 
b e g i n a t 30-40 μββο d e l a y , a f t e r the expansion waves have 
s e t t l e d . From the l o g a r i t h m of the r a t i o v ersus time, the r a t e i s 
o b t a i n e d ; the s l o p e of these r a t e s vs the r e a c t a n t p r e s s u r e then 
f u r n i s h e s the r a t e c o n s t a n t f o r the g i v e n c o n d i t i o n s . Reactant 
c o n c e n t r a t i o n s are chosen l a r g e enough to e f f e c t an o b s e r v a b l e 
decay d u r i n g the 100 μβ measurement time i n t e r v a l , and are a l s o 
l a r g e enough compared t o OH to ensure t h a t p s e u d o - f i r s t - o r d e r 
k i n e t i c s i s v a l i d . 

One f e a t u r e of the LP/LF method i s the r a p i d h e a t i n g , 
compared to c o n v e n t i o n a l heated f l o w s . T h i s p e r m i t s r e a c t i o n s t o 
be measured under c o n d i t i o n s when one or another of the r e a c t i o n s 
might p y r o l y z e d u r i n g the much l o n g e r r e s i d e n c e times needed f o r 
t h e r m a l i z a t i o n i n a f l o w c e l l . On the othe r hand, the temperature 
(measured f o r each run by the r o t a t i o n a l e x c i t a t i o n scans) i s not 
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TIME (με) 

Figure 3 . Narrow gate experiment measuring the density of OH as a 
function of time after the C 0 2 heating pulse, at the center of the 
pyrolysis c e l l . Points, experimental res u l t s ; s o l i d l i n e , predic
tions from computer calculation; and dashed l i n e , pyrolysis rate of 
Ĥ Ô  at the i n i t i a l temperature. (Reproduced with permission from 
Ref. k. Copyright 1983 , Journal of Chemical Physics.) 
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known as a c c u r a t e l y as i n f l o w tubes; the p r e c i s i o n i s ± 50K here. 
T h i s does not c o n s t i t u t e a s i g n i f i c a n t source of e r r o r i n the 
prese n t experiments, where the temperature dependence of the 
r e a c t i o n r a t e i s g e n t l e , but may f o r ot h e r cases. A l s o , the 
subsequent thermal c o n d u c t i v i t y c o o l i n g l i m i t s the range of time 
over which measurements can be made. 

Ex p e r i m e n t a l r e s u l t s 

Data f o r the decay of the OH d e n s i t y f o r s e v e r a l p r e s s u r e s of C9H2 
at a p a r t i c u l a r Τ and Ρ are shown i n F i g . 4, as w e l l as the p l o t 
from which the r a t e c o n s t a n t f o r these c o n d i t i o n s i s determined. 
The s c a t t e r e x h i b i t e d i s i n accord w i t h our e s t i m a t e s of 10-20% 
r u n - t o - r u n e r r o r . A s e r i e s of such measurements was made f o r bath 
gas p r e s s u r e s r a n g i n g from 10 to 100 t o r r . T y p i c a l bath gas 
mix t u r e s c o n t a i n e d e q u a l amounts of N 2 and SF^. The r e s u l t s are 
g i v e n i n F i g . 5. As seen i n the f i g u r e , t h e r e are two s e t s a t 
Τ = 1070 ± 50K and 1180 ± 40K f o r which the r e s u l t s are 
i n d i s t i n g u i s h a b l e w i t h i n the e r r o r b a r s . The dashed l i n e i s a 
l e a s t - s q u a r e s f i t to the r a t e c o n s t a n t s as a f u n c t i o n of 
p r e s s u r e . The f i t t e d s l o p e i s c o n s i s t e n t w i t h no p r e s s u r e 
v a r i a t i o n , g i v e n the spread i n the r e s u l t s . We conclude t h a t at 
t h i s temperature, ~ 100K, the OH + ^2^2 r e a c t ^ o n *-s independent of 
pr e s s u r e and proceeds through a d i r e c t channel such as 
a b s t r a c t i o n . W i t h i n 2σ e r r o r b a r s , at l e a s t 65% of the r e a c t i o n 
proceeds by t h i s channel a t 100 t o r r . Assuming o n l y a p r e s s u r e 
independent mechanism, these r e s u l t s g i v e k =(2.6 ± 0.3) χ 10" 
cm3s~"* a t 1140K average temperature. 

P r e l i m i n a r y runs c a r r i e d out a t ~ 900K i n d i c a t e t h a t at t h i s 
c o o l e r temperature t h e r e does e x i s t a s i g n i f i c a n t p r e s s u r e -
dependent component ( 5 ) . The e r r o r bars shown i n F i g . 5 are 
average d e v i a t i o n s from the mean of the 3-5 measurements made at 
each Τ and Ρ u s i n g v a r i o u s £^2 P a r t i a l p r e s s u r e s . E r r o r 
e s t i m a t e s d e r i v e d from d a t a s c a t t e r , l a s e r f l u c t u a t i o n s (monitored 
at l e s s than 5%) and f l o w r e a d i n g a c c u r a c y , and u n c e r t a i n t i e s i n 
the d e n s i t y r e s u l t i n g from both e r r o r i n the temperature 
measurements and c o n f i d e n c e i n the code c a l c u l a t i o n s g i v e s i m i l a r 
v a l u e s . E r r o r e s t i m a t e s are d i s c u s s e d i n more d e t a i l i n R e f s . O , 
_4, and 5 ) . The s c a t t e r of the OH+CH^ r e s u l t s from expected v a l u e s 
agreed w e l l w i t h the e r r o r bars e s t i m a t e d s e p a r a t e l y i n t h i s 
way. The u n c e r t a i n t y of ~ 50K i n each temperature i s d i r e c t l y 
o b t a i n e d from the s c a t t e r i n the Boltzmann p l o t s used t o o b t a i n Τ 
from the r o t a t i o n a l p o p u l a t i o n s . 

D i s c u s s i o n 

The r e a c t i o n of OH w i t h C2H2 appears t o have two primary r e a c t i o n 
pathways. Measurements made i n the 230-430K temperature range (j6, 
_7_, 8) show an unambiguous p r e s s u r e dependence. Thus at these 
c o o l e r temperatures the r e a c t i o n i s dominated by an a d d i t i o n 
channel 
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—Ί 1 

k = 3.8 χ 10" 1 3 cm 3 sec" 

20 60 80 100 

t ^sec) 

Figure ha. Ratio of OH LIF signal with added C 2H 2 to that with no 
added CpH^ as a function of delay time after the C 0 2 laser pulse. 
Τ = 11TDK and Ρ Τ Ο τ = 32 t o r r . C i r c l e s , 1.02 t o r r C 2H 2; tr i a n g l e s , 
1.85 t o r r C 2H 2; squares, 2.27 t o r r C 2H 2; and diamonds, 2.53 t o r r 
^2^2 * 
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248 CHEMISTRY OF COMBUSTION PROCESSES 

OH + C 2H 2 Ρ DEPENDENCE 

0 20 40 60 80 100 
Ρ (torr) S F 6 + N 2 

Figure 5. Measured value of the OH + C^Hp rate constant as a func
t i o n of t o t a l pressure of SFg + N 2. C i r c l e s , l l 8 0 + UOK; and t r i 
angles, 1070 50K. Dashed l i n e i s a least-squares f i t to the 
rate constants. 
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14. FAIRCHILD ET AL. Reaction Rate of OH and C2H2 near 1100 Kelvin 249 

k i 
OH +C 2H 2 + M j C 2H 20H + M (1) 

£ 1 
— 1 * 

i n which the i n i t i a l l y e n e r g e t i c adduct C 2H 2OH i s s t a b i l i z e d by 
c o l l i s i o n w i t h some othe r m o l e c u l e . At h i g h e r temperatures the 
r e a c t i o n l i k e l y proceeds by a d i r e c t mechanism, p r o b a b l y 
a b s t r a c t i o n 

OH + C 2 H 2 C 2H + H 20 (2) 

al t h o u g h p r e v i o u s h i g h temperature measurements (9, 10) were made 
o n l y i n a fl a m e , each at a s i n g l e p r e s s u r e , and must be s t r i c t l y 
c o n s i d e r e d i n f e r e n t i a l r e g a r d i n g the r e a c t i o n channel and r a t e . 
The present e x p e r i m e n t a l r e s u l t s show c l e a r l y , however, t h a t a 
d i r e c t , pressure-independent channel i s the main one i n the 
neighborhood of HOOK. 

Our r e s u l t s taken t o g e t h e r w i t h these lower temperature 
measurements (6_, 7j 8) r a i s e q u e s t i o n s which we have attempted t o 
answer u s i n g u n i m o l e c u l a r and b i m o l e c u l a r r e a c t i o n r a t e t h e o r y . 
The f i r s t i s , s i m p l y , are the r e s u l t s at low and h i g h temperature 
c o n s i s t e n t ? F u r t h e r , what i s the expected b e h a v i o r i n the 
i n t e r m e d i a t e r e g i o n and under what c o n d i t i o n s does the d i r e c t or 
a d d i t i o n channel dominate? 

We have c a l c u l a t e d the a d d i t i o n channel r a t e c o n s t a n t u s i n g 
the RRKM approach t o u n i m o l e c u l a r r e a c t i o n r a t e t h e o r y , as 
fo r m u l a t e d by Troe (_2) to match RRKM r e s u l t s w i t h a s i m p l e r 
c o m p u t a t i o n a l approach. The p r e s s u r e dependence of the a d d i t i o n 
r e a c t i o n (1) can be s i m p l y d e c r i b e d by a Lindemann-Hinshelwood 
mechanism, w r i t t e n most c o n v e n i e n t l y i n the d i r e c t i o n of 
decomposition of the s t a b l e adduct : 

k 3 
C 2H 2OH + M + C 2H 2OH + M (3) 

C 2H 2OH* C 2 H 2 + OH (4) 

The * i n d i c a t e s a molecule h a v i n g s u f f i c i e n t energy f o r 
deco m p o s i t i o n . Then 

k - l " k_ 3[M] + k 4 " (1 + k 4 / k _ 3 [ M ] ) 
Ξ K U + k . / k 0 [ M ] ) _ 1 (5) 

and the r a t e c o n s t a n t f o r the a d d i t i o n r e a c t i o n i s g i v e n by 

k i = K 1 k _ 1 (6) 

where the a r e e q u i l i b r i u m c o n s t a n t s . Eqn. (5) p r o v i d e s an 
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inadequate d e s c r i p t i o n of the k i n e t i c s of r e a c t i o n ( 1 ) . The 
reason i s t h a t the r a t e c o n s t a n t s k_^ and k^, viewed 
m i c r o s c o p i c a l l y , depend on the energy of the hot adduct C2H2OH , 
and t h i s must be accounted f o r i n a proper d e s c r i p t i o n . Here l i e s 
a l s o the p h y s i c a l reason f o r the temperature dependence of the 
p r e s s u r e f a l l - o f f r e g i o n of the r a t e c o n s t a n t , t h a t i s , where the 
r e a c t i o n i s between second and t h i r d o r d e r o v e r a l l . At h i g h e r 
temperature, the C2H2OH w i l l span a l a r g e r range of energy and 
have a h i g h e r average energy. Thus r e a c t i o n (4) w i l l be f a s t e r 
w h i l e r e a c t i o n (3) w i l l r e q u i r e more c o l l i s i o n s t o s t a b i l i z e the 
more e n e r g e t i c adduct. 

The c o r r e c t approach i s the s u b j e c t of RRKM t h e o r y ; we use 
the c o m p u t a t i o n a l l y s i m p l e r procedure as g i v e n by Troe ( 2 ) . He 
w r i t e s k_^ i n the form of a c o r r e c t i o n t o the 
Lindemann-Hinshelwood e x p r e s s i o n 

l o g k e l - l o g [ k œ / ( l + k Q [ M ] ) ] 

+ l o g F T / [ 1 - { l o g i k ^ / k ^ M ] ) } 2 ] (7) 

The f a c t o r F T i s a m o d i f i c a t i o n of reduced K a s s e l i n t e g r a l s 
designed to r e p l i c a t e f u l l RRKM r e s u l t s and i s c a l c u l a b l e from 
known or e s t i m a t e d t h e r m o c h e m i c a l / s t r u c t u r a l p r o p e r t i e s of the 
adduct. k œ i s o b t a i n e d from t r a n s i t i o n s t a t e t h e o r y , u s i n g the 
p a r t i t i o n f u n c t i o n of the a c t i v a t e d complex and Ε , the b a r r i e r 
t o r e c o m b i n a t i o n . These a r e determined from the s i z e and the 
temperature dependence of the e x p e r i m e n t a l h i g h p r e s s u r e l i m i t i n g 
r a t e c o n s t a n t s . k Q i s g i v e n by an e x p r e s s i o n i n v o l v i n g a 
Lennard-Jones c o l l i s i o n r a t e c o n s t a n t , an i n t e g r a l i n v o l v i n g the 
d e n s i t y of s t a t e s f o r the adduct, approximated here by the 
procedure g i v e n i n ( 2 ) , and a parameter β which r e p r e s e n t s the 
e f f i c i e n c y of energy t r a n s f e r i n an average c o l l i s i o n between 
C 2H 2OH and M. 

The d e t a i l s of the c o m p u t a t i o n a l procedures are g i v e n i n ( 2 ) , 
and the c h o i c e of the parameters used i s d i s c u s s e d i n (5)· 
B r i e f l y , the adduct s t r u c t u r e i s e s t i m a t e d w i t h good c o n f i d e n c e by 
analogy t o s i m i l a r m o l e c u l e s , and Ε i s determined to be 1.2 
k c a l / m o l e , by the best f i t to the temperature dependence of k œ as 
determined by M i c h a e l et a l . (7) over the range 227-413K. The 
remai n i n g parameters which a r e then a d j u s t e d to produce the best 
f i t are the f r e q u e n c i e s of the CCO d e f o r m a t i o n and OH t o r s i o n mode 
of the adduct i n the t r a n s i t i o n s t a t e , the thermodynamic s t a b i l i t y 
of the adduct, and the v a l u e of β. The v a l u e s used f o r these 
parameters must be c o n s t r a i n e d to be p h y s i c a l l y r e a s o n a b l e . The 
f i n a l v a l u e s , 205 cm" 1 f o r each of the two v i b r a t i o n s , an adduct 
s t a b l e by 34 k c a l / m o l e , and an average energy t r a n s f e r r e d per 
c o l l i s i o n of 0.36 k c a l / m o l e , f u l f i l l t h i s c r i t e r i o n . 

The r e s u l t s of the f i t s are compared i n F i g . 6 w i t h the 
p r e s s u r e dependence of k. f o r the f i v e temperatures i n v e s t i g a t e d 
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0 100 200 
P, torr 

F i g u r e 6 . Rate c o n s t a n t d a t a o f Réf. 7 ( c i r c l e s ) and Ref. 6 ( t r i 
a n g l e s ) f o r t h e OH + Ο^Ά r e a c t i o n a t 2 2 8 K , 25TK, and 298K. The 
s o l i d l i n e i s a f i t t o t h e da t a o f Réf. 7 and t h e dashed l i n e i s a 
f i t t o the dat a o f Ref. 6 . See t e x t f o r d i s c u s s i o n o f the f i t t i n g 
p r ocedure. Marked on each p l o t i s t h e c a l c u l a t e d v a l u e o f k ^ , 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
24

9.
ch

01
4

In The Chemistry of Combustion Processes; Sloane, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



252 CHEMISTRY OF COMBUSTION PROCESSES 

by M i c h a e l e t a l . ( 7 ) . We c o n s i d e r the computed curves to be an 
e x c e l l e n t r e p r e s e n t a t i o n of the data over t h i s broad range. A l s o 
i n c l u d e d on F i g s . 6 and 7 are the r e s u l t s of P e r r y and W i l l i a m s o n 
(8) f o r two temperatures. T h e i r data are not f i t as w e l l , due 
l a r g e l y to the p o i n t s i n each case a t the two h i g h e s t p r e s s u r e s 
which do not conform to the g r a d u a l approach to k œ p r e d i c t e d by 
e x p r e s s i o n s (5) and ( 7 ) . The s i n g l e p o i n t of P a s t r a n a and Carr 
(11) at room temperature and 1 t o r r i s w i t h i n e x p e r i m e n t a l e r r o r 
of the val u e p r e d i c t e d by the f i t . 

W ith t h i s c o n f i d e n c e i n our t h e o r e t i c a l model of the p r e s s u r e 
dependence of the a d d i t i o n channel (1) f o r the OH + C2H2 r e a c t i o n 
up t o 420K, we may extend the c a l c u l a t i o n s t o h i g h e r 
temperature. The r e s u l t s are shown i n F i g . 8 f o r a p r e s s u r e of 
100 t o r r , the h i g h e s t a t t a i n e d i n the LP/LF experiments, and a 
pr e s s u r e of 760 t o r r , c o r r e s p o n d i n g t o an atmospheric p r e s s u r e 
flame. 

From F i g . 8 i t can be seen t h a t the a d d i t i o n channel may be 
expected to c o n t r i b u t e o n l y a minor p a r t of the o v e r a l l r e a c t i o n 
r a t e f o r the c o n d i t i o n s of our experiments performed at HOOK. 
Some p r e s s u r e dependence at 900K, as seen i n the p r e l i m i n a r y runs 
a t t h i s lower temperature ( 5 ) , i s a l s o i n accord w i t h the 
c a l c u l a t i o n . Thus the pres e n t r e s u l t s and those measured at lower 
temperatures (_6̂, _7_, 8) are c o n s i s t e n t . The p r e d i c t i o n s f o r the 
i n t e r m e d i a t e temperature r e g i o n may be used as a guide to the 
mo d e l l e r i n c l u d i n g t h i s r e a c t i o n i n a d e t a i l e d treatment of flame 
c h e m i s t r y . We emphasize, however, t h a t the c a l c u l a t i o n i s not a 
s u b s t i t u t e f o r a c c u r a t e e x p e r i m e n t a l d e t e r m i n a t i o n . The 
parameters on which i t r e l i e s , w h i l e r e a s o n a b l e , are based more on 
the h i g h p r e s s u r e end of the low-temperature data whereas the 
c r u c i a l r e g i o n f o r 1 atm and below i s much f u r t h e r i n t o the 
f a l l - o f f at h i g h e r temperatures. That i s , k (1 atm) depends on k œ 

at low temperature and k Q at h i g h temperature. (We a l s o note the 
the c a l c u l a t i o n s shown i n F i g . 8 correspond t o 100 t o r r N2 
p r e s s u r e , w h i l e the e x p e r i m e n t a l gas mix t u r e i n c l u d e s s i g n i f i c a n t 
amounts of a more e f f i c i e n t c o l l i d e r , SF^. Thus t h i s rough 
p r e d i c t i o n corresponds to lower e x p e r i m e n t a l p r e s s u r e , 
a p p r o x i m a t e l y 50 t o r r ) . 

A l s o i n c l u d e d on F i g . 8 i s the r a t e c o n s t a n t d e t e r m i n a t i o n 
f o r r e a c t i o n (2) i n a flame by Fenimore and Jones ( 9 ) . The l i n e 
drawn i n t h i s r e g i o n f o r the temperature dependence of the d i r e c t 
r e a c t i o n (2) corresponds to an A r r h e n i u s form. I t has a frequency 
f a c t o r 2 χ 1 0 " 1 1 cnr* s e c " 1 and a c t i v a t i o n energy of 9 k c a l / m o l e , 
e s t i m a t e d r e s p e c t i v e l y by the OH + CH^ A - f a c t o r and an e s t i m a t e of 
ΔΗ f o r r e a c t i o n (2) coupled w i t h a 2 kc a l / m o l e b a r r i e r . While 
t h i s forms a reasonable d e s c r i p t i o n of the two e x p e r i m e n t a l 
r e s u l t s , i t would be d e s i r a b l e to measure p o i n t s i n t e r m e d i a t e i n 
temperature. 

F i n a l l y , t h e r e are s e v e r a l q u e s t i o n s not addressed i n the 
present d i s c u s s i o n . One i s the z e r o - p r e s s u r e i n t e r c e p t at low 
temperature i n f e r r e d by M i c h a e l et a l . (7) and a t t r i b u t e d t o a 
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F i g u r e 7 . Same as F i g u r e 6 f o r 362K and 1+20K. 
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F i g u r e 8 . Log k v s . l / T p l o t f o r t h e OH + C p H p r e a c t i o n . T r i a n g l e s , 
100 t o r r v a l u e s o f Ref. 7 ; s q u a r e s , v a l u e s a t t h e h i g h e s t p r e s s u r e s 
o f Ref. 7; diamond, flame measurement o f Ref. 9 ; i n v e r t e d t r i a n g l e , 
flame measurement o f Ref. 1 0 ; c i r c l e , t h e average o f our t w e l v e 
e x p e r i m e n t a l p o i n t s . k^4" l i n e i s a t r a n s i t i o n s t a t e t h e o r y h i g h -
p r e s s u r e a d d i t i o n r a t e c o n s t a n t t h a t f i t s t h e d a t a o f Ref. 7 . The 
100 t o r r and 760 t o r r l i n e s are c o m p u t a t i o n a l f i t s t o the d a t a o f 
Ref. 7 a t t h e s e t o t a l p r e s s u r e s . The a b s t r a c t i o n k. l i n e i s drawn 
w i t h an A f a c t o r o f 2 χ 1 0 " 1 1 cm 3 s e c " 1 and Ε o f 9 K c a l / m o l . 
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rapid d irect rearrangement of the adduct to form ketene and 
Η-atom. Our f i t indicates the data of Ré f . Ç7) i s consistent with 
a standard addit ion process, Reactions (1,3 and 4), but do not 
demand the to ta l absence of ketene formation. The rate constant 
at 1 torr (11) suggests this does not occur to an appreciable 
degree, while molecular beam measurements (12) show ketene to be a 
d irect product at low pressure although i n undetermined 
quantity. Second, questions of thermal decomposition of the 
s t ab i l i z ed adduct at high temperatures reduce further the net 
contribution of the addit ion channel. Lifetimes under 30 μsec are 
predicted by the model for temperatures above 1000K at 100 t o r r . 
F i n a l l y the reverse of the d irect reaction (2) could affect 
measurements i n the presence of water vapor. These issues are 
discussed i n Ref. (5). 

Conclusions 

The LP/LF apparatus, developed for the study of bimolecular 
r a d i c a l reactions at elevated temperature, has been used for 
measurements of the OH + C2H2 react ion . At HOOK, this reaction 
i s independent of pressure, ind icat ing the primary channel i s a 
d irect route rather than addit ion to form an adduct. A 
Troe-based ca lcu la t ion has been performed for the addit ion 
mechanism, known to dominate at low temperature from the pressure 
dependence of previously measured rate constants between 230 and 
430K. 

The results of the ca lcu la t ion show a dramatic change i n the 
f a l l - o f f as temperature increases, and that the addit ion channel 
i s expected to be very slow at HOOK and 100 t o r r . For use i n 
computer models of combustion systems incorporating deta i led 
chemical k i n e t i c s , i t i s important that this combined 
pressure-temperature dependence be taken into account. This i s 
a l l the more essent ia l when a range of Τ and Ρ may be encountered 
during a given combustion process. 

These results i l l u s t r a t e the d e s i r a b i l i t y of combining 
experimental results with a theoret ica l overview i n chemical 
k ine t i c s invest igat ions . While the computations for the 
intermediate Τ, Ρ region are not a quantitat ive substitute for 
further experiments, they can provide a useful guide for the 
inc lus ion of this reaction i n combustion chemical networks. 
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15 
Measurement of the C2(α3Пu) and C2(X1Σ ) 
Disappearance Rates with O2 from 298 to 1300 Kelvin 

STEVEN L. BAUGHCUM and RICHARD C. OLDENBORG 
Chemistry Division, Los Alamos National Laboratory, Los Alamos, ΝM 87545 

The disappearance rates of C2(a3Пu, v=0, 1, and 
2) and C2 (X1Σ , v=0) in the presence of O2 have 
been measured over the 298-1300 Κ temperature 
range. The C2 is produced by multiple-photon 
dissociation of CF3CCCF3 at 193 nm and probed by 
laser-induced fluorescence. The disappearance 
rate of C2(a3Пu, v=0) as a function of tempera
ture can be extremely well represented by the 
Arrhenius expression k(T) = A exp (-E/RT), with 
A = 1.49 ± 0.03 x 10-11 cm3 molecule-1s-1 and Ε 
= 0.98 ± 0.02 kcal/mole. The quality of the fit 
over such a large temperature range provides a 
test of previously proposed models of the C2 
+ O2 system, which do not predict simple Arrhen
ius behavior. Our results are consistent with a 
model in which 1C2 and 3 C 2 are interconverted by 
O2 via a long range interaction and reaction 
occurs upon still closer approach, so that the 
identity of the initial state is lost before 
reaction occurs. Experiments with C2(X1Σ ) + O2 

are consistent with this model. 

Although radical-molecule reactions play an important role i n 
combustion, state-selected measurements of the reaction rate 
constants at high temperature have been made for only a few 
reactions. Data on the temperature dependence of ra d i c a l -
molecule reaction rate constants are v i t a l for assessing the 
importance of various reactions in combustion and similar high 
temperature processes and provide important insight into the 
details of the potential energy surfaces involved. Radicals 
which are el e c t r o n i c a l l y or vi b r a t i o n a l l y excited may react with 
different rates and produce different products compared to the 

0097-6156/ 84/0249-0257506.00/ 0 
© 1984 American Chemical Society 
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ground s t a t e r a d i c a l . Thus, i t i s i m p o r t a n t t o do s t a t e s e l e c 
t i v e measurements, where p o s s i b l e . 

D e t a i l e d r e a c t i o n mechanisms and k i n e t i c s are b e s t s t u d i e d 
i n an environment i n which s p e c i f i c r e a c t i o n s or sequences o f 
r e a c t i o n s can be i s o l a t e d . I n o r d e r t o conduct such s t u d i e s , we 
have c o n s t r u c t e d a c e l l i n which the temperature can be c o n t i n u 
o u s l y v a r i e d over the 298-1300 Κ temperature range. R a d i c a l s are 
produced by p h o t o l y s i s o f s u i t a b l e p r e c u r s o r s w i t h a p u l s e d r a r e 
g a s - h a l i d e excimer l a s e r and the r a d i c a l p o p u l a t i o n s probed by 
l a s e r - i n d u c e d f l u o r e s c e n c e ( L I F ) . L I F i s a p o w e r f u l t o o l f o r 
s t u d y i n g k i n e t i c p r o c e s s e s , s i n c e i t i s b o t h v e r y s e n s i t i v e and 
s t a t e s e l e c t i v e , a l l o w i n g the study o f r a d i c a l - m o l e c u l e r e a c t i o n s 
under pseudo f i r s t o r d e r c o n d i t i o n s . Furthermore, s i n c e s p a t i a l 
l y i t i s a p o i n t d i a g n o s t i c , h i g h temperature s t u d i e s can be done 
i n a r e l a t i v e l y s m a l l volume, which minimizes some of the e x p e r i 
mental d i f f i c u l t i e s a s s o c i a t e d w i t h the h i g h temperatures, p a r 
t i c u l a r l y t h ermal g r a d i e n t s . A v a r i e t y of i m p o r t a n t r a d i c a l s can 
be probed by L I F , i n c l u d i n g OH, HS, CH, C 2, C 3 and CH 30. 

Our i n i t i a l experiments have c e n t e r e d on the C 2 r a d i c a l , 
which i s known t o e x i s t i n h i g h c o n c e n t r a t i o n s i n flame and o t h e r 
combustion environments. The presence of a l o w - l y i n g e x c i t e d 
e l e c t r o n i c s t a t e ( a 3 ^ ) w i t h i n 610 cm" 1 of the ground s t a t e 
( X 1 ! * ) (1) r e q u i r e s t h a t k i n e t i c s t u d i e s be done on b o t h s t a t e s 
s i n c e b o t h w i l l be s i g n i f i c a n t l y p o p u l a t e d a t the temperatures of 
i n t e r e s t . The k i n e t i c s o f C 2 w i t h a v a r i e t y of r e a c t a n t s have 
been i n v e s t i g a t e d a t room temperature (2-7) and over the 300-
600 Κ temperature range (8-10). We chose to study the C 2 + 0 2 

r e a c t i o n as a t e s t of our apparatus and to f u r t h e r e v a l u a t e the 
model proposed by Mangir and coworkers (6) which p r e d i c t e d non-
A r r h e n i u s b e h a v i o r of the disappearance r a t e c o n s t a n t s . 

E x p e r i m e n t a l 

The h i g h temperature c e l l ( F i g u r e 1) i s based on a d e s i g n by 
F e l d e r and coworkers (1_1).. A c e n t r a l h i g h - p u r i t y alumina tube i s 
heated r e s i s t i v e l y i n two zones by P t / 4 0 % Rh r e s i s t a n c e w i r e . 
Thermal i n s u l a t i o n i s p r o v i d e d by an alumina heat s h i e l d s u r 
rounded by z i r c o n i a f i b e r i n s u l a t i o n , w i t h the whole assembly 
e n c l o s e d i n a w a t e r - c o o l e d b r a s s vacuum chamber. The temperature 
i s measured by thermocouples i n s e r t e d through 0 - r i n g s e a l s t o 
probe v a r i o u s r e g i o n s of the oven. The thermocouple outputs are 
sent t o a M i c r i c o n m i c r o p r o c e s s o r which a u t o m a t i c a l l y r e g u l a t e s 
the h e a t e r c u r r e n t . The r e a c t a n t and b u f f e r gases are i n t r o d u c e d 
a t the bottom o f the c e l l and are heated as they f l o w s l o w l y 
(~0.15 s£m) through the c e n t e r tube. A s m a l l amount of the r a d i 
c a l p r e c u r s o r i n a h e l i u m m i x t u r e i s i n t r o d u c e d v i a a water-
c o o l e d v a r i a b l e l e n g t h i n l e t system w i t h i n a few cm of the o p t i 
c a l p o r t s t o minimize p y r o l y s i s and p r e - r e a c t i o n problems. The 
p r e s s u r e i s measured w i t h a c a p a c i t a n c e manometer and gas 
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flows with calibrated Tylan mass flow meters. The gas flow i s 
s u f f i c i e n t l y fast to assure a fresh gas mix for each laser shot. 
At the pressures (20 torr) and flow conditions used, the thermal 
gradients i n the region probed were less than 1%. 

The photolysis laser i s a Lambda Physik EMG-102 rare gas-
halide excimer laser operating at 193 nm. The radical popula
tions are probed using either Quanta-Ray Nd:YAG laser-pumped dye 
lasers with non-linear mixing crystals where appropriate or a 
Molectron nitrogen-laser pumped dye laser. The excimer laser 
beam i s focused to a 3 x 3 mm beam and the probe lasers are 
combined using suitable dichroic mirrors to probe the center of 
this spot. The fluorescence i s imaged with a lens through a 
suitable d i e l e c t r i c f i l t e r onto the element of an RCA 31034A 
photomultiplier tube. The signal is amplified and processed with 
a PAR Model 162 boxcar averager. The output of the boxcar i s 
then sent to a computer for sophisticated data analysis. To 
measure the chemical lifetime of the radical, the time delay 
between the excimer laser and the probe laser i s scanned while 
monitoring the t o t a l fluorescence in the wavelength region of the 
band of interest. For spectral scans, the time delay is fixed 
and the dye laser i s scanned over the region of interest. 

The C 2 radical is produced by multiple-photon dissociation 
of CF3CCCF3 at 193 nm. Approximately 20 torr of helium i s used 
to t r a n s l a t i o n a l l y and rotationally equilibrate the C 2 with the 
bath gas. The dissociation produces both *C2 and 3 C 2 and a s i g 
n i f i c a n t amount of the 3 C 2 i s v i b r a t i o n a l l y excited. Our exper
iments indicate that at these pressures helium i s not effective 
at v i b r a t i o n a l l y quenching the 3 C 2 , although the rapid rotational 
thermalization i s clearly evident. For measurements of the 
reaction rates of C 2, 1-2 mtorr of C F 3 C C C F 3 i s used with 20 torr 
of 99.99% helium and 0-0.8 torr of 99.99% 0 2. 

The C 2 ( a 3 i l u , v=0) i s probed by excitation of the Swan bands 
(d 3n <- a 3n ) on the (0,0) band at 516 nm and the fluorescence 
from the (0,1) band monitored at 564 nm (I). Excited vibrations 
are probed either by excitation of the (v,v) band while moni
toring the (v,v+l) band or by excitation of the (v-l,v) band with 
observation of the ( v - l , v - l ) band fluorescence. C 2(X 1!^) was 
i n i t i a l l y monitored by excitation of the P h i l l i p s band system 
(A x n u <r χ*Σ*) on either the (4,0) band at 691 nm or the (3,0) 
band at 771 nm while monitoring either the (4,1) fluorescence at 
791 nm or the (3,1) fluorescence at 899 nm. Unfortunately, since 
this t r a n s i t i o n i s r e l a t i v e l y weak with a radiative lifetime of 
11 Ms (12) and i n the red, monitoring the *C 2 i s very d i f f i c u l t 
p a r t i c u l a r l y at high temperatures where blackbody radiation 
provides a s i g n i f i c a n t source of noise i n the experiments when 
monitoring red fluorescence. LIF probes i n which the fluor
escence i n the blue or u l t r a v i o l e t i s monitored are much more 
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useful for high temperature experiments. For 1C 2, the Mulliken 
bands (D 1! <- X 1! ) (1) would be ideal but the spectra arising 
from different vibrational states overlap badly. To surmount 
these d i f f i c u l t i e s , we have used double resonance LIF as the 
probe for C 2 ( X 1 I p . The (3,0) band of the A 1 ^ <- X1!* t r a n s i 
tion i s excited at 771 nm. F i f t y nanoseconds la t e r , a second 
laser excites the (2,3) band of the C 1Π <- A1!! t r a n s i t i o n at 

' g u 
404 nm and fluorescence i s monitored from the (2,1) band at 
359 nm. Since the radiative lifetime of the C state i s 
32 ns (13) the process i s very e f f i c i e n t and a much higher 
signal-to-noise ratio is obtained than with simple LIF on the 
P h i l l i p s band. Further details of this diagnostic w i l l be pre
sented elsewhere (14). 
Results 

The time behavior of the C 2(a 3FI u) population under typ i c a l condi
tions i s i l l u s t r a t e d i n Figure 2. The very fast rise occurs when 
the excimer laser f i r e s and the C 2 i s produced. There i s some 
early complicated time behavior followed by a much longer single 
exponential decay. The analysis of the long time behavior i s the 
goal of this paper. The more complicated analysis of the early 
time behavior, which depends on the reaction rate, c o l l i s i o n a l 
intersystem crossing rate, vibrational energy transfer rates, and 
the relati v e χ 0 2 / 3 0 2 quantum yields from the dissociation, w i l l 
be presented i n a later paper (140. 

A Stern-Volmer plot of the disappearance rate of C 2(a 3FI u, 
v=0) as a function of oxygen pressure at 886 Κ i s shown in 
Figure 3. The slope of this plot i s the reaction rate constant of 
C 2 ( a 3 n u , v=0) with 0 2 at 886 K. The quality of the f i t gives a 
good indication of the precision of the measurements. Plots of 
similar quality were obtained for the other temperatures studied. 

A logarithmic plot of the measured rate constants vs ^ for 
the f i r s t three vibrational levels of the a 3n state i s shown i n 

u 
Figure 4. The straight l i n e through the v=0 points is a f i t to 
the Arrhenius equation, k(T) = A exp (-E/RT) with A = 1.49 ± 0.03 
x 10" 1 1 cm3 molecule" 1 s" 1 and Ε = 0.98 ± 0.02 kcal/mole. As can 
be seen, the v=0 state i s very well represented by the Arrhenius 
expression. The excited vibrations do not exhibit Arrhenius 
behavior and the curves drawn through those points are simply for 
v i s u a l i z a t i o n of the data. At room temperature, the excited 
vibrational levels disappear rapidly upon c o l l i s i o n s with oxygen. 
At higher temperatures, the rates for the v=0, v=l, and v=2 
states seem to converge. The detailed analysis of the temporal 
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Figure 1. Diagram of the high-temperature c e l l . 

τ 

TIME (/is) 

ο 
Figure 2 . Typical time behavior of d a Ί τ ) with 0^ pressure = 
0 . 5 6 8 t o r r , helium pressure = 2 0 . 0 8 l t o r r , temperature = 886 K. 
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F i g u r e Log p l o t o f t h e measured disappearance r a t e c o n s t a n t s 
f o r C 2 ( a π α, ν = 0, 1, and 2) w i t h 0 2 v s . l / T . 
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b e h a v i o r o f the v=0 s t a t e supports the i d e a t h a t a t room tempera
t u r e v i b r a t i o n a l r e l a x a t i o n o f the e x c i t e d s t a t e s dominates the 
k i n e t i c s w h i l e a t h i g h e r temperatures the e x c i t e d v i b r a t i o n a l 
s t a t e s r e a c t w i t h v i b r a t i o n a l r e l a x a t i o n p l a y i n g a more minor 
r o l e . 

The data f o r the C 2 ( X 1 I ^ , v=0) s t a t e are p r e s e n t e d i n 
F i g u r e 5. The s t r a i g h t l i n e superimposed on the p l o t corresponds 
t o the r e s u l t s o f the A r r h e n i u s f i t o f the a 3 n (v=0) dat a . The 

u 
measured p o i n t s f a l l s l i g h t l y below the s t r a i g h t l i n e r e p r e 
s e n t i n g the a s t a t e d a t a . The reason f o r t h i s w i l l be d i s c u s s e d 
l a t e r . 
D i s c u s s i o n 

In the C 2 + 0 2 system, t h r e e b a s i c p r o c e s s e s can occu r : 

1 
C 2 + 0 2 • Pro d u c t s (1) 

3 C 2 + 0 2 — P r o d u c t s (2) 

k 
3 e 1 

C
2
 + ° r ~ * ^ C

2
 + °2 ( 3 ) 

^e 

The d i f f e r e n t i a l e q u a t i o n s f o r these p r o c e s s e s can be s o l v e d 
a n a l y t i c a l l y and the r e s u l t s have been p r e s e n t e d by Mangir and 
co-workers ( 6 ) . They s t u d i e d t h i s system a t room temperature and 
showed t h a t the i n t e r s y s t e m c r o s s i n g r a t e c o n s t a n t , k^ = 2.7 x 
1 0 - 1 1 cm 3 m o l e c u l e _ 1 s - 1 , was much f a s t e r than the observed r e a c 
t i o n r a t e c o n s t a n t . In t h a t case, the equ a t i o n s can be s i m p l i 
f i e d t o g i v e 

k- + K k Q 

kobs = Τ Γ Γ ( 4 ) 

where k Q ^ s i s the e x p e r i m e n t a l l y observed disappearance r a t e f o r 
both 1 C 2 and 3 C 2 and Κ i s the e q u i l i b r i u m c o n s t a n t , 

Κ = i ^ - = -f exp (-ΔΕ /RT) 
e g l J 
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0.5 1.0 1.5 2.0 2.5 3.0 3.5 

1/T χ 1 0 0 0 ( K " 1 ) 

Figure Log plot of the disappearance rate constant for 
C (Χ Σ , ν = 0) with 0 vs. l/T. The straight l y i e i s the result 
or the ganalysis of the Arrhenius f i t of the C (a π , ν = 0) data. 
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Δ Ε 1 3 i s the energy s e p a r a t i o n between the s i n g l e t and t r i p l e t 
s t a t e s , 610 cm" 1, and g 3 and g j are the degeneracies o f the 
t r i p l e t and s i n g l e t s t a t e s , r e s p e c t i v e l y . Over the temperature 
range of our stu d y , 298-1300 K, the e q u i l i b r i u m c o n s t a n t Κ v a r i e s 
from 0.32 t o 3.06. Thus, the temperature dependence of the 
observed disappearance r a t e c o n s t a n t i s expected t o be non-
A r r h e n i u s u n l e s s k1 = k 3, which as a f i r s t a p p r o x i m a t i o n seems 
u n l i k e l y . P r e v i o u s experiments (10) i n the 300-600 Κ range c o u l d 
not determine i f the data were A r r h e n i u s i n b e h a v i o r or not. Our 
data c l e a r l y shows t h a t the observed disappearance r a t e c o n s t a n t 
can be f i t e x t r e m e l y w e l l t o the form 

k(T) = A exp (-E/RT) (5) 

Th i s r e s u l t i m p l i e s t h a t kt = k 3. 
In t e r s y s t e m c r o s s i n g between 1 C 2 and 3 C 2 by c o l l i s i o n s w i t h 

oxygen i s s p i n a l l o w e d and a p p a r e n t l y e f f i c i e n t s i n c e the 
s i n g l e t - t r i p l e t s e p a r a t i o n i s o n l y 610 cm" 1. No r m a l l y , the 
ch e m i s t r y o f the s i n g l e t and t r i p l e t s t a t e s would be expected t o 
be v e r y d i f f e r e n t and the apparent r e s u l t t h a t k j = k 3 i s t h e r e 
f o r e somewhat s u r p r i s i n g . However, i f the s i n g l e t - t r i p l e t 
c r o s s i n g occurs a t lo n g i n t e r a c t i o n d i s t a n c e s between the C 2 and 
0 2 and i f r e a c t i o n then occurs upon c l o s e r approach, the i d e n t i t y 
of the i n i t i a l C 2 s t a t e would be l o s t . Under these c i r c u m 
s t a n c e s , the experiment would y i e l d kx = k 3 , s i n c e the s i n g l e t 
and t r i p l e t i n t e r a c t i o n s would be i n d i s t i n g u i s h a b l e from the 
k i n e t i c a n a l y s i s . An a n a l y s i s of the i n i t i a l p r o d u c t s o f the 
r e a c t i o n would be u s e f u l , but t h a t i s beyond the scope o f our 
experiments. A number of v e r y exothermic r e a c t i o n channels 
e x i s t ( 4 ) , but i d e n t i f i c a t i o n o f the i n i t i a l p r o d u c t s o f the r e 
a c t i o n i s v e r y d i f f i c u l t . The observed A r r h e n i u s b e h a v i o r may 
i n d i c a t e t h a t the major p r o d u c t channels do not change as the 
temperature i s r a i s e d . The o b s e r v a t i o n t h a t v i b r a t i o n a l e x c i 
t a t i o n o f the 3 C 2 does not s t r o n g l y a f f e c t the r e a c t i o n r a t e may 
i n d i c a t e t h a t the C 2 bond i s not broken d u r i n g the r e a c t i o n , 
i m p l y i n g C 20 as a p r o d u c t , but w i t h such a low b a r r i e r the e x i t 
channel o f the p o t e n t i a l s u r f a c e may be more im p o r t a n t i n d e t e r 
m i n i n g the r e a c t i o n p r o d u c t . 

Our a n a l y s i s (14) of the temporal b e h a v i o r o f the 1 C 2 and 
3 C 2 s i g n a l s a t room temperature and a t 900 Κ i n d i c a t e s t h a t the 
i n t e r s y s t e m c r o s s i n g r a t e slows down a t h i g h e r temperature. T h i s 
d e t a i l e d modeling i n d i c a t e s t h a t a t h i g h e r temperatures the 1 C 2 

disappearance r a t e i s a f f e c t e d by the i n t e r s y s t e m r a t e but the 
3 C 2 decay i s a s i n g l e e x p o n e n t i a l c o r r e s p o n d i n g t o the r e a c t i o n 
r a t e . T h i s e x p l a i n s why the 1 C 2 r a t e c o n s t a n t s show more s c a t t e r 
and l i e below the l i n e p r e d i c t e d by the 3 C 2 r e s u l t . The d e t a i l s 
of t h i s are c o m p l i c a t e d and w i l l be p r e s e n t e d l a t e r ( 1 4 ) . 
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266 CHEMISTRY OF COMBUSTION PROCESSES 

C o n c l u s i o n s 

We have demonstrated t h a t our apparatus can be used t o 
o b t a i n p r e c i s e k i n e t i c data over the 300-1300 Κ temperature 
range. These r e s u l t s w i t h C 2 + 0 2 suggest t h a t the s i n g l e t -
t r i p l e t i n t e r s y s t e m c r o s s i n g occurs a t l o n g range i n t e r a c t i o n s 
w i t h oxygen and t h a t r e a c t i o n must occur s u b s e q u e n t l y upon c l o s e r 
approach. These r e s u l t s c l e a r l y demonstrate t h a t k i n e t i c data 
over a wide temperature range can sometimes p r o v i d e a d d i t i o n a l 
i n s i g h t i n t o the p o t e n t i a l s u r f a c e s o f the r e a c t i o n . F u t u r e 
experiments are planned t o i n v e s t i g a t e the r e a c t i o n k i n e t i c s of 
o t h e r r a d i c a l s . 
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16 
Reaction of Carbon Monoxide with Oxygen Atoms 
from the Thermal Decomposition of Ozone 
Effect of Added Gases 

SIDNEY T O B Y , S H A I L E S H S H E T H , and FRINA S. TOBY 

Rutgers, The State University of New Jersey, Department of Chemistry, New Brunswick, 
NJ 08903 

The reaction between carbon monoxide and oxygen atoms 
produced by the thermal decomposition of ozone was 
studied i n the range 8 0 - 1 6 0 ° C . The chemiluminescence 
from CO2(1B2) was used to follow the course of the 
react ion . The effect of added carbon dioxide, 
tetrafluoromethane and oxygen on the k inet ics and 
chemiluminescence was invest igated. It i s concluded 
that there are simultaneous bimolecular and t h i r d body 
channels for the reaction of CO with 0-atoms to produce 
e l e c t r o n i c a l l y excited CO2. 

The react ion of oxygen atoms with carbon monoxide i s an important 
react ion i n many combustion systems. Although there i s an exten
s ive l i t e r a t u r e on this reaction (1) there i s disagreement and 
uncertainty on the molecularity of the react ion, on the k ine t i c 
parameters and on the mechanism of the chemiluminescence. We have 
investigated this reaction using 0-atoms from the thermal decompo
s i t i o n of ozone. This has advantages compared to systems where 
0-atoms are produced by a discharge through molecular oxygen. We 
have shown that this i s a feas ible system to study the reaction 
0 + CO providing that trace impurities are carefu l ly removed 
from the CO (2). We also described how k ine t i c data could be ob
tained from the chemiluminescence. The present work extends this 
approach and investigates the effect of added gases on the emitted 
in tens i ty so as to provide more information on the molecularity of 
the react ion. 

Experimental Section 

The experimental system has been described previously (2, 3) . A 
c y l i n d r i c a l quartz reaction vessel of volume 0.525L was situated 
i n a thermostatted oven and the ozone concentration was measured 
by absorption at 254nm. Other gas concentrations were measured by 

0097-6156/84/0249-0267$06.00/0 
© 1984 American Chemical Society 
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268 CHEMISTRY OF COMBUSTION PROCESSES 

diaphragm gauges and a MKS B a r a t r o n c a p a c i t a n c e manometer. Chemi
luminescence was measured by s h u t t e r i n g the m o n i t o r i n g beam and 
measuring the u n f i l t e r e d e m i s s i o n w i t h a 1P28 p h o t o m u l t i p l i e r . 
Ozone was made by p a s s i n g oxygen (Matheson U l t r a p u r e grade) 
t h r o u g h an o z o n i z e r and p e r f o r m i n g s e v e r a l f r e e z e - t h a w c y c l e s so 
t h a t the O2 c o u l d be pumped away. Carbon monoxide was used both 
from Matheson Research Grade P y r e x b u l b s and from commercial cy
l i n d e r s a f t e r b e i n g d i s t i l l e d a t -196°. I n both cases metal c a r -
b o n y l s are present as i m p u r i t i e s and were removed by the method 
descrobed by Stedraan jet al (4) u s i n g an i o d i n e / c h a r c o a l s p i r a l . 
Carbon d i o x i d e and t e t r a f l u o r o m e t h a n e were d i s t i l l e d from the 
commercial m a t e r i a l s . 

Computer s i m u l a t i o n of the k i n e t i c mechanism was c a r r i e d out 
u s i n g the program of Brown (5) on a D i g i t a l Equipment Corp. VAX 
780 computer. 

R e s u l t s 

As noted p r e v i o u s l y (2) runs c a r r i e d out i n the absence of a mod
e r a t o r gas tended t o be e r r a t i c , p r o b a b l y because of a v i b r a 
t i o n a l l y e x c i t e d c h a i n p r o p a g a t o r . Experiments were t h e r e f o r e 
c a r r i e d out i n the presence of added CO2, 02or CF4. 

Ozone decay p l o t s were pseudo f i r s t o r d e r w i t h c o r r e l a t i o n 
c o e f f i c i e n t s >0.99 and t y p i c a l examples are shown i n F i g u r e 1. 
The pseudo f i r s t o r d e r c o n s t a n t s were d i v i d e d by the t o t a l concen
t r a t i o n u s i n g e f f i c i e n c i e s g i v e n by Hampson (6) and the r e s u l t i n g 
second o r d e r c o n s t a n t s are g i v e n as k a i n Table I w i t h the e x p e r i 
m e n t a l c o n d i t i o n s . A l s o g i v e n i n Tab l e I are the r e l a t i v e e m i t t e d 
i n t e n s i t i e s measured by the u n f i l t e r e d p h o t o m u l t i p l i e r . I t was 
d i f f i c u l t t o measure i n t e n s i t y at the b e g i n n i n g of the experiments 
and the parameter Ιχ/2> the i n t e n s i t y when [O3] = [ 0 3 ]Q / 2 , i s used. 

D i s c u s s i o n 

When s u f f i c i e n t l y p u r i f i e d CO i s r e a c t e d w i t h O3 the r a t e law 
reduces to the si m p l e f i r s t o r d e r dependence expected from the 
sequence. 

0. + M — x 0 + 0 + M 
3 2 

0 + 0 3 2 0 2 

Under the c o n d i t i o n s of our experiments k2[03] » k _ i [Ο2ΠΜ] f o r 
v i r t u a l l y the e n t i r e run and assuming a steady s t a t e i n [0] y i e l d s 
-d [03]/dt = 2k i [ 0 3 ] [ M ] and t h i s pseudo f i r s t - o r d e r dependence i s 
seen i n F i g u r e 1. The l i t e r a t u r e v a l u e s (6) f o r 2 k j (M=C02 o r 
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16. TOBY ET AL. Reaction of Carbon Monoxide with Oxygen Atoms 269 

T a b l e I . Chemiluminescent I n t e n s i t i e s and Rate Constants from the 
R e a c t i o n of 0-atoms w i t h CO i n the Presence of Added 
Gases 

p(o3> P(C0) p(co 2) P(X) 1 /2 * k ,Μ -"^- 1 

a 
Τ Ο r r 

80°C 
0.25 8.08 0.8 0.75 1.43 
0.25 7.35 5.0 0.5 0.73 
0.25 7.40 23.0 0.7 0.29 

115°C 
0.25 5.76 1.0 2.2 3.05 
0.25 5.26 1.0 1.9 3.24 
0.25 5.74 1.0 5.1 6.34 
0.25 5.68 1.0 3.5 4.85 

150°C 
0.25 1.2 8.50 a 6.1 15.0 
0.25 1.2 8.48 7.4 15.9 
0.25 1.2 4.00 6.9 29.2 
0.25 1.2 4.0 6.2 25.5 
0.25 1.2 21.7 7.3 6.29 
0.25 1.2 1.51 5.25 30.2 
0.25 1.2 0.76 5.65 52.2 
0.25 1.2 0.76 6.3 54.3 
0.25 1.2 0.19 6.0 46.9 
0.25 1.2 1.56 6.05 39.7 
0.25 1.2 1.38 5.6 36.6 
0.25 1.2 4.24 4.8 17.0 
0.25 1.2 21.3 5.9 4.10 

160°C 

0.20 0.64 2.5 1.8 14.7 
0.20 0.64 2.5 1.65 10.4 
0.25 1.06 23.0 9.6 7.47 
0.40 1.06 5.0 4.1 8.51 
0.20 1.06 16.0 7.65 8.07 
0.25 1.00 5.0 4.0 10.2 
0.25 3.90 10.0 23.5 22.6 
0.25 2.77 10.0 14.2 13.7 
0.41 0.72 3.65 5.34b 3.42 8.68 
0.32 0.87 4.41 2.51 3.70 11.5 
0.46 0.59 3.00 8.20 2.88 5.29 
0.42 0.73 3.72 5.34 3.44 7.34 
0.22 0.65 2.96 8.50 2.60 1.29 4.83 
0.24 0.86 4.40 2.60 3.22 1.58 6.70 
0.24 0.54 2.75 9.50 2.44 1.30 4.25 
(a) At 150° X = CF^ (b) At 160° Χ Ξ 0 2 
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e q u i v a l e n t ) at 80, 115, 150 and 160° are 0.017, 0.32, 3.7 and 6.8 
M*"ls"l r e s p e c t i v e l y . These v a l u e s are approached at the h i g h e r 
v a l u e s of added gas and t h i s i s w e l l i l l u s t r a t e d i n F i g u r e 2 where 
the observed second o r d e r c o n s t a n t s are p l o t t e d a g a i n s t the p r e s 
s u r e of added CF4 from the d a t a i n Table I . C l e a r l y the thermal 
d e c o m p o s i t i o n of ozone i s approached at s u f f i c i e n t l y h i g h p r e s s u r e s 
o f d e a c t i v a t i n g gas. 

P r e v i o u s s i m u l a t i o n work (2) showed t h a t the k i n e t i c s of the 
r e a c t i o n of O3 w i t h impure CO c o u l d be d e s c r i b e d u s i n g an i n i t i a 
t i o n s t e p O3 + HX where HX i s a h y d r o g e n - c o n t a i n i n g i m p u r i t y . An 
e q u a l l y good and more r e a l i s t i c s i m u l a t i o n was o b t a i n e d by p o s t u l a 
t i n g a n i c k e l c a r b o n y l i m p u r i t y as the i n i t i a t o r and u s i n g the 
mechanism g i v e n by Stedman and Branch (4^ f o r the r e a c t i o n of O3 
w i t h n i c k e l c a r b o n y l . Of p a r t i c u l a r concern t o the p r e s e n t work 
i s the f a c t t h a t the r e a c t i o n of O3 w i t h c a r b o n y l s i s chemilumines-
cent from e x c i t e d metal o x i d e s and t h i s e m i s s i o n c o u l d i n t e r f e r e 
from t h a t a r i s i n g from 0 + CO hv. We sometimes found an e r r a t i c 
e m i s s i o n at the b e g i n n i n g of the experiments which then became 
r e p r o d u c i b l e as the run proceeded. Any e m i s s i o n from 
0 3 + Ni(C0)4 hv would f o l l o w the r a t e law 1 = k [O3] [ N i ( C 0 ) 4 ] 
and would be expected t o decay r a p i d l y because of the s m a l l i n i t i a l 
c o n c e n t r a t i o n of c a r b o n y l (<lppb ( 4 ) ) . On the o t h e r hand, e m i s s i o n 
from 0 + CO + hv shows a r e l a t i v e l y s m a l l time dependence when 
the 0-atoms are formed from O3 02) and thus use of the l\/2 
parameter s h o u l d e l i m i n a t e any i n t e r f e r e n c e from c a r b o n y l e m i s s i o n . 

The Mechanism 

We p o s t u l a t e s t e p s 1, - 1 , 2 and the f o l l o w i n g sequence which 
d i f f e r s from t h a t p r e v i o u s l y proposed (2) by the a d d i t i o n of 
s t e p 8: 

0 + CO 3 * 3 
C 0 2 ( J B 2 ) 

C 0 * ( 3 B 2 ) 4 C 0 2 ( 1 B 2 ) 

C 0 2 ( J B 2 ) + M 5 — 

C O ^ ^ ) C0 2 + hv 

C 0 2 ( A B 2 ) + M 7 

0 + CO + M C0 2 ( X B 2 ) + M 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
24

9.
ch

01
6

In The Chemistry of Combustion Processes; Sloane, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



16. TOBY ET AL. Reaction of Carbon Monoxide with Oxygen Atoms 271 

on ο 
3 
Η 

- 1 . 1 5 

- 1 . 2 8 

- 1 . 2 5 . 

- 1 . 3 0 . 

- 1 . 3 5 
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t i m e , s 
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F i g u r e 1 . T y p i c a l ozone decay p l o t s a t ΐ 6 θ . P(C0) = 1 .06 t o r r , 
P(0 ) = 0 . 2 5 t o r r , P ( C 0 2 ) = 2 . 5 ( c i r c l e s ) , 100 ( t r i a n g l e s ) , and 
23 f s q u a r e s ) . 

F i g u r e 2 . E f f e c t o f added CF^ on measured ozone decay c o n s t a n t a t 
1 5 0 ° . The dashed l i n e i s t h e l i t e r a t u r e v a l u e o f 2 ^ . 
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Ta k i n g steady s t a t e s i n i n t e r m e d i a t e c o n c e n t r a t i o n s (which was 
v e r i f i e d by computer s i m u l a t i o n ) and s i n c e n e a r l y a l l the 0-atoms 
d i s a p p e a r v i a s t e p 2 we o b t a i n f o r the e m i s s i o n i n t e n s i t y : 

I k x k 6 [ C 0 ] [M] <k 3 k^ + k Q [M] (k^ + k 5 [M])) (1) 

k 2 ( \ + k 5 [ M ] ) ( k 6 + k 7 [ M l ) 

E q u a t i o n (1) p r e d i c t s t h a t I « [CO] at const a n t [M] as p r e v i o u s l y 
found ( 2 ) . We now assume t h a t ky[M] » kfr and t h a t k5[M] « k4 
t o o b t a i n : 

I k i k
6

( k 3 + k
8
 [ M l ) ( 2 ) 

[CO] k 2 k ? 

E q u a t i o n (2) i s t e s t e d i n F i g u r e 3 and shows the expected l i n e a r i t y 
o f 1/[CO] i n [M] w i t h s l o p e s and i n t e r c e p t s which i n c r e a s e w i t h 
temperature. F i g u r e 3 c o n t a i n s the d a t a i n Table I (except f o r the 
runs w i t h added CF4) and d a t a from p r e v i o u s work ( 2 ) . The s l o p e s 
and i n t e r c e p t s from F i g u r e 3 a r e l i s t e d i n Table I I and F i g u r e 4. 

T a b l e I I . Slopes and I n t e r c e p t s from F i g u r e 3. 

Temp °C Slope 

nA K " 2 x l 0 ~ 8 

I n t e r c e p t 

nA M^xKT 1* 

C o r r e l a t i o n 
c o e f f t . 

80 0.20 _ 

115 - 1.6 -
132 0.46 1.5 0.943 

150 1.2 4.2 0.952 

160 2.4 4.7 0.988 

U t i l i z i n g E q u a t i o n (2) an A r r h e n i u s p l o t of these d a t a g i v e s 
l n ( k 1 k 6 k 8 k 2 " 1 k y ' V n A M~2) = 42.7 -20.2/RT and l n 
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Θ.00 0.50 1.00 

Μ , Μ χ E3 

F i g u r e 3 . P l o t o f I , /(CO) v s . (Μ.) l 6 0 ° , t r i a n g l e s , 0 added. 
Data from R e f . Q 2 are a t l 6 0 ° ( s q u a r e s ) , 1 5 0 ° (diamonds), 1 3 2 ° 
( s q u a r e s ) , 115 ( u n f i l l e d t r i a n g l e s ) , and 80° ( u n f i l l e d c i r c l e s ) . 
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F i g u r e h. A r r h e n i u s p l o t o f s l o p e s and i n t e r c e p t s from F i g u r e 3.  P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
24

9.
ch

01
6

In The Chemistry of Combustion Processes; Sloane, T.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



16. TOBY ET AL. Reaction of Carbon Monoxide with Oxygen Atoms 275 

(k 1 k 3 k 6 k 2 " 1 k 7" 1/nA VTl) - 24.6-11.8/RT where R i s i n k c a l mole" 1 

Κ"*· We cannot o b t a i n a b s o l u t e v a l u e s of χ which i s dependent on 
the geometry of our system, but combining the A r r h e n i u s l i n e s g i v e s 
w i t h e s t i m a t e d e r r o r s l n (ksk3'l/lfl) = 18.1 ± 2.2 -(8.4 + l . D / R T . 
Combining t h i s w i t h the v a l u e of k3 o b t a i n e d p r e v i o u s l y (2) g i v e s 
l n ( k 8 / M ~ 2 S" 1) = 33.7 ± 2.2 -(11 . 6 + l . D / R T . T e r m o l e c u l a r 
r e a c t i o n s i n v o l v i n g 0-atoms have n e g a t i v e temperature c o e f f i c i e n t s 
except f o r the r e a c t i o n s w i t h N 2, SO2, and CO which have p o s i t i v e 
a c t i v a t i o n e n e r g i e s . We may compare r e a c t i o n 8 w i t h the i s o e l e c 
t r o n i c r e a c t i o n 0 + N 2 + M — N 2 0 + M f o r which the r e p o r t e d 
a c t i v a t i o n energy i s 10.4 k c a l m o l e - 1 (60. 

A p o t e n t i a l energy diagram f o r the lower e x c i t e d s t a t e s of 
C0 2 has been g i v e n by P r a v i l o v and Smirnova (7) who have summarized 
the r e c e n t l i t e r a t u r e on the r e a c t i o n of 0-atoms w i t h CO. They 
have p o i n t e d out the c o m p l i c a t i o n s r e s u l t i n g from i m p u r i t i e s and 
heterogeneous e f f e c t s on t h i s system. 

We conclude t h a t the thermal d e c o m p o s i t i o n of O3 i s a u s e f u l 
s o u r c e of 0-atoms p r o v i d i n g t h a t O3 does not r e a c t a p p r e c i a b l y w i t h 
t h e s u b s t r a t e . I n the case of the r e a c t i o n w i t h CO t r a c e s of 
c a r b o n y l i m p u r i t y c o m p l i c a t e the k i n e t i c s and chemiluminescence, 
e s p e c i a l l y at the lower temperatures. These c o m p l e x i t i e s can be 
overcome and our r e s u l t s i n d i c a t e t h a t t h e r e a r e simultaneous 
b i m o l e c u l a r and t h i r d body channels f o r the r e a c t i o n of 0-atoms 
w i t h CO. T h i s may account f o r the d i s c o r d a n t l i t e r a t u r e f o r t h i s 
r e a c t i o n . 
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C e l l size and 
detonation, 139-40,154,155t,180-83 

Chemical-acoustic coupling, 151-54 
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and carbon monoxide reaction with 
oxygen atoms, 268-71 
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Combustion 
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methane-air fuel mixture in a con

stant volume chamber, 196-201 
prediction, 133-37 
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and acetylene pressure, 245,246f 
and ethylene concentration, 232,234f 
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pseudo f i r s t - o r d e r , 230 

Decomposition 
of ozone, thermal, 267-75 
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unimolecular theory, 82-85 
Deflagration to detonation, 142-46 
Density of soot particles i n ethylene-

oxygen-argon flame, 24,25f 
Density-temperature relationship, 241 
Detection 

of laser-induced 
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time-of-flight, molecular 
beam, 206-8 

Detonation 
and c e l l 

s i z e, 139-40,154,155t,180-83 
and deflagration, 142-46 
and flame acceleration, 119 
of hydrocarbon fuels and equivalence 

r a t i o , 139-40 
kine t i c factors, 154,155t,175-90 
i n i t i a t i o n and propagation, 157-72 
l i m i t s and induction length, 180-90 
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Dicyclopentadiene, formation of 
cyclopentadienyl cations, 60t 

D i f f e r e n t i a l overlap—See INDO or 
MINDO 

Diffusion processes in i g n i t i o n and 
propagation of detonations, 151-72 

Diffusive transport of ions and con
centration equation, 35-36 

Dimethylenecyclopropenylium 
isomer, 57,58f,62,64f 

Disappearance rates of C2 with oxygen, 
equilibrium constants, 263-66 

Dissociation of ions 
in ammonia flame, rate 

constants, 82-84 
CF3CCCF3, multiple-photon, 257-66 
C3K3, 52-58 
C 5 H 5 , 57-63 
C 6 H 5 , 56-58 
H2NO, 111-12 

Distance vs. flame speed in hydrogen-
a i r flames, 123-26 

Doped methane flames 
ammonia, 9 6 - 9 8 

nitrogen oxide, 96,97-98 
Double-focusing, reversed-geometry, 

mass spectrometer, 49-65 
Dye laser, v i s i b l e , second harmonic 

generation, 228t 
Dynamics, f l u i d , i g n i t i o n and propaga

tion of detonations, 151-72 

Ε 

E l e c t r i c spark i g n i t i o n for different 
fuel mixtures, 206-21 

E l e c t r i c a l c i r c u i t r y , plasma jet 
i g n i t i o n , 196-99 

Electrodes, spark, and flame 
propagation, 216-21 

Electron correlation effects and 
fourth-order Moller-Plesset 
perturba- tion theory, 104-5 

Electron microscopy, molecular beam, 
for ion concentration 
p r o f i l e s , 43-44 

Electrostatic probe, Langmuir, 35-46 
Energy 

activation, 112-13 
bond, NH2-02, 105-8 
i n i t i a t i o n of detonation and c e l l 

size, 139-46 
i n i t i a t i o n of detonation, 185-86 
t o t a l , using Hartree-Fock 

theory, 104-5 
Energy levels—See INDO or MINDO 
Engines 

and plasma jet ig n i t e r s , 199-203 
single-cylinder, 199-201 

Equilibrium, ion, in ammonia 
flames, 76t 

Equilibrium constant for disappearance 
rates of Co radicals, 263 

Equivalence r a t i o 
ammonia flame 

1.28, hydroxide rotational 
temperature, 72,74f 

1.50, ion p r o f i l e s , 77,80f 
and fuel detonation, 139-40 
and fuel detonation k i n e t i c s , 178-90 
and nitrogen oxide 

concentration, 93,94f 
and reactant and radical 

formation, 212-21 
near soot threshold, t o t a l ion 

concentration, 33-46 
Ethane 

detonation, k i n e t i c s , 176-90 
reaction with hydroxyl 

r a d i c a l , 230-36 
Ethane-air fuel mixtures, 185-88 
Ethylene 

and aromatic species 
formation, 16-20 

detonation, k i n e t i c s , 176-90 
reaction with hydroxyl 

r a d i c a l , 230-36 
reactions with cyclopentadienyl 

cations, rate 
coef f i c i e n t s , 59t,60t , 6 l t 

Ethylene fuel mixtures 
a i r , 188-89 
a i r , flame speeds, 127-33 
helium, 232,234f 
oxygen-argon, mechanism for growth 

of soot p a r t i c l e s , 23-31 
Excitation 

of Swan bands, to get C 2 , 259 
rotati o n a l , hydroxide ion i n ammonia 

flame, 75-77 
F 

Faraday cage, molecular beam, 41,43-44 
First-order rate constant, acetylene 

to soot, 28-30 
Flame acceleration 

See also Flame speed 
propagation and spark 

electrodes, 2 1 6 - 2 1 
simulation, 133-37 
turbulence and detonation 

parameters, 119,121-33,163-70 
Flame obstacles 

baffle plate, 134 
o r i f i c e plate, 123-33,135f 
Shchelkhin s p i r a l , 123-33 

Flame sampling apparatus, 4-5,7f 
Flame sampling mass spectrometer 

technique for ion p r o f i l e s , 4l,42f 
Flame speed 

acetylene-air flame, 127-33 
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Flame speed—Continued 
ammonia-oxygen f u e l , 91 
deflagration to detonation, 142 
vs. distance for hydrogen-air 

flames, 123-26 
Flames 

acetylene-air 
deflagration to detonation, 142-46 
speed, 127-33 

acetylene-oxygen, ion concentrations 
near soot threshold, 33-46 

ammonia 
ion dissociation k i n e t i c s , 82-84 
ion equilibrium, 76t 
ion formation k i n e t i c s , 71-85 
nitrogen oxide and nitrogen gas 

formation, 90,93-95 
and oxygen 

flame speeds, 91 
p r o f i l e s , 91 

rotational excitation of hydroxide 
ion, 75-77 

benzene, C6H5 cation structures and 
r e a c t i v i t y , 56-57 

1,3-butadiene-oxygen-argon, near 
soot threshold, temperature 
p r o f i l e , 5-7 

ethylene-oxygen-argon, mechanism for 
soot p a r t i c l e growth, 23-31 

hydrogen-air 
deflagration to detonation, 142-46 
flame speed vs. distance, 123-26 

methane-air, nitrogen oxide 
concentrations, 95-98 

nonsooting, ion concentration, 39,41 
Flow structure of f u e l , 

turbulent, 133-37,122-23 
Fluid dynamics, i g n i t i o n and propaga

tion of detonations, 151-72 
Fluorescence detection, laser-

induced, 55 
in ammonia flames, 72,73f 
in ethane-air, 185-88 
in ethylene-air, 188-89 
with laser photolysis, 225-36 
with laser pyrolysis, 239-55 
with multiple photon dissociation of 

C F 3 C C C F 3 , 257-66 
F o i l , smoked, and detonation c e l l 

s i z e, 139-40 
Formation 

hydroxide, 111-13 
of nitrogen oxide and nitrogen gas 

ammonia oxidation, k i n e t i c s , 
87-100 
heats, 103-13 

Free radicals, 
UV-absorbing, 226,227f,229f 

Fuel-air mixtures 
detonation parameters, 119,137-48 

Fuel-air mixtures—Continued 
ethane-air, 185-88 
ethylene-air, 188-89 
methane-air, 196-201 

Fuel mixtures 
deflagration to detonation, 142-46 
detonation, equivalence 

r a t i o , 139-40 
for e l e c t r i c spark i g n i t i o n , 206-21 
ethylene-helium, 232,234f 
flame speed and o r i f i c e 

obstacles, 119-33 
flow structure, 133-37 
flow structure, transmissible, i n 

unburned f u e l , 122-23 
hydrogen-oxygen, 154-59 

Fuel oxidation 
hydrogen and hydrocarbon, 185-90 
induction lengths of mixtures, 181f 
ki n e t i c s , 176-78 

G 

Gas temperature p r o f i l e 
calculation, 5-6 

Gas mixtures, ethylene/HC, 232,234f 
Gases, effect on ozone decay constant, 

methane and oxygen, 268-71 
Gaseous detonations, ki n e t i c 

factors, 175-90 
Geometries of C5H5 isomers, 62 
Growth of soot p a r t i c l e s i n premixed 

flames, quantitative 
mechanism, 23-31 

H 

Hartree-Fock theory, t o t a l energy 
computations, 104-5 

Heat, s p e c i f i c , of single cylinder 
test engine, 200 

Heat release, effect on amplitude and 
phase of sound wave, 153f 

Heats of formation, 103-13 
Helium-ethylene gas mixtures, 232,234f 
High-temperature c e l l for pyrolysis, 

design, 258,26lf 
Hot spots, 154 
Hydrocarbon formation, mole fraction 

and flux p r o f i l e s i n near sooting 
1,3-butadiene flame, 6,8-13 

Hydrocarbon fuels 
deflagration to detonation, 142-46 
detonation, equivalence 

r a t i o , 139-40 
flame speed and o r i f i c e 

obstacles, 1 1 9 - 3 3 
oxidation, 185-90 

Hydrocarbon f u e l - a i r mixture, 
detonations, 137-48 
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Hydrocarbon ions i n soot formation, 
r e a c t i v i t i e s and structures, 49-65 

Hydrogen atom abstraction 
route, 230-36 

Hydrogen atom signal, e l e c t r i c spark 
i g n i t i o n , 212,215f,220-21 

Hydrogen gas 
detonation k i n e t i c s , 176-90 
oxidation, 185-90 
mole fraction and flux p r o f i l e s i n 

near sooting 1,3-butadiene 
flame, 6,8-13 

Hydrogen-air flames 
deflagration to detonation, 142-46 
speed, 127-33 
speed vs. distance, 123-26 

Hydrogen-oxygen f u e l , shock 
propagation, 154-58 

Hydrogen-oxygen-argon model 
flame acceleration and 

turbulence, 163-70 
kinetic factors and detonation c e l l 

sizes, 154,155t 
sound wave perturbations, 154,155t 

Hydroxide ion 
formation, 111-13 

i n ammonia flames, 71-85 
rotational excitation, 75-77 
rotational temperature, 72,74f 

in 1,3-butadiene flame, mole 
fraction and flux 
p r o f i l e s , 6,8-13 

reactions 
with acetylene, 241-54 
with ethane and ethylene, 230-36 

I 

Ignition 
e l e c t r i c spark for different fuel 

mixtures, 206-21 
and perturbation waves, 241 
plasma jet 

ig n i t e r s , 196-99 
spec i f i c heat r a t i o , 200 

shock to detonation 
t r a n s i t i o n , 154-57 

shock tube, of propane, 176-78 
Indene, rate coefficients for reac

tions with cyclopropenyl and 
cyclopentadienyl 
cations, 54t,59t,60t,61t 

INDO (intermediate neglect of d i f 
f e r e n t i a l overlap), cyclopropenyl 
and cyclopentadienyl 
cations, 55-56,61-63 

Induction delay for methane-air mix
ture i n a constant volume 
chamber, 196,198f 

Induction length and detonation 
l i m i t s , 180-90 

Inhibitors of detonation, 186-90 
I n i t i a t i o n and propagation i n 

detonations, 157-72 
I n i t i a t i o n energy and detonation c e l l 

s i z e, 139-46 
Intensity d i s t r i b u t i o n of ions i n 

flame, 55 
Intermediate neglect of d i f f e r e n t i a l 

overlap—See INDO 
Ion cyclotron resonance mass 

spectrometry, reactions of 
hydrocarbon ions, 51-63 

Ion probe, Langmuir, 35-46 
Ionic mechanism of soot 

nucleation, 33,45-46 
Ions 

in acetylene-oxygen flames near soot 
threshold, 33-46 

in ammonia flames 
dissociation, rate 

constants, 82-84 
equilibrium, 76t 
formation i n ammonia flame, 

kinetic modeling, 77-82 
diffusive transport, 35-36 
hydrocarbon, structure and reac

t i v i t y i n soot formation, 35 
cyclopropenylium, 52-56 
intensity d i s t r i b u t i o n i n 

flame, 55 
phenylium, 56-57 
propargylium, 52-56 

masses and transport 
properties, 36-38 

IR absorber, 240-41 
Isomers of hydrocarbon cations 

C 3 H 3 , 52-58 
C 5H 5, 57-63 
C 6H 5, 5 6 - 5 8 

J 

Jet of a i r , surface, I69f 
Jet i g n i t i o n , plasma, 193-203 

Κ 

Kelvin-Helmholtz i n s t a b i l i t y , surface 
of a round jet of a i r , I69f 

Kinetics 
of acetylene to soot, apparent 

firs t - o r d e r rate constant, 28-30 
of ammonia combustion, 87-100 
of aromatic species formation i n 

near-sooting 1,3-butadiene-oxygen-
argon flame, 14-20 

of carbon monoxide reaction with 
oxygen atoms, 268-75 

of carbon radical C2 disappearance 
rates with oxygen, 257-66 

and detonation c e l l sizes, 154,155t 
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Kinetics—Continued 
of fuel oxidation, iYb-γΰ 
of gaseous detonations, 175-90 
of hydrocarbon ion, 49-65 
of hydroxyl reaction 

with acetylene, 239-55 
with ethylene, 232,232f 

of i g n i t i o n and propagation of 
detonations, 151-72 

of ion dissociation i n ammonia 
flames, 82-84 

of ion formation i n ammonia 
flame, 77-82 

by laser photolysis/laser-induced 
fluorescence, 225-36 

L 

Lagrangian technique with automatic 
zone restructuring, I68f 

Langmuir probe, ion concentrations i n 
acetylene-oxygen flame near soot 
threshold, 36-46 

Laser absorption i n ammonia 
flames, 72,73f 

Laser fluorescence 
C 2 radical reactions with 

oxygen, 260-66 
nitrogen chemistry i n ammonia 

flames, 72,73f 
Laser photolysis, 259 
Laser photolysis/laser fluorescence of 

hydroxyl reactions, 225-36 
Laser pyrolysis/laser fluorescence of 

hydroxyl reaction with 
acetylene, 239-55 

Lasers, v i s i b l e dye, second harmonic 
generation, 228t 

M 

Mass spectrometer, 4-5,7f 
Mass spectrometry 

reversed-geometry double-
focusing, 49-65 

t r i p l e quadrupole, 49-65 
flame sampling for ion 

p r o f i l e s , 4l,42f 
ion cyclotron resonance, 51-63 
time-resolved molecular 

beam, 206-8,210-16 
Masses of ions and transport 

properties, 36-38 
Methane 

and e l e c t r i c spark 
i g n i t i o n , 212-14,220-21 

detonation kinetics 176-90 
and ozone decay constant, 268-71 
reactions with cyclopentadienyl 

cations, rate 
c o e f f i c i e n t s , 59t.60t.6lt 

Methane-air fuel 
combustion i n a constant volume 

chamber, 199-201 
flame speeds, 127-33 

Methanol detonations, k i n e t i c s , 176-90 
Methyl radicals, e l e c t r i c spark 

i g n i t i o n , 216-18 
Methylenecyclobutenylium 

isomer, 57,58f,62,64f 
Methylnaphthalene, rate coefficients 

for reactions with cyclopropenyl 
and cyclopentadienyl 
cations, 54t,59t,60t , 6 1t 

MIKES-CID in reverse-geometry double-
focusing mass spectrometer, 51 

MINDO (modified intermediate neglect 
of d i f f e r e n t i a l overlap), 
cyclopropenyl and cyclopentadienyl 
cations, 55-56,61-63 

Molecular beam, 4-5,7f 
Molecular beam electron microscopy, 

ion concentration p r o f i l e s , 43-44 
Molecular beam Faraday cage, 41,43-44 
Molecular beam mass spectrometry, 

time-resolved, 206-8,210-16 
Moller-Plesset perturbation theory, 

fourth-order, 103-13 
Multiple-photon dissociation of 

C F 3 C C C F 3 , 257-66 

Ν 

Naphthalene, rate coefficients for 
reactions with cyclopropenyl and 
cyclopentadienyl 
cations, 54t,59t,60t,61t 

Neutral species 
formation i n acetylene-oxygen flame 

near soot threshold, 44-46 
reactions of cyclopropenyl and 

cyclopentadienyl cations, rate 
c o e f f i c i e n t s , 54t,59t,60t , 6 l t 

Nitrogen chemistry i n ammonia 
flame, 71-85 

Nitrogen oxide concentration 
in ammonia-oxygen flames, 91 
as function of equivalence 

r a t i o , 93,94f 
in methane-air flames, 9 5 - 9 8 

Nonsooting flames, ion 
concentration, 39,41 

Norbornadiene, formation of cyclopen
tadienyl cations, 61t 

Nucleation of soot, ionic 
mechanism, 33,45-46 

0 

Obstacles, flame 
baffle plate, 134 
o r i f i c e plate, 123 - 3 3 , 1 3 5 f 
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Obstacles, flame—Continued 
Shchelkhin s p i r a l , 1 2 3 - 3 3 

Orbital overlap—See INDO or MINDO 
Orifice plate obstacles and flame 

speed for hydrogen-air 
mixtures, 1 2 3 - 3 3 

O s c i l l a t o r strength NH2 i n ammonia 
flame, thermodynamic 
parameters, 75 

Overpressures for hydrogen-air flames, 
flame speed for hydrogen-air 
mixtures, 125,127-28 

Oxidation of fuel 
ammonia, 77-85,103-13 
ammonia, kinetics of nitrogen oxide 

and nitrogen gas 
formation, 87-100 

hydrogen and hydrocarbon, 185-90 
modeling and k i n e t i c s , 176-78 

Oxygen, atomic, 111-13 
reaction with carbon monoxide with 

added gases, 268,269t 
Oxygen gas 

in 1,3-butadiene flame mole fraction 
and flux p r o f i l e s , 6,8-13 

and C 2 disappearance, 260,262f 
equilibrium constants, 263-66 
pressure effect 

i n e l e c t r i c spark 
i g n i t i o n , 212,215f,220-21 

and ozone decomposition, 268,269t 
reaction 

with NH, 109-12 
with NH2, 105-9 

Oxygenated hydrocarbons, mole fraction 
and flux p r o f i l e s i n near sooting 
1,3-butadiene flame, 6,8-13 

Ozone decomposition, thermal, 267-75 

Ρ 

1-Penten-3-yne, formation of cyclopen
tadienyl cations, 60t 

Perturbations, 
i g n i t i o n wave, 241 
sound wave, 154,155t 
theory with bond a d d i t i v i t y 

corrections, 103-13 
Phase effect from heat release, sound 

wave, 153f 
Phenylacetylene, i n near-sooting 

1,3-butadiene-oxygen-argon 
flame, 15-16,I8f 

Phenylium ion, structure and 
r e a c t i v i t y , 5 6 - 5 7 

Planar structure of C5H5 
isomers, 57,58f,62,64f 

Plasma jet igniters 
application i n engines, 199-203 
i g n i t i o n process, 1 9 6 - 9 9 

Plate obstacles, o r i f i c e , flame speed 
for hydrogen-air mixtures, 1 2 3 - 3 3 

Polynuclear aromatic molecules, forma
tion i n acetylene-oxygen flame 
near soot threshold, 41-46 

Pressure effects 
of acetylene on decay rate in 

hydroxy1-acetylene 
reaction, 245,246f 

of oxygen on disappearance rate of 
C 2 r a d i c a l , 260,262f 

on detonation parameters of f u e l -
oxidizer mixtures, 180-90 

Pressure p r o f i l e s i n shock to detona
tion t r a n s i t i o n , 154-59 

Probe, Langmuir, ion concentrations in 
acetylene-oxygen flame near soot 
threshold, 36-46 

Propagation and i n i t i a t i o n i n 
detonations, 157-72 

Propane 
detonation k i n e t i c s , 176-90 
reactions with cyclopentadienyl 

cations, rate 
c o e f f i c i e n t s , 59t,60t,6lt 

shock tube i g n i t i o n , 176-78 
Propane-air flame speeds, 127-33 
Propargylium ion, structure and 

r e a c t i v i t y , 52-̂ 56 
Propylene, kinetics of gaseous 

detonations, 176-90 
Pulsed dye laser, 240-41 
Pyramid structure of C5H5 

isomers, 57,58f,62,64f 
Pyrolysis 

design for high temperature 
c e l l , 258,26lf 

with fluorescence detection of 
hydroxyl reaction with 

acetylene, 241-54 

R 

Radicals 
hydroxyl, reactions with ethane and 

ethylene, 230-36 
free, UV-absorbing, 226,227f,229f 
hydroxy, 239-55 
mass spectrometric sampling, 216-18 

Rayleigh-Taylor i n s t a b i l i t y , I68f 
Reactive centers, 154 
Reactivities of hydrocarbon ions in 

soot formation, 49-65 
Reversed-geometry, double-focusing 

mass spectrometer, c o l l i s i o n -
induced dissociation reaction of 
ions, 49-65 

Rotational excitation, hydroxide ion 
in ammonia flame, 75-77 

Rotational temperature, 
hydroxide, 72,74f 
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S 

Schlieren photography 
of spark i g n i t i o n , 208-11 
time-resolved, 196,197f 

Shchelkhin s p i r a l obstacle and flame 
speed for hydrogen-air 
mixtures, 123-33 

Shock and detonation, I63,170,171f 
in hydrogen-oxygen f u e l , 154-58 
in propane, 176-78 

Single-cylinder test engine, 199-201 
Singlet structure of C5H5 

isomers, 57,58f,62,64f 
Soot pa r t i c l e s 

in acetylene-oxygen flames near 
threshold, 33-46 

i n ethylene-oxygen-argon flame, 
diameter, density, and surface 
area, 24,25f 

formation 
and hydrocarbon ion r e a c t i v i t i e s 

and structures, 49-65 
mechanism, 23-31,33,45-46 

volume fractions, ethylene-oxygen-
argon flame, 24,26f 

Sound waves and chemical 
processes, 151-54 

Spark electrodes and flame 
propagation, 216-21 

Spark i g n i t i o n chemistry, 205-21 
Specific heat r a t i o for single 

cylinder test engine, 200 
Speed of flame, 121-37 

deflagration to detonation, 142 
vs. distance for hydrogen-air 

flames, 123-26 
Spherical detonation, 186 
Spi r a l obstacle, Shchelkhin, and flame 

speed for hydrogen-air 
mixtures, 123-33 

Stern-Volmer plot of the disappearance 
rate of C2, 260,262f 

Stoichiometry, carbon to oxygen, and 
mechanism for soot growth, 23-31 

Styrene formation i n near-sooting 
1,3-butadiene-oxygen-argon 
flame, 15-16,I8f 

Sulfur hexafluoride as IR 
absorber, 240-41 

Surface area of soot i n ethylene-
oxygen-argon flame, 24,25f 

Surface growth of soot, equation, 27 
Swan bands, excitation, for C 2, 259 

Τ 

Temperature 
and density relationships, 241 

Temperature—Continued 
and rate constant data for reaction 

of hydroxyl and 
acetylene, 241-53 

rot a t i o n a l , for hydroxide, 72,74f 
Tetrafluoromethane effect, 268,269t 
Time-of-flight detection, 206-8 
Time-resolved molecular beam mass 

spectrometry, 206-8,210-16 
Time-resolved Schlieren 

photographs, 196,197f 
Toluene 

formation i n near-sooting 1,3-butadiene-
oxygen-argon flame, 15-16,17f 

rate coefficients for reactions with 
cyclopropenyl and cyclopen
tadienyl 
cations, 54t,59t,60t,6lt 

Transmissible turbulent flow 
structure, 122-23 

Transport of ions 
convective, concentration 

equation, 36 
di f f u s i v e , ion concentration 

equation, 35-36 
Triple quadrupole mass spectrometer, 

c o l l i s i o n of hydrocarbon 
ions, 49-65 

Trip l e t structure of C5H5 
isomers, 57,58f,62,64f 

Tube diameter 
and deflagration to 

detonation, 145-46 
and detonation c e l l size, 139-40 
and kinetics of gaseous 

detonations, 183-89 
Turbulence and flame 

acceleration, 121-37,163-70 
Turbulent flow structure, 

transmissible, 122-23 
Two-dimensional flame, baffle plate 

flame obstacles, 134-35 

U 

Unimolecular decomposition theory, 
ions i n ammonia flames, 82-85 

Unimolecular reaction rate theory, 
Troe, 249-54 

UV-absorbing free 
radicals, 226,227f,229f 

UV laser source, laser-induced 
fluorescence studies, 230-36 

V 

Velocity, burning, and baffle plate 
flame obstacles, 134-35 

Vinylacetylene, role i n aromatic 
species formation, 16-20 
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Vinylcyclopropenylium isomer, 
structures, 57,58f,62,64 f 

Vis i b l e dye lasers, second harmonie 
generation, 228t 

Volume, constant, combustion 
chamber, 196-201 

Volume fractions of soot i n ethylene-
oxygen-argon flame, 24,26f 

Vortex Dynamics Code, flame 
acceleration, 133-37 

W 

Water, mole fraction and flux p r o f i l e s 
i n near-sooting 1,3-butadiene 
flame, 6,8-13 

Ζ 

Zeldovich-von Neumann-Doring 
model, 177 

Production by Paula Bérard 
indexing by Florence Edwards 

Jacket design by Anne G. Bigler 

Elements typeset by Hot Type Ltd., Washington, D.C. 
Printed and bound by Maple Press Co., York, Pa. 
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