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. _ _ _ _ _ _ _ _

1. INTRODUCTION

M i l l e r  and Gould recent l y repo rted j 4 measurements  in which  well-

cha racter ized laboratory test flame s were seeded with KNO and H3
B03.

They assume that H3
B0

3 
is rapidly converted within these flames to HBO2.

The potassium in KNO3 
ionizes, producing free electrons. They studied the

reaction

HBO 2 + e - ’ H + B O ~ ( 1 )

by measur ing  at various positions in the flame [e ], [H] and I(BO~~), where

I(BO~) is related to [BO~ ] via

[BO~~} — S~ I(BO~~) . ( 2 )

S is the sensi t iv i ty  of the mass spectrometer which must be determined

experimentally. S var ies  from flame to flame and from day to day but , in

any given flame on any particular day, is constant  at all points in the f lame.

Miller and Gould conclude f rom their  measurements  that at most locations in

the flame reaction s 1 and - i  are not equilibrated , that is to say k 11e 1[HBO 2 ]

~~k 11l1]I BO~~1 and that the data are consistent  with a rate coeff icient  for  re-

action I. (k 1
) equal to 3. 2 X 10 10 exp - 11000/T cm 3 

. m olecule 1 
.

~ In th i s  letter , t h e data a r e r eana ly zed . It is shown that the data are

also cons i s t en t  with the premise that react ions  1 and - I are equilibrated and

t hat is  g rea ter  than the value deduced by Mi l le r  and Gould. I., 



2. ANALYSIS

First, let us review the method of anal ysis used by Miller and Gould .

They assume that the rate of change of [BO~ ] is due onl y to reaction 1 and

is g i v e n  b y the express ion

d[ BO

dt 
2 

= k 1[e J [HBO 2] - k 1[BO~ ][H] . (3)

Miller and Gould determined f rom Eqs . (2)  and (3) by finding values of k1
and S that  satis f y t hese equations at variou s positions in the flame

[k 1 k 1 /K 1( T), where K 1( T) is the equilibrium constant] . They take the

tempera ture  of the flame and hence k 1 to be constant ; they conclude that

d i f fu s ion  is unimportant and assume that the conversion of H3B03 to HBO 2
is com plete at all positions in the flame where measurements  were made.

Miller  and Gould iind f rom suc h an analysis that k 1 = 3. 2 X ~~~ 10 exp -11000 / T

cm
3/s. There is nothing wrong , in principle , with this method of analysis.

It is l imi ted  onl y b y the prec i s ion  of the data and the accuracy of the assump-

t ions  em p loyed . Mi l l e r  and Gou ld hence  a re  correct  in stating that the i r

measu remen t s  are  cons is ten t with the  value they report for  k 1.

T he thes i s  of th is  let ter  is that the data of Mil ler  and Gould are also

c o n s i s t e n t  wi th  the premise  that react ions  I and - I are equilibrated in the

f l ames  s tud ied . If these reactions are equilibrated , the following relat ion

holds :

k 1[e ][ HBO 2 J k 1[H][BO~ J ( 4)

or

• [H][ B0 ) k
__________ = K (T) . (5)

• [ei[HBO 2 I k

‘~1 
-5-
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Sub st i  I Ut WU f Eq. ( 2 )  into Eq. ( 5) y ields

[ 1lJ . i (Bo ~ ) 
= 

K 1(T)[HBO 2 J 
. (6 )

In any particular flame, K 1(T) and S are roughl y constant, and if we assume
(as do Miller and Gould) that H 3B03 is rapidly converted to HBO2, then
[HBO 2J and consequentl y the right hand side of Eq. (6) will be roughl y constant.
Equilibrium then implies constant values for [H]. I(BO~ )/[e]. Table I gives

t he values  of [HJ ~ I(BO~~)/[ e ] at various posi t ions in the two flame s for  which
data were  reported. Exc ept for  the f i r st cm o r two of the low pr ess ur e

f lame , [ H ] .  I(BO~ )/ [e }  is indeed const ant within the limits of experimental

a c c u r a c y .

In Fi g u r e s  1 and 2 , [BO
~~J eq and [B O

~~}m are  plotted as a function of
d i s tance  f rom the burner . [BO

~ ]eq is t he equi l ibr ium value of [BO~~} as com-
puted f r o m  Eq. (5) .  [B O

~~Jrn is the mea sured  value of [BO~ ] as computed
from Eq. (2). The values used for the sensitivity of the mass spectrometer ,

S. we re computed f rom Eq. (6) and the results of Table 1 . In Figures 1 and 2,

the measured  values  of [ BO~ ] are approximately equal to the equil ibrium
va lues  exce pt for  the f i r s t  cm or t .u in the low-pressu re  flame . Althoug h
the d e v i a t i o n  in the lo~ p r e s s u r e  flame mi g ht be due to the slowness of re-
ac tion 1, it mi ght equally well be due to the slowness in the conversion
of l l 3~~O 3 to 11B0 2, or  may even be due to experimental  e r r o r . Exper imenta l
measu r e m e n t s  in t h i s  reg ion a r e  prone to e r ro r . The mass spec t romete r
used to m ea s u r e  BO~ concen t ra t ions  has a larger  diamete r than does the

flame , t h e r eb y ca us ing  s igni f icant  pe rturbations in the flame aerodynamics.
Over  a d i s t a n c e  of 1 cm in the low-pre ssure flame , [Bo 2 ] change s by about
an o r der  of magn i tude ;  even unde r the best of conditions it  would be di f f icul t
to a ccu r a tel y measu re  such a rapidly vary ing profi le .  Similar d i f f icul t ies

ma y also occu r  in the measurement  of [e ]. A microwave cavity is

emp loyed tha t  has a depth (and hence  a resolution) of 0 . 3  cm. It is di f f icul t ,

-6-
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Table 1 . Consistency of Data with the Assumption
of Equilibrium

A . 100 torr flame (H
2
/02/N 2 

= 2. 5/1 . 0/3 . 0), ‘F = 1980K

distance from burner I(BO~ )[HJ/{e ]
(cm ) (A)

2 t . 5x t0~~

4 1.6x 10~~

6 1. 8x

8 1 .8x 10~~

10 1. 9 X

12 1.9X

14 1.8X 10~~

16 1 . 8x

B. 1 atm flame (H2/02/N 2 = 3. 5/ 1 . 0/3. 0), T = 2250K

distance from burner I(BO~ )[H]/[e J
(cm ) (A)

1 .0 1.4x

1 .5 2.ZX ~Ø-6

2. 0 Z . 3 X  ~o 6

2 . 5 2. O X  io
_ 6

-7-
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[BO~~
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—
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C-) -

C
C-)

0 1 1
2 4 6 S 10 12 14 16

DISTANCE FROM BURNER (cm)

• Fi g. I . 100 t o r r  flame . [HBO 2 J = 7 X 10~~ cm
3
, S = 3. 7 X 10~~~

1 cm 3; [B0 ] is the measured concentration of2m
BO~ , EBO~ ]eq 

is the equilibrium concentration .
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[BO~ ]eq

[
~

]
0 1 I
0.8 1.2 1.6 2.0 2.4

DISTANCE FROM BURNER (cm)

Fi g. 2 . 1 atm fl ame . [HBO 2] = 3 X  10 11 cm 3, S 2. 4 X  1o 18 A ’
— 3  — . - —cm ; [B0 2] is the measured  concentration of B02,

[BO
~~]eq is the equilibrium concentrat ion .
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wi thou t  employ ing  deconvolut ion  techni ques , to obtain  a c c u ra t e  p ro fi l e s  of- 
i f  [e is  a lso v a ry i n g  rap idl y.

Ii  s e e m s tha t , in  sp ite of t he  d i s cr ep a n c i es  in t he  f i r s t  c e n t im e te r  or
o of t h e  l & , v ~ — p r e s s u r e  f l ame  data , i t  i s  r easonab le  to conclude  f r o m  the

r e s u l t  in  I a b l e  I and Fi g u r e s  1 and 2 t ha t  the  data of \ Ii l le  r and Gould a re
co n s i s t e n t  ~ i t h  t h e  p r i m n i  Sc t h a t  r e a c t i on s  1 and — 1 a re  e q u i l i br a t e d ,

N u m e r i ca l  c a l c ul a t i o n s  we r e  pe r fo rmed  u s ing  Eq. ( 3 )  and the  m e as u r e d
v a l ue s  of [ H J  and [ e J  for  d i f f er e n t  va lues  of k 1. It was f o u n d  that  react ion 1
is  e s se nt i a l l y e q u i l i b r a te d  in the  1980K flame for  2 z x  io

_ 12  
cm /s  and in

the  2 2 5 0 K  f lame fo r  k
1 

2 5 x l O ~~~ cm 3
/ s . Mi l ler  and Gould conclude that

1 . l x  I O~~~
2 

at 1980K and 2 x  t o 12 
at 2250K .

Numer i ca l  ca lcula t ions  also show , fo r  the 22 50K f lame , that  react ion
1 is not equi l ibrated  even at a d i s t ance  of 2. 4 cm if k

1 is as low as 2 )< ~~~~~~~The onl y way to make m e a s u r e me n t s  and calculations a g r e e  with k 1 = 2 < 10~~~~• is to choose a value fo r  S that  is one-hal f  of the  va lue  used in the calculations
of Fi g. 2 , which leads to the resul t  tha t  in this f lame [BO

~~
] / [BO

~ ]eq is a lways
equal to about 0 . 5.

- 10-



3. DISCUSSION

I he  data of Mi l le r  and Gould a re  amenable to two d i f f e r e n t  i n t e rp re t a-
t i o n s . M o r e  e xp e r i m e n t s  are needed to es tab l i sh  which  i n t e rp r e t a t i o n  is
the  l ) & ’t t ~.~ r .

T h e  i n t e rp r e t a t i o n  g iven by Mi l l e r  and Gould is essent ial l y a two-
p a ram e t e r  f i t  to the data (k

1 and S va r i ab le )  while the i n t e rp re t a t ion  g iven
her i s  a one p a r a m e t e r  f i t  (5, only, variable). It should be ment ioned  tha t
t h e  i n t e r p r e t a t i o n  of M i l l e r  and Gould g ives  a clo s e r  match  be tween  measure-
men t  and  c a l c u l a t i on , But  this should not be a s u r p r i s i ng  resul t , fo r  in g e n e r a l
a t w o -p a r a m e t e r  f i t  y ie lds  a c loser  match than does a one-paramete r  f i t .

Even though on ly f u r t h e r  experimentat ion can decide the c o r r e c t  value
of k 1, I favo r the  i n t e rp r e t a t i o n  d r a w n  h e r e i n  for  two r e a s o ns .

F i r s t , M i l l e r  and Gould [2] have recent l y s tudied e l ec t ron  a t t achmen t
to HC 1 u s i ng  the same f lames  as were  used in the HBO

2 s tud ies . They
anal yzed  t h e i r  data in the same way and found what  appear to be anoma lous ly
small v a l u e s  f o r  t he  ra te  of e lec t ron  a t tachment  w h i c h  a re  in d i s a g r e e m e n t
w i t h  o the r m e a s u r e m e n t s. This sugges t s  that f lame data mi ght not be accu-
rate  enoug h to w a r r a n t  an anal ysi s  i nvo lv ing  two ad jus tab le  p a r a m e t e r s.

Second , if k 1 is based on the value de rived  by Mil ler  and Gould , the
ra te  c o e f f i c i e n t  fo r  reaction 1, as calculated f rom the relat ionship k 1 =

1< i s  nu t  in a c c o r d  with  expec ta t ions  based on r e a c t i o n -  rate t h e o r y.
J e n s e n  j 3 ]  found

K
1 = 1500 exp -10000/T . ( 7 )

ihis measurement has been confirmed by Srivastava et al. [4]. Hence,

k 1 
3. Z X  1 0~~~ e x p (- 1 10 0 0/ T )  

= 2x ~~-l 3 exp (-1000/T) (8)- 1 . 5 X  10 e xp ( - 10 0 0 0/ T )

— 1 1—



1 h i s  ra te  c o e f f i c i e n t  has an unusual ly small preexponential  facto r . Accord ing

to a f o r m u l a  f i r s t  d e r i v e d  b y Langevin  [5], if react ion -1 occurs  e v e r y  col l i  -

s io n , i t s  r a t e  c o e f f i c i e n t  would be 2 X 10~~ cm 3 / s  independent  of tempera tu re .

I h e  p r e ex p o n e n t i a l  f a c t o r  in Eq. (8)  imp lies  a s te r ic  fac tor  of ( 2 > <  io~~~~)f
(2  x 10~~~) I O ’

~~. Tha t  is to say onl y 1 out of 1o 4 col l is ions ene rge t i c  enoug h

to c a u se  r e a c t i o n  actual l y do so , I know of no t h e o ry  capable of exp laining

such  a small  s t e r i c  f a c t o r . Thus , e i the r  the  value chosen by Mil ler  and

Gould f o r  k
1 

is  i n c o r r e c t  or convent ional  th ink ing  about react ion ra tes  must

be m n o d i fj e d ,

• -1 2-
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