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INTRODUCTION 

Heavy residual f ue l  o i l s  usually contain between 1 and 4 w t %  su l fur .  Although 
SO i s  the p r inc ipa l  product o f  fue l  s u l f u r  oxidation, as much as 8 t o  10 mol% of 
th$ su l fur  oxides are present as SO i n  the f l u e  gas a r r i v i n g  at  the cold end o f  the 
convective section i n  an e l e c t r i c  u s i l i t y  bo i ler .  Sul fur  t r i o x i d e  i s  quant i ta t ive ly  
converted t o  s u l f u r i c  ac id  vapor i n  the presence of t yp i ca l  f l u e  gas water vapor 
concentrations a t  temperatures bel ow about 500 K (Halstead and Talbot, 1980). 
Condensation o f  s u l f u r i c  ac id  on surfaces a t  temperatures below the acid dewpoint i s  
responsible f o r  corrosion o f  cold end components, especial ly the a i r  preheater. The 
accumulation o f  unburned carbon pa r t i c l es  on the wet surfaces and reentrainment of 
t h e i r  agglomerates i s  the source o f  acid smuts (Blum. Lees and Rendle. 1959; Conolly 
and Kelse l l ,  1982). 
make a s ign i f i can t  con t r i bu t i on  t o  the mass o f  stack gas part iculates. 

w i th  c a t a l y t i c  ox idat ion o f  SO t o  SO over vanadium-containing deposits on tubes i n  
the convective section. Howevgr, 1 ta 2 molX o f  the su l fur  oxides are thought t o  be 
present as SO3 i n  the furnace e x i t  gas. Reidich and Reifenhauser (1980) reported 2 
mol% o f  the s u l f u r  oxides as SO (25 mol ppm of t o t a l  gas) a t  the furnace e x i t  i n  a 
300 MW, tangent ia l ly  f i r e d  b o i l &  operated a t  0.6 molX excess O2 w i t h  2 w t %  su l fu r  
fuel. This i s  an amount s u f f i c i e n t  t o  cause troublesome ac id deposition and make a 
s ign i f i can t  con t r i bu t i on  t o  pa r t i cu la te  loading, even i n  the absence o f  addit ional 
SO formation i n  the convective section. Experience has shown tha t  SO formation 
cad be control led by reducing excess a i r ,  but t h i s  i s  accompanied by ad increase i n  
unburned carbon(coke cenospheres). Sulfur t r i o x i d e  formation i n  the furnace i s  one 
component o f  a set o f  coupled processes making contr ibutions t o  ac id  deposition and 
stack par t icu la tes (Cunningham and Jackson, 1978; Harada, Naito, Tsuchiya, and 
Nakajima, 1981). 

Sulfur chemistry i n  flames(Muller, Schofield, Steinberg, and Broida, 1979; Kramlich, 
Malte, and Grosshandler, 1981; Smith, Wang, Tseregounis, and Westbrook. 1983; Wendt, 
Wootan, and Corley, 1983). Squires (1982) combined a deta i led chemical k i n e t i c  
descr ip t ion o f  reactions i n  the furnace w i th  a global model f o r  heterogeneous oxida- 
t i o n  of SO2 over tube deposits i n  the convective section. The predict ions of t h i s  
model were i n  good agreement w i th  observed levels  o f  SO i n  the f lue gases of 500 MW 
and 60 MU boi lers. The present paper describes the i n i ? i a l  steps of an investiga- 
t i o n  i n  which the r e s u l t s  o f  fundamental k i n e t i c  studies are appl ied t o  the i n te r -  
pretat ion of d i r e c t  measurements of SO3 i n  bo i ler - type turbulent  d i f f us ion  flames. 

The adsorption of s u l f u r i c  ac id  on ash and unburned carbon may 

The most severe ac id  deposit ion and su l fa te  emissions problems are associated 

Substantial progress has recently.been made i n  the quan t i t a t i ve  descript ion o f  
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EXPERIMENTAL 

The measurements were made i n  the  1.2 x 1.2 m combustion tunnel  i n  the MIT 
Combustion Research F a c i l i t y  (Begr, Jacques, Farmayan, and Taylor, 1981). 
was a m ix tu re  o f  r e s i d u a l  o i l s  produced by the  Exxon r e f i n e r y  a t  Aruba. I t s  
analys is  was ( w t % ) :  carbon 85.80, hydrogen 10.86, n i t r o g e n  0.47, s u l f u r  2.15, oxygen 
0.57, and ash 0.10. Asphaltenes ( I P  143/57) were 10.5 w t % ,  and t h e  metal contents 
(wt ppm) were: vanadium 421, n i c k e l  51, i r o n  15, sodium 9.8, calc ium 20, and magne- 
sium 4.8; Thg hea t ing  va lue was 42.5 MJ/kg and v i s c o s i t y  was 213 Saybol t  Furol 
seconds a t  50 C. Thg f u e l  was heated t o  389 K, f i r e d  a t  0.05 kg/s (2  Mw thermal), 
and atomized by a 70 ( f u l l  angle) s i x -ho le  " Y "  j e t  nozz le w i t h  a i r  as the  atomizing 
medium. Combustioa a i r  was preheated t o  560 K and suppl ied through a 0.176 m d ia -  
meter duct t o  a 50 ( f u l l  angle) d ivergent  quar l  mounted f l u s h  w i t h  one end wa l l  of  
the combustion chamber. Several parameters were va r ied  i n  order  t o  examine t h e i r  
e f f e c t s  on carbon burnout  and SO format ion:  a tomizer  pos i t i on ,  a tomiz ing a i r / f u e l  
r a t i o ,  combustion a i r  s w i r l ,  and3excess a i r .  F i ve  d i f f e r e n t  commercial preparat ions 
designed t o  promote carbon burnout were added t o  the  fue l ;  these conta ined compounds 
o f  t h e  metals i r on ,  z i rconium, and cerium. One run was made w i t h  f u e l  emu ls i f i ed  
wi th  7 w t %  water. The experimental cond i t i ons  are given i n  Table 1. 

Gas temperature and composit ion (0 , COP, CO, SO , NO) were determined us ing 
standard techniques. The a x i a l  cornponeit o f  t he  gas ( e l o c i t y  was measured using a 
two-hole impact probe. 
composit ion p r o f i l e s  i s  shown i n  Fig. 1. Axia l  p o s i t i o n s  are measured from the  e x i t  
of t h e  0.176 m diameter combustion a i r  nozzle. For c a l c u l a t i o n  purposes, t he  tem- 
perature, v e l o c i t y ,  and carbon monoxide p r o f i l e s  i n  the  reg ion f o l l o w i n g  the  peak 
flame temperature a t  z = zo = 0.95 m were f i t  by the  f o l l o w i n g  r e l a t i o n s ,  shown as 
s o l i d  l i n e s  i n  Fig. 1: 

The f u e l  

A rep resen ta t i ve  set o f  gas temperature, v e l o c i t y ,  and 

T = To - a(z -zo )  

u = B / Z  2) 

Table 2. 

Run 
No. 

Data used i n  t h e  ca l cu la t i ons .  
and SO 
analysqs and a i r / f u e l  r a t i o .  

The mole f r a c t i o n s  o f  CO , 0 , 
are c a l c u l a t e d  f l u e  gas values (wet) based on thg f u g l  

212 
213 
214 
215 
216 
21 7 
218 
219 
220 

2005 
2045 
2000 
2000 
1975 
1985 
2005 
2000 
1990 

175 16 
1 7 2  16 
138 15 
131 15 
130 15 
143 15 
133 15 
130 15 
133 15 

.0133 

.0319 

.0435 

.0319 

.0291 

.0319 

.0368 

.0338 

.0338 

1.517 
1.499 
1.992 
1.859 
1.829 
1.925 
1.906 
1.776 
1.776 

.131 

.131 
-134 
.134 
.134 
.133 
.134 
.134 
.134 

.0133 

.0133 

.00885 

.00885 

.00885 

.00878 

.00885 

.00885 

.00885 

1220 
1220 
1250 
1250 
1250 
1240 
1250 
1250 
1250 
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Values o f  t he  parameters are g iven i n  Table 2. 
t y p i c a l  o f  a t i g h t l y  designed o i l - f i r e d  u t i l i t y  b o i l e r ,  i s  reached a t  a d i s tance  o f  
about 2.9 m from t h e  combustion a i r  nozzle. 

SO i n  the flame gases was determined us ing  t h e  Severn Science Ltd./Marchwood 
Engineeying Laboratories(Centra1 E l e c t r i c i t y  Generating Board, UK) cont inuously  
record ing SO /H SO moni tor  (Jackson, H i l t o n .  and Buddery, 1981). Th is  inst rument  
i s  in tended g r i 6 a r h y  as a f l u e  or  stack gas monitor. The 2 m l ong  heated sampling 
probe suppl ied with the  instrument was adapted f o r  sampling i n  the  flame by enClOs- 
i ng  it i n  a water-cooled sheath. 
o f  quartz. 
Fig. 2. 

observed over 60 mn o f  t he  i n s i d e  wa l l  a t  t he  t i p  o f  t h e  quar tz  sampling tube. 
of t he  deposi t  was so lub le  i n  0.05 M H SO (aq). 
i t  may cata lyze the ox ida t i on  o f  SO t g  Sd . Even though the composit ion and 
phys ica l  p roper t i es  o f  t he  probe de$os i t  have n o t  been determined, the  a v a i l a b l e  
i n fo rma t ion  can be used t o  p lace some approximate l i m i t s  on the  change i n  SO3 
content o f  the gas du r ing  sampling. 
reviewed by Urbanek and T re la  
a t  r e l a t i v e l y  h igh  SO and 0 [ order  o f  10 mol%) and i n  the  temperature range (650 
t o  850 K) over which Zonvers?on o f  SO The 
p o r t i o n  o f  the sampling tube coated w?th d e p k i t  was t r e a t e d  as a one-dimensional 
t u b u l a r  reac to r  w i t h  c a t a l y t i c  wa l l .  The wa l l  temperature was assumed t o  decrease 
l i n e a r l y  from a value equal t o  the gas temperature a t  t h e  probe t i p  t o  t h e  m e l t i n g  
p o i n t  o f  V 0 
a t  h igh  te6p8rature and w i t h  SO 
Conversion near the tube e n t r a d e  was assumed t o  be c o n t r o l l e d  by boundary l a y e r  
d i f f u s i o n  o f  SO t o  and from t h e  deposi t  surface, where SO3 i s  i n  e q u i l i b r i u m  with 
excess amounts 8f SO and 02. The composit ion o f  t h e  b u l k  gas then s h i f t s  u n t i l  i t  
i s  equal t o  the equi? ibr ium composit ion a t  the deposit.  
1625 K and conta ins 10 mol ppm SO , 1250 mol ppm SO , and 1 mol% 02, t h i s  occurs a t  
a d i s tance  o f  20 mm i n t o  the  prob2, a t  which p o i n t  ?he mole f r a c t i o n  o f  SO3 has 
decreased t o  7 mol ppm. 
k i n e t i c a l l y  con t ro l l ed ,  w i t h  a r a t e  p r o p o k i o n a l  t o  t h e  deposi t  geometric sur face 
area. 
est imated from the  t o t a l  areas and e f fec t i veness  f a c t o r s  repor ted by L i v b j e r g  and 
V i l l adsen  (1972). This c a l c u l a t i o n  r e s u l t e d  i n  SO3 equal t o  27 mol ppm a t  a 
d i s tance  o f  60 mm from the  tube entrance. Therefore, i n  t h e  event t h a t  t h e  deposi t  
has an a c t i v i t y  comparable with t h a t  o f  an i n d u s t r i a l  a lka l i -promoted vanadium 
c a t a l y s t  whose k i n e t i c  parameters are the  same a t  1400 K as a t  800 K, SO3 cou ld  be 
a l t e r e d  by the sampling procedure. 
amounts o f  about 10 mol ppm were observed i n  6 o f  the  9 guns under the  cond i t i ons  of 
the above c a l c u l a t i o n  ( z  = 3 t o  4 m). This  i n d i c a t e s  t h a t  t he  greatest  e r r o r s  would 
have occurred i f  SO i n  the en te r ing  gas had a c t u a l l y  been near equ i l i b r i um,  w i t h  
most o f  the observea SO produced i n  the  probe. Based on these observat ions the  
l i m i t s  o f  e r r o r  i n  the  Qeasurements are t e n t a t i v e l y  est imated t o  be p lus  100% and 
minus 50% o f  the i n d i c a t e d  values. Fu r the r  study o f  t h i s  problem i s  warranted, n o t  
on l y  by i t s  importance t o  the  sampling technique, b u t  because the  s i t u a t i o n  i s  
analogous t o  tha t  encountered i n  the convect ive sec t i on  o f  a b o i l e r ,  where vanadium 
and a l k a l i  metal tube deposi ts  cata lyze the  o x i d a t i o n  o f  SO2 as the  f l u e  gas i s  
cooled. 

A mean gas residence t ime of 1 5 ,  

The g lass sampling tube  was rep laced w i t h  one made 
The ind i ca ted  mole f r a c t i o n s  of SO3 a long t h e  flame a x i s  are shown i n  

A f t e r  making a measurement, brown, orange, b lack,  and ye l l ow  deposi ts  were 
Most 

I f  t h i s  deposi t  conta ins vanadium 

K i n e t i c  s tud ies  o f  r e l a t e d  systems have been 
1980), a l though most o f  t h i s  work has been conducted 

t o  SO i s  g rea tes t  i n  f l ow  reactors .  

(943 K)  a t  the end o f  t he  deposi t .  The sample enters  the  quar tz  tube  
a t  g rea te r  than e q u i l i b r i u m  concentrat ion. 

When the  en te r ing  gas i s  a t  

Product ion o f  SO from t h i s  p o i n t  onward i s  assumed t o  be 

The mechanism o f  Mars and Maessen (1968) was used w i t h  a c t i v i t y  pe r  u n i t  area 

Inspect ion o f  t h e  SO p r o f i l e s  shows t h a t  

CALCULATIONS 

Notwi thstanding the  unce r ta in t y  i n  t h e  accuracy o f  the SO3 measurements, i t  i s  
wor thwhi le  t o  compare the observations w i t h  c a l c u l a t i o n s  based on a s imple set o f  
assumptions. The o b j e c t i v e  i s  t o  determine i f  SO3 i n  t h e  furnace e x i t  gas o f  a 
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u t i l i t y  b o i l e r  might be c o r r e l a t e d  w i t h  flame c h a r a c t e r i s t i c s  which are  known o r  can 
be estimated, such as fue l  s u l f u r  content,  peak flame temperature, furnace e x i t  gas 
temperature, excess a i r ,  and carbon monoxide. 

system i s  (Kramlich, Malte, and Grosshandler. 1981): 
A set  o f  reac t ions  which m i g h t  account f o r  t he  behavior o f  SO3 i n  the  present 

SO2 t 0 t M k1 SO3 t M 
E-, 

so3 t 0 2 so2 t o2 

SO3 t H = SO2 t OH R3) 

The ra te  c o e f f i c i e n t  f o r  React ion 1 i s  g iven  by Troe (1978); t h a t  f o r  Reaction 2 by 
Smith, Wang, Tseregounis. and Uestbrook (1982). 
n e g l i g i b l e  r a t e  under the  cond i t ions  o f  i n t e r e s t  here. 
the  present c a l c u l a t i o n ,  a l though Kraml ich e t  a l .  p rov ide  evidence t h a t  it i s  impor- 
t a n t  i n  lean hydrocarbon combustion. The concent ra t ion  o f  t h i r d  bodies, M, i s  taken 
equal t o  the  t o t a l  gas concentrat ion,  C (bu t  see Kraml ich e t  al.. 1981). 
r a t e  o f  SO 
measuremenk, i s  then: 

The reverse o f  React ion 2 has a 
Reaction 3 i s  neglected i n  

The net 
p roduc t ion ,  apparent ly q u i t e  small over much o f  the  region o f  the  

C so3 X so3 
r s r z  

so2 so2 

Under t h e  above assumptions 

X 
s03 

5'0,eq \< 5 

5) k l C O C  
k - l C  k2c0 

the  . r a t i o  o f  SO3 t o  SO2 i s  l i m i t e d  t o  the  range 

6 )  
kl 

\< r c  
2 

as long as t h e  system i s  no t  frozen. The t o t a l  e q u i l i b r i u m  mole f r a c t i o n s  o f  SO 
shown as dashed l i n e s  i n  F ig .  2, a re  everywhere less  than the  measured values, d / c h  
are, i n  tu rn ,  much l e s s  than the  r i g h t  hand s ide  o f  Equat ion 6, espec ia l l y  near the  
furnace e x i t .  I n  o rder  t o  apply Equat ion 5 we requ i re  an est imate of t he  oxygen 
atom concentrat ion.  I n  d iscuss ing  t h i s  same problem Merryman and Levy (1979) sug- 
gested t h a t  an es t imate  o f  the  oxygen atom concent ra t ion  might be obtained by assum- 
i n g  e q u i l i b r a t i o n  o f  t he  p r i n c i p a l  reac t ions  by which they are  formed dur ing  CO 
ox ida t ion :  

CO + OH = C02 t H 

H t O  = O H t O  
2 

2 co + 0 = co2 t 0 
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The mole f rac t i ons  of 0 , C02, and SO were taken constant and equal t o  the  o u t l e t  
values, given i n  Table 3. 
1, 3, 5, and 7 a re  shown as s o l i d  l i n e s  i n  Fig.  2. 

The ca l cu la ted  p r o f i l e s  s a t i s f a c t o r i l y  reproduce t h e  magnitude of t h e  SO 
measurements near a mean residence t ime o f  1 s ( L  = 2.9 m) i n  most of t he  low& 
excess 0 ( 1  mol%) cases. 
212 and $13); these are d i s t i n g u i s h e d  by low temperature (212). h igh  l e v e l s  o f  CO 
(213). and h igh  excess 0 
temperature. 
i n g  w i t h  d is tance near the  furnace ou t l e t ,  w h i l e  most o f  t h e  measurements show a 
tendency o f  SO t o  approach equ i l ib r ium.  
t i o n  4 was n ~ t ~ o r i g i n a l l y  intended by Merryman and Levy (1979) t o  be app l i ed  a t  
po in ts  so fa r  i n t o  the  postf lame region, bu t  a t  shor te r  times. As the  r a t e  o f  CO 
o x i d a t i o n  slows, due t o  CO consumption and decreasing temperature, Equat ion 7 
becomes a progress ive ly  poorer approximation. The CO mole f r a c t i o n s  at  z = 3.1 m 
a re  i n  the  range 320 t o  950 ppm, no longer s u f f i c i e n t  t o  ma in ta in  s i g n i f i c a n t  super- 
e q u i l i b r i u m  concent ra t ion  o f  oxygen atoms aga ins t  compet i t ion  w i t h  recombination, 
f o r  example, by Reactions 1 and 2 themselves. Because t h e  c a l c u l a t i o n  i s  l e a s t  
r e l i a b l e  near the  furnace e x i t ,  it would be unwise t o  use t h i s  approximat ion t o  
es t imate  SO The steady s t a t e  approach (Equat ion 5) migh t  
s t i l l .  be us2 fu l  however, i f  t h e  decay o f  oxygen atoms a t  long  t imes can be r e l a t e d  
t o  CO and s tab le  species concentrat ions.  

SUMMARY 

S u l f u r  t r i g x i d e  mole f r a c t i o n s  c a l c u l a t e d  us ing  Equations 

Large discrepancies are  observed i n  two ins tances  (Runs 

(both).  The ca l cu la ted  values are  e s p e c i a l l y  s e n s i t i v e  t o  
Most impor?ant i s  t h e  f a c t  t h a t  t he  c a l c u l a t i o n  p red ic t s  SO3 increas- 

The assumption o f  e q u i l i b r a t i o n  o f  Reac- 

i n  furnace e x i t  gas. 

Mole f r a c t i o n s  o f  s u l f u r  t r i o x i d e  were measured along the  a x i s  o f  a conf ined 
t u r b u l e n t  d i f f u s i o n  flame, under cond i t ions  s i m u l a t i n g  those i n  e l e c t r i c  u t i l i t y  
b o i l e r s .  The fue l  was a No. 6 res idua l  o i l  con ta in ing  2.2 w t %  s u l f u r ,  f i r e d  a t  t h e  
r a t e  o f  0.05 kg/s o r  2 MW(therma1). The s u l f u r  t r i o x i d e  mole f r a c t i o n s  were i n  t h e  
range from 3 t o  25 mol ppm; represent ing  0.2 t o  2% o f  t he  t o t a l  s u l f u r .  An est imate 
was made o f  the  c o n t r i b u t i o n  o f  c a t a l y t i c  SO format ion by ash c o n s t i t u e n t s  
deposi ted i n  the  probe. 
t o  be p lus  100% and minus 50% o f  t he  i nd i ca ted  value. 
were approximately steady and everywhere grea ter  than the  l o c a l  t o t a l  equ i l  i brium 
values. 
s t a t e  i s  determined by atomic oxygen reac t ions ,w i th  atomic oxygen i n  p a r t i a l  
e q u i l i b r i u m  w i t h  carbon monoxide, carbon d iox ide ,  and molecular oxygen. 
o f  t h i s  c a l c u l a t i o n  approximately reproduced the  experimental measurements under 
most, but  not a l l ,  sets o f  cond i t ions  investigated.Because o f  i t s  s e n s i t i v i t y  t o  
temperature, carbon monoxide, and oxygen t h i s  approximat ion i s  no t  recomended f o r  
t he  es t imat ion  o f  SO3 i n  furnace e x i t  gases. 
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NOMENCLATURE 

C 

'i 
k .  
J 

k - j  

Kj  

sw 
T 
" 

xi 
Z 

a 

E 

'I 

3 t o t a l  gas concent ra t ion ,  kmol/m 

concent ra t ion  o f  gaseous species i, kmol/m 
r a t e  c o e f f i c i e n t  o f  Reaction j i n  forward d i r e c t i o n ,  var ious  u n i t s  

r a t e  c o e f f i c i e n t  o f  React ion j i n  reverse d i r e c t i o n ,  var ious  u n i t s  
e q u i l i b r i u m  constant f o r  reac t i on  j, = k . / k  

ne t  r a t e  o f  p roduc t ion  o f  species i by chemical reac t ion ,  kmol/m s 
combustion a i  r S w i r l  Number 

temperature, K 
a x i a l  cawponent o f  gas ve ioc i t y ,  m/s 
mole f r a c t i o n  o f  species i 

a x i a l  d i s t a n c e  from t h e  combustion a i r  nozzle, m 

mean temperature grad ien t  along the  flame ax i s ,  Equat ion 1, K/m 

gas v e l o c i t y  decay constant,  Equation 2, m /s 
carbon monoxide decay constant,  Equat ion 3 .  m- 

3 

J Yj 3 

2 
1 

Subscr ipts 

o 
eq t o t a l  e q u i l i b r i u m  concent ra t ion  

evaluated a t  z = zo = 0.95 m from the  combustion a i r  nozz le  
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F i g u r e  1. 
mole f r a c t i o n s  (d ry  bas i s )  o f  0 
res idua l  o i l  spray flame. 
l o c a t i o n  o f  t he  peak f lame temperature, z = 0.95 rn, i s  taken as t h e  s t a r t i n g  po in t  
f o r  ca lcu la t ions .  

Measurements o f  gas temperature, a x i a l  component o f  gas ve loc i t y ,  and 
CO , CO, SO , and SO3 along the  a x i s  o f  a 2 MW 

Run 6;. 214, cornbugtion a i r  S w i r l  No. = 0.5. The 

S o l i d  l i n e s  are f i t s  o? Equations 1, 2, and 3 t o  t h e  data points. 
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RAMAN S T U D I E S  OF HALON F I R E  RETARDANTS. 

J. H. M a y ,  F .  S .  A l l e n ,  M .  R .  O n d r i a s ,  R .  E .  T a p s c o t t ,  
H .  D .  B e e s o n ,  a n d  D .  M .  Z a l l e n .  

C h e m i s t r y  D e p a r t m e n t ,  a n d  N e w  M e x i c o  E n g i n e e r i n g  R e s e a r c h  I n s t i t u t e ,  
U n i v e r s i t y  of N e w  M e x i c o ,  A l b u q u e r q u e ,  N e w  M e x i c o  8 7 1 3 1 .  

Raman s p e c t r o s c o p y  c a n  b e  u s e d  a s  a p a s s i v e  p r o b e  f o r  t h e  s t u d y  
o f  a c t i v e  s y s t e m s .  V a r i o u s  t y p e s  o f  a n a l y t i c a l  d e t e r m i n a t i o n s  c a n  b e  
m a d e  w i t h - o u t  p e r t u r b i n g  t h e  s y s t e m  u n d e r  s t u d y .  O f  i n t e r e s t  i s  t h e  
e l u c i d a t i o n  of  t h e  e x t i n c t i o n  p r o c e s s e s  e m p l o y e d  b y  H a l o n  t y p e  e x t i n -  
g u i s h i n g  a g e n t s .  R a m a n  h a s  i n  t h e  p a s t  b e e n  u s e d  t o  s t u d y  m o l e c u l e s  
s u c h  a s  H 2 0 ,  9 2 .  a n d  CO2 i n  f l ames  ( 1 ) .  H a i o n s  a n d  p y r o l y z e d  p r o -  
d u c t s ,  h a v i n g  v i b r a t i o n s  t h a t  a r e  more p o l a r i z a t i o n  s e n s i t i v e  t h a n  t h e  
a b o v e  m o l e c u l e s ,  s h o u l d  t h e n  b e  r e a d i l y  a n a l y z e d  i n  f l a m e s .  A s  a n  
i n i t i a l  a p p r o a c h  t o  t h i s  p r o b l e m  we a r e  s t u d y i n g  t h e  p y r o l y s i s  o f  
H a l o n  2 4 0 2  ( 1 , 2  dibromotetrafluoroethane). T h e  p y r o l y s i s  p r o d u c t s  a r e  
i s o l a t e d  u s i n g  v a c u u m  l i n e  t e c h n i q u e s ,  a n d  i d e n t i f i e d  u s i n g  GC/MS a n d  
R a m a n .  A l i b r a r y  o f  t h e  R a m a n  s p e c t r a  f r o m  e a c h  c o m p o n e n t  i s  b e i n g  
f o r m e d  f o r  s u b s e q u e n t  u s e  i n  f l a m e  a n a l y s i s .  

E x p e r i m e n t a l l y ,  w e  u s e  a t u b e  f u r n a c e  w i t h  a s p e c i a l l y  d e s i g -  
n e d  t u b e ,  h a v i n g  d e t a c h a b l e  n i t r o g e n  t r a p s  o n  e a c h  e n d ,  a n d  a l s o  
c a p a b l e  o f  h o l d i n g  a v a c u u m .  T o  s i m u l a t e  t h e  c o m b u s t i o n  p r o c e s s ,  
H a l o n  2 4 0 2  i s  f r o z e n  i n  o n e  o f  t h e  n i t r o g e n  t r a p s ,  a n d  t h e  w h o l e  
s y s t e m  i s  b r o u g h t  t o  h i g h  v a c u u m .  T h e  H a l o n  i s  t h e n  a l l o w e d  t o  v a c u u m  
t r a n s f e r  t h r o u g h  t h e  p y r o l y s i s  t u b e ,  w h i c h  i s  a t  a p p r o x i m a t e l y  7 9 0 ° C .  
t o  t h e  o t h e r  n i t r o g e n  t r a p .  T h i s  p r o c e s s  i s  r e p e a t e d  s e v e r a l  t imes.  
T h e  p r o d u c t s  a r e  t h e n  v a c u u m  d i s t i l l e d ,  c a p t u r i n g  f r a c t i o n s  a s  t h e y  
come o v e r ,  i n  d i f f e r e n t ,  s e a l a b l e  c u v e t t e s .  P r e s e n t l y  a l l  f r a c t i o n s  
a r e  s t u d i e d  i n  t h e  g a s  p h a s e  a t  r o o m  t e m p e r a t u r e .  

T h e  Raman d a t a  a r e  c o l l e c t e d  o n  a n  i n s t u m e n t  m a d e  u p  o f :  

1 )  An EG&G P r i n c e t o n  A p p l i e d  R e s e a r c h  m o d e l  1 4 2 0  i n t e n s i f i e d  
s i l i c o n  p h o t o d i o d e  a r r a y  t u b e  c o u p l e d  w i t h  i t s  m o d e l  1 2 1 8  s o l i d  s t a t e  
d e t e c t o r  c o n t r o l l e r ,  a n d  t h e  m o d e l  1 2 1 5  c o m p u t e r  c o n s o l e .  

2 )  A SPEX m o d e l  1 8 7 7  t r i p l e m a t e  m o n o c h r o m a t e r .  

3 )  A C o h e r e n t  m o d e l  CR-4 A r g o n  i o n  l a s e r ,  c a p a b l e  o f  
p r o d u c i n g  o v e r  3 w a t t s  o f  c o n t i n u o u s  w a v e  p o w e r  a t  t h e  4 8 8 . 0  nm. l i n e  

S p e c t r a ,  i n  t h e  r a n g e  o f  100 cm(-1) t o  1000 cm(-1)  c a n  b e  o b t a i n e d  a t  
a s i n g l e  s e t t i n g  o f  t h e  m o n o c h r o m a t e r .  S i n c e  R a m a n  s p e c t r a  o f  many o f  
t h e  t h e r m a l  d e g r a d a t i . o n  p r o d u c t s  a r e  n o t  a v a i l a b l e ,  w e  h a v e  u s e d  a 
F i n n i g a n ,  s e r i e s  4 9 0 0 ,  GC/MS t o  i d e n t i f y  t h e  p r o d u c t s  t h a t  a r e  o b t a i n -  
e d  f rom t h e  p y r o l y s i s  e x p e r i m e n t .  R a m a n  s p e c t r a  c o l l e c t e d  o n  t h e s e  
c o m p o n e n t s  will s u b s e q u e n t l y  f o r m  a s p e c t r a l  l i b r a r y  o f  t h e  p y r o l y s i s  
p r o d u c t s  . 

F i g u r e s  1. a n d  2 .  a r e  t h e  R a m a n  s p e c t r a  o f  t h e  f i r s t  f r a c t i o n  
c o l l e c t e d  f r o m  t h e  v a c u u m  d i s t i l l a t i o n  p r o c e s s  o n  t h e  p y r o l y z e d  2 4 0 2 .  
T h e  c o m p l e x i t y  o f  t h e  s p e c t r a  s u g g e s t s  t h a t  more t h a n  o n e  c o m p o n e n t  i s  
p r e s e n t .  T h e  GC/MS r e v e a l e d  t h a t  t h e  g a s  c o n t a i n e d  o n l y  t e t r a f l u o r o e -  
t h y l e n e ,  a n d  b r o m o t r i f l u o r o m e t h a n e  ( H a l o n  1301) i n  s i g n i f i c a n t  
c o n c e n t r a t i o n s .  F i g u r e s  3 .  a n d  4 .  a r e  t h e  R a m a n  s p e c t r a  o f  p u r e  1 3 0 1 ,  
a n d  i t  i s  e v i d e n t  t h a t  i t s  s p e c t r a l  b a n d s  m a t c h  many o f  t h e  b a n d s  i n  
t h e  d i s t i l l e d  f r a c t i o n .  
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P u r e  t e t r a f l u o r o e t h y l e n e  w i l l  b e  e x a m i n e d  t o  i d e n t i f y  i t s  s p e c t r a l  
c o n t r i b u t i o n  t o  p y r o l y s i s  p r o d u c t s  s p e c t r a .  T h e  v a c u u m  d i s t i l l a t i o n  
w a s  d o n e  a t  500 m i l l i t o r r ,  l a t e r  d i s t i l l a t i o n s  u s i n g  h i g h e r  p r e s s u r e s  
s h o u l d  p r o v i d e  b e t t e r  s e p a r a t i o n  o f  t h e  f r a c t i o n s .  

E a c h  o f  t h e s e  s p e c t r a  t o o k  t h i r t y  m i n u t e s  t o  c o l l e c t ,  f i f t e e n  
m i n u t e s  f o r  t h e  s i g n a l  s p e c t r a ,  a n d  a n o t h e r  f i f t e e n  f o r  t h e  b a c k g r o u n d  
( Raman s p e c t r a  n o r m a l l y  r e q u i r e  t h e  s u b t r a c t i o n  o f  t h e  b a c k g r o u n d  
s p e c t r a ,  t a k e n  w i t h  t h e  e x i t a t i o n  s o u r c e  o f f ,  f r o m  t h e  s i g n a l  s p e c t r a .  
T h i s  i s  e s p e c i a l l y  t r u e  f o r  p h o t o d i o d e  a r r a y  d e t e c t o r s . ) .  A c c u r a t e  
s p e c t r a ,  t o  v i t h i n  2 c m ( - 1 ) ,  o f  a l l  b u t  t h e  w e a k e r  b a n d s  c a n  b e  t a k e n  
i n  a m i n u t e  o r  l e s s  i f  d e s i r e d  ( T h i s  i n c l u d e s  b a c k g r o u n d  s p e c t r a . ) .  
U s i n g  p u l s e d .  o r  h i g h e r  i n t e n s i t y  C.W. l a s e r s ,  s p e c t r a  c o u l d  b e  t a k e n  
i n  l e s s  c i m e  w i t h  e v e n  b e t t e r  s i g n a l  t o  n o i s e  r a t i o s .  

A 5  a r e s u l t  o f  t h e s e  p r e l i m i n a r y  s t u d i e s ,  we w i l l  b u i l d  a 
b r a r y  o f  Raman s p e c t r a  f o r  t h e  s t a b l e  p r o d u c t s  p r o d u c e d  b y  t h e  
s i m u l a t e d  c o i b u s t i o n  o f  t h e  H a l o n  2 4 0 2  i n  a v a c u u m ,  a s  w e l l  a s  i n  
d i z i n g  a n d  r e d u c i n g  e n v i r o n m e n t s .  T h i s  l i b r a r y  w i l l  t h e n  b e  u s e d  
s u b s e q u e n t  s t u d i e s  t o  i d e n t i f y  w h i c h  o f  t h e  p r o d u c t s  a r e  p r e s e n t  
f l a m e s  n e a r  e x t i n c t i o n  d u e  t o  t h e  p r e s e n c e  o f  H a l o n  2 4 0 2 .  

o x i -  
i n  
n 
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<--- WAVENU,MBEZS CMC- I > .  
Figure I .  
d l s t i I l d t l o n  prncess. far the  products o f  t h e  pyrolyzed Halon 2402. 

Ramldn spectwin o f  the  f irst fraction c o l l e c t e d  from the vacuum 
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<--- WAVENUMBERS C M C - I >  
F i g u r e  2. 
d l s t l l l a t i o n  process. for the  products of the pymlyzed Halon 2032. 
Y a x i s  has been expanded. 

Ram" s p e c t w  of  t h e . f l r s t  f r a c t l o n  collected from the  ~ ~ C U M  
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<--- WAVENUMBERS C M C - 1 ) .  
Figure  3. Raman spectrum of  pure Halon 1301 ( BTMOtetfdflyOTOmeth(ne I .  

<--- WAVENUMBERS CMC- I>  
Figure  4 .  
I a x i s  has been eimnded.  

Raman s p e c t r m  o f  pure Halon 1301 ( 8mny)tCtrdf lvomethane ). 


