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ABSTRACT 

The use  of advanced oxygen combustion technologies  i n  hazardous waste i n c i n e r a t i o n  
has  emerged i n  t he  l a s t  two yea r s  as one of t h e  most s i g n i f i c a n t  breakthroughs 
among a l l  the competing t rea tment  techno1 og ie s  . Unl i k e  most o t h e r s ,  oxygen 
combustion technologies  can be e a s i l y  r e t r o f i t t e d  onto var ious  e x i s t i n g  
i n c i n e r a t o r s .  
a fact-or of two o r  t h r e e ,  and destruc.tion and removal e f f i c i e n c i e s  (DRE's) can 
p o t e n t i a l l y  be improved with such a r e t r o f i t .  

The capac i ty  of e x i s t i n g  i n c i n e r a t o r s  can t y p i c a l l y  be increased by 

For many years ,  i n d u s t r i a l  furnaces  have used oxygen enrichment of t h e  combustion 
a i r  and oxygen-fuel burners ,  bu t  wi th  convent ional  technologies  a high oxygen 
l e v e l  g e n e r a l l y  poses  problems. The flame temperature  is high, lead ing  t-o high 
NOx formation and l o c a l  overheat ing.  D i f f e ren t  t e c h n i c a l  approaches t o  overcome 
these problems and their r e s p e c t i v e  ef f ect-iveness w i l l  be reviewed. Previously,  
commercial oxygen enrichment i n  i n c i n e r a t o r s  w a s  l imi t ed  t o  a r a t h e r  modest l e v e l  
(less than 26% 02) .  This  paper w i l l  review some of the. r ecen t  commercial 
a p p l i c a t i o n s  of much h igher  oxygen enrichment l e v e l s  i n  hazardous waste 
i r ~ i n e r a t o r s  . 
The gene ra l  c h a r a c t e r i s t i c s  of any oxygen enriched flame, t h e  b e n e f i t s  t h a t  can be 
a n t i c i p a t e d ,  and t h e  a s soc ia t ed  economic r ami f i ca t ions  a r e  explored i n  th i s  paper. 
Also repor ted  a r e  the  r e s u l t s  of r ecen t  EPA eva lua t ions  of two unique oxygen 
cunibu t i o n  technol.ogies: The Pyretrod"burner by American Combusti.on, Inc .  and t h e  

Gases, Inc .  
LIND E@ Oxygen Combustion System by the Lirrde Division of Union Carbide I n d u s t r i a l  
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TYTRQDUCTION 

I n  response t o  t h e  Federal  Resource 
Conservation and Recovery Act. ( R C M )  
amendments of 1984 and Superfund 
Keauthorizat  ion and Amendments (SARA) 
o f  19-36, i n c i n e r a t i o n  is gene ra l ly  
corisidered t o  be t h e  most permanent 
s o l u t i o n  of hazardous chemical waste 
treatment.  RCRA i nc ludes  a s ta tement  
oE n a t i o n a l  p o l i c y  whic'rk emphasizes 
t h a t  " r e l i a n c e  on land d i sposa l  of 
hdzardous waste should be minimized o r  
e l iminated.  I) . land d i s p o s a l  should he 
used as a las t  r e s o r t  and should be 
replaced i n  most cases by advanced 
Lreatrnent , r ecyc l ing ,  i n c i n e r a t  ion and 
o the r  hazardous waste coritro1 
t-echnologies * "  I n c i n e r a t i o n  is a 
proven technology t o r  ' t reat ing a wide 
range of materials including l i q u i d ,  
s o l i d ,  arid semi-sol id  wastes such as 
PCAs, so lven t s ,  organic  r e s idues ,  
halogenated hydrocarbons, p e s t i c i d e s ,  
he rb ic ides ,  and l abora to ry  waste. (1,2) 
I n  add i t ion ,  the continued discovery 
of abandoned hazardous waste si tes a s  
a r e s u l t  of Superfund inves t  j g a t  ions 
h a s  p1ace.d inc reas ing  p res su re  on t h e  
U. S .  Environmental P r o t e c t  ion Agency 
(EPA) t o  f i n d  a l t e r n a t e  s o l u t i o n s  f o r  
t r e a t i n g  and disposing of t o x i c  and 
hamrdous wastes. The decreasing 
avai1abi l i t .y  of l a n d f i l l  sites and t h e  
increasing p u b l i c  opposi t ion t o t o x i c  
and hazardous waste t r a n s p o r t  have 
added t o  t h e  p re s su re .  

EPA' s regul.at i ons  f o r  i n c i n e r a t i o n  of 
hazardous wastes requj re t h a t  t he  
sys te in  n~iist. achieve a Desti-uction and 
Removal E f f i c i ency  (DRE) of a t  least 
99.99 pe rcen t  of 1 he P r i n c i p a l  Organic 
Hazardous Const i t w n t s  ( YOHCs) presen t  
i n  t h e  waste arid a t  least 99.9999 
percent  f o r  dioxin and I'CR 
conkaniiuated wastes. High excess a i r  
l eve ls  are g e n e r a l l y  used t o  ensure 
t h a t  t h e  i n c i n e r a t o r s  meet t h e s e  high 
performance s t anda rds .  

The i i se of oxygen or oxygcw-enriched 
a i r  j n  p l a c e  of air f o r  i nc ine ra t ion  
can improve t h e  o v e r a l l  performance 
and e f f i c i e n c y  of chemical waste 
incir ierdtors ,  and seduce t h e  o v e r a l l  
cos t  of t h e  system. As oxygen 
r e p l a c e s  p a r t  or a l l  of the a i r  f o r  
i n c i n e r a t i o n ,  t h e  n i t rogen  po r t ion  is 
reduced i n  both t h e  oxidant and t h e  
f l u e  gas.  Hence, the  volume of t h e  
oxidarxt and t h e  f l u e  g a s  are reduced 
p e r  u n i t  of waste processed. I n  
add i t ion ,  t h e  c-oricentration of oxygen 
i n  the fuel-oxidant. mixture  is  
increased.  

Oxygen enrichment (21-100%) of a i r  
reduces t h e  amount of nitxogen present  
as a d i l u e n t  i n  t h e  react ion of f u e l  
and oxygen. The ra te  of combustion 
r e a c t  ion ustial.ly i nc reases  
s i g n i f i c a n t l y  with oxygen enrichment 
due t o  t h e  higher  p a r t i a l  p re s su res  of 
both oxygen arid fuel. and t h e  r e s u l t i n g  
h ighe r  equi l ibr ium temperature.  T h i s  
higher  r e a c t i o n  rate is one of t h e  
main reasons f o r  t h e  following changes 
i n  t h e  combust ion c h a r a c t e r i s t i c s ( ? )  : 

- higher  flame. speed 
- lower i g n i t i o n  temperature 
-. wider flammabili ty range 
-- higher  blow-off v e l o r i t y  

- higher a d i a b a t i c  flame 
grad imt s 

t emperat u r e  

Par i n c i n e r a t i o n  a p p l i c a t i o n s  3 t  is 
necessary t o  eva lua te  how t h e s e  
changes a f f e c t  flame s t a b i l i t - y ,  f lane 
t enpe ra tu res  arid s a f e t y  of t h e  
process ,  

Flame S t a b i l i t y  

I n  general, a h ighe r  flame speed w i l l  
improve flame s t a b i l i t y  and create a 
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mow i n t e n s e  and s h o r t e r  flame. I t  
is, bQWPVf?r, d i f f i c u l t  to 
quant i t a t j  vely p r e d i c t  t h e  ac tua l  
e f f e c t s  on i n d u s t r i a l  burner flames 
which are p o s t  mixed and t u r b u l e n t .  

'The lower flammabili ty l i m i t  ( l e a n  
limit) of a f u e l  and a i r  mixture  is 
1 i t  t l e  inf  1 ixenced by oxygen e n r i  chment 
of t h e  a i r .  This is expected s i n c e  
excess oxygen i n  t h e  Jean l i m i t  i s  
coilsidered t o  a c t  as n heat s i n k  
s i m i l a r  t o  nit?rogen( 4 ) .  The higher  
f l a u m a b i l i t y  l i m i t  (-rich l i m i t ) ,  on 
tEnu o t h e r  hand, is extended 
Aubs tan t i a l l y  w i  th oxygen enrichment, 
a s  shown i n  Table 1. For example, t h e  
higher  f larnmabil i t y  l i m i t  of methane 
is increased from 14% to 61% by going 
from a i r  t o  pure oxygen. For a l l  t h e  
I u e l s  c i t e d ,  t h e  r a t i o  of t h e  limits 
expands g r e a t l y .  

For burner a p p l i c a t i o n s ,  wider 
f l r a " a b i l i t y  l i m i t s  g e n e r a l l y  
c o r r e l a t e  with g r e a t e r  flame 
s t a b i l i t y .  The change i n  t h e  upper 
limit- al.lows t h e  combustion of t he  
f u e l  o r  waste t o  begin even i n  a 
highly f u e l - r i c h  mixture.  

S t a b i l i t y  of a premixed flame can be 
measured i n  term of t h e  c r i t i c a l  
v e l o c i t y  g r a d i e n t s  a t  blow-off l i m i t s .  
"Blow-oEf" is t h e  cond i t ion  of a 
burner flame where t h e  flow v e l o c i t i e s  
of t h e  gases  forming the combustible 
mixture exceed t h e  burning v e l o c i t y  
everywhere i n  t h e  flow f i e l d .  
conclit ions, t h e  coinbus t i o n  wave is 
driven back from t h e  burner and l o s e s  
its s t a b l e  "anchor" i n  r e l a t i o n  t o  t h e  
burner f ace .  A s  much as 100-1000 Eold 
inc reases  i n  blowof f v e l o c i t y  
g r a d i e n t s  were measured when pure 
oxygen was used i n s t e a d  a€ a i r  (7 ) .  
The dramatic i n r r e a s e s  i n  t h e  b l o ~ - o E €  
v e l o c i t y  g r a d i e n t s  with oxygen 
en r  ichnent are consj dered t o  improve 
flame s t a b i l i t y  f o r  wide t u r n  down 
ranges of f i r i n g  rate. A h ighe r  

J n  such 

blow-of I 1 i m i t  is  a l s o  gdvantageous i n  
designing high v e l o c i t y  burners with 
good flame s t a b t l i t y .  

Adiabat ic  Flame Temperature 

The a d i a b a t i c  flame temperatures 
j-ncrease s i g n i f i c a n t l y  with oxygen 
enrichment due t o  the reduct ion of 
n i t rogen  which acts as a d i l u e n t  i n  
combustion. The flame temperature 
inc reases  by as much as 100°F f o r  a 1% 
i nc rease  i n  oxygen concentrat ion f o r  
low enrichment l e v e l s .  The rate of 
i nc rease  i n  t h e  flame temperature 
decreases  g radua l ly  with the 
enrichment l e v e l  and t a p e r s  o f f  a t  
high enrichment l e v e l s .  

There are two main reasons f o r  t h i s  
phenomenon: ( 1 )  t h e  amount of 
n i t rogen  el iminated w-ikh  each un i t  
ye r cen t  oxygen enrichment dirnin is hes 
with inc reas ing  enrichment l e v e l ,  and 
( 2 )  endothermic d i s s o c i a t i o n  of CO, 
and H,O becomes inc reas ing ly  
s i g n i f i c a n t  a c  high temperatures.  
Table 2 lists a d i a b a t i c  flame 
temperatures of s e l e c t e d  f u e l s  with 
a i r  and oxygen a t  s to i ch iomet r i c  
ra t  ios.  

Adiabat ic  flame temperature is t h e  
m a x i m u m  flame temperature a t t a i n a b l e  
under an i d e a l  condi t ion.  The a c t u a l  
temperature of an i n d u s t r i a l  burner 
flame is s i g n i f i c a n t l y  lower than the 
a d i a b a t i c  €lame temperature due t o  
r a d i a t i v e  hea t  loss and t u r b u l e n t  
mixing with surrounding co lde r  furnace 
gases.  

I t  is important t o  recognize that. t h e  
a d i a b a t i c  flame temperature simply 
provides  an upper limit i n  t h e  
a t t a i n a b l e  flame temperature and t h a t  
h ighe r  flame temperature is n o t  
e s s e n t i a l  i n  increasing heat  t r a n s f e r  
i n  a furnace with oxygen enrichment. 
S p e c i a l  htsrners and oxygen enrichment 
techniques have been developed and 
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appl ied  i n  iridtistr-ies t o  inc rease  h e a t  
t r a k f e r  i n  a furnace  without c r e a t i n g  
higfier flame temperatures  t h a t  might 
cause a l o c a l  overheat ing 
problem(13-15). -- Fur ther  d i scuss ion  on 
furnace  h e a t  t r a n s f e r  and flame 
temperature is given later i n  t h i s  
paper. 

s i g n i f i c a n t l y  increased;  ( 3 )  t he  DRE 
can p o t e n t i a l l y  be improved due t o  t.he 
h igher  oxygen concent ra t ion  ir. t h e  
fue l -oxidant  mixture  and longer  
resi.dence t i m e ;  ( 4 )  pollut . ion c o n t r o l  
of the reduced f l u e  gas  is less c o s t l y  
and more e f f e c t i v e ;  tand (5) c o n t r o l  of 
"puffs", as irtdicat.ed by CO 
excursions,  is achievable .  

ilxygen S a f e t y  
Fuel  Savings wit.h Oxygen 

A n  important s a f e t y  cons idera t ion  
r e s u l t i n g  Prom higher  r e a c t i v i t i e s  and 
lower igni Lion temperatures  i n  an 
oxygen enriched atmosphere is the 
mate r i a l  compa t ib i l i t y  for oxygen 
se rv ice .  Many mat-er ia ls  which do not  
i g n i t e  i n  a i r  can i g n i t e  i n  oxygen 
enriched atmospheres. Extensive 
s t u d i e s  have been conducted to  
eva lua te  metals, s e a l i n g  m a t e r i a l s  and 
l u b r i c a n t s  f o r  oxygen s e r v i c e  (g), and 
p r a c t i c a l  gu ide l ines  have been 
repor ted  f o r  p ip ing  (?,E), 
compressors, and pumps (11). 
From t h e  viewpoint of combustion 
sa fe ty ,  t h e  p o t e n t i a l  t o  create a 
Elanunable mixture  i n  a furnace  p r i o r  
to s t a r t u p  would inc rease  i f  both t h e  
f u e l  and oxygen enriched a i r  leak 
simultaneously.  Thus , the prevent ion  
of a c c i d e n t a l  a c c m i l a t i o n  of oxygen 
enriched a i r  i n  t h e  furnace  becomes an 
important design cons ide ra t ion  f o r  an 
oxygen-enriched combustion system. 

ADVANTAGES OF USING OXYGEN 

The main advantages of using oxygen 
f o r  i n c i n e r a t i o n  can be summarized: 
(1 )  t h e  f u e l  consumption, i f  
supplementa2 f u e l  is requi red ,  is 
lowered p r imar i ly  due t o  t h e  reduced 
s e n s i b l e  h e a t  l o s s  t o  the f l u e  gases;  
( 2 )  t he  throughput of t he  i n c i n e r a t o r ,  
which i s  normally l i m i t e d  by t h e  a i r  
blower capac i ty ,  the gas  res idence  
t i m e  and t h e  s i z e  of the f l u e  g a s  
c leaning  system when using a i r ,  can be 

For the i n c i n e r a t i o n  of low B1W wastes 
such as aqueous waste and contaminated 
s o i l ,  very  s i g n i f i c a n t  amounts of 
a u x i l i a r y  f u e l  are consumed. I n  such 
a case ,  flue l o s s  is usua l ly  the 
b igges t  s i n g l e  source  of hea t  l o s s  for  
a h igh  temperature  i n c i n e r a t o r .  I n  a 
t y p i c a l  waste i n c i n e r a t o r  f i r e d  with 
n a t u r a l  gas  and co ld  a i r ,  about 50-70% 
of the h igher  hea t ing  va lue  of t h e  
fuel is l o s t  as s e n s i b l e  heat i n  t h e  
f l u e  gas. 

By rep lac ing  combustion a i r  wi th  
oxygen, t h e  corresponding reduct ion  of 
n i t rogen  i n  t h e  f l u e  gas  lowers t h e  
s e n s i b l e  heat: l o s s  dramat ica l ly .  I n  
Figure 1 t h e  f u e l  requi red  t o  provide 
1 MM RTU of a v a i l a b l e  h e a t  t o  a 
furnace  is p l o t t a d  as a func t ion  of 
f l u e  gas temperature  f o r  ambient a i r ,  
enr iched air ,  and oxygen. The 
"ava i l ab le  heat"  can be def ined as t h e  
g ross  q u a n t i t y  of hea t  r e l eased  wi th in  
a combustion chamber minus t h e  
coinbustion f l u e  gas l o s s .  For this 
example, the f u e l  is methane and t h e  

is 6 percent  by volume. As t h e  Elue 
gas  temperature  inc reases ,  t h e  f u e l  
requirement t o  provide a given amount 
O F  energy above t h a t  temperature l e v e l  
i nc reases ,  and t h e  d i f f e r e n c e  between 
a i r  and oxygen a s  oxidants  becomes 
g r e a t e r .  For example, a s  t h e  
temperature  l e v e l  i nc reases  from 
1800°F t o  2400"P, t h e  f u e l  requirement. 
t o  ob ta in  1 MM BTU of a v a i l a b l e  energy 
inc reases  from 2.2 t o  6.1 MM BTU f o r  

oxygen Concentration i n  t h e  f l u e  gas  
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a i r ,  and from 1 .2  t o  1.4  f o r  oxygen. 
As a result:, t h e  fuel. savings using 
axygen inc reases  s u b s t a n t i a l l y  as t h e  
aye ra t ing  temperature  of t h e  furnace 
increases .  Shown i n  F i g .  2 are the 
s p e c i f i c  f u e l  sav ings  by using oxygen 
enrichment i n  t.erms of MM BTU f u e l  
sav ings  pe r  tori of oxygen, as a 
func t ion  of f l u e  gas  temperature and 
excess  oxygen l e v e l .  

Note that- when Lhe concent ra t ion  of 
excess  oxygen i n  t h e  f l u e  gas  is 
increased  f o r  both the a i r  and oxygen 
combustion sys tems t o  t h e  same l e v e l ,  
f u e l  e f f i c i e n c y  of t h e  a i r  system 
d e t e r i o r a t e s  much f a s t e r  than  that  f a r  
t h e  oxygen system. Consequently, .fuel 
sav ings  by switxhing from a i r  t o  
oxygen becomes g r e a t e r  when t h e  
Concentration of excess  oxygen i n  t h e  
f l u e  gas  is h igher .  I n  add i t ion ,  when 
the system throughput is increased  
with oxygen enrichment, f u r t h e r  f u e l  
sav ings  can be r e a l i z e d .  

Throughput Inc reases  

Oxygen en r  ichment has been 
successEully used f o r  throughput 
i nc reases  i n  a broad range of 
i n d u s t r i a l  furnaces(3,16-19).  -- 
Product ion increases of 10-20% are 
t y p i c a l l y  p o s s i b l e  wi.th a few percent  
i nc rease  i n  oxygen concent ra t ion  f o r  
most furnaces .  

The e x t e n t  of throughput improvements 
p o s s i b l e  f o r  a p a r t i c u l a r  i n c i n e r a t o r  
depends on t h e  n a t u r e  of t h e  
i n c i n e r a t o r  l i m i t a t i o n s .  Same of t h e  
t y p i c a l  l i m i t a t i o n s  a r e  l i s t e d  i n  
Table  3 .  The most common l i m i t a t i o n s  
are t hose  r e l a t e d  t o  t h e  capac i ty  
l i m i t a t i o n s  of Euel and air supply 
systems and t h e  f l u e  handling system 
inc luding  t h e  a i r  p o l l u t i o n  c o n t r o l  
devices .  Oxygen enrichment is very 
e f f e c t i v e  i n  overcoming t h e s e  
l i m i t a t i o n s  due t o  t h e  reduct ion  of 
the volume of oxidant. and f l u e  gas f o r  

t h e  same f u e l  input  and h igher  
a v a i l a b l e  h e a t  t o  the furnace.  Such 
b e n e f i t s  are e s p e c i a l l y  s i g n i f i c a n t  
f o r  a low BTU waste which r e q u i r e s  
a u x i l i a r y  f u e l  input .  Shown i n  F igure  
3 ,  a s  an example, is t h e  r e l a t i v e  f l u e  
gas  volume as a func t ion  of oxygen 
enrichment t o  ob ta in  t h e  same 
a v a i l a b l e  hea t .  

I n  the. i n c i n e r a t i o n  of medium ATIJ 
waste (2000-8000 BTU/lb) wi th  oxygen 
enric?ment,  by reducing and i n  some 
cases  e l imina t ing  t h e  use  of a u x i l i a r y  
f u e l ,  t h e  thermal capac i ty  of an 
i n c i n e r a t a r  can be dedica ted  t o  t h e  
combustion of hazardous waste in s t ead  
of a u x i l i a r y  h e l .  Throughput 
i nc rease  i n  t h i s  manner can o f t e n  be 
achieved. Even For i n c i n e r a t i o n  of 
high BTU waste where a u x i l i a r y  f u e l  is  
n o t  requi red ,  a s p e c i f i c  f l u e  gas  
volume reduct ion can be achieved with 
oxygen enrichment i n  conjunct ion with 
the use  of waste water i n j e c t i o n .  

The dus t  carryover  problem, a common 
process  l i m i t a t i o n ,  is  r e l a t e d  t o  
p a r t i c l e  s i z e ,  c h a r a c t e r i s t i c s  of t h e  
p a r t i c u l a t e  matter, and t h e  
aerodynamic p a t t e r n s  wi th in  t h e  k i l n .  
Although t h e  iiiiprovement by using 
oxygen can n o t  be accu ra t e ly  
pred ic ted ,  t h e  lower k i l n  s u p e r f i c i a l  
gas  v e l o c i t y  should be b e n e f i c i a l  i n  
reducing the dus t  car ryover .  For 
example, d u s t  car ryover  problems i n  
cement, l i m e  and hazardous waste 
r o t a r y  k i l n s  have been e f f e c t i v e l y  
al l .evlated by t h e  lower f l u e  gas 
volumes r e s u l t i n g  from oxygen 
enrichmE?nt(17,19,20). 

I n  many cases  t h e  capac i ty  of an 
i n c i n e r a t o r  is l i m i t e d  by t h e  
mechanical design of t h e  system. 
Mechanical modi f ica t ions  must be made 
i n  order  t o  overcome such l i m i t a t i o n s  
before  oxygen enrichment can be 
u s e f u l  . 
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For the inci.nerazion of low-BTU 
wastes, such as contaminated soil, t:he 
heat transfer rate to the heat load 
may be a rate-limiting factor. High 
temperature oxygen/oxygen-enriched 
flames have been successfully applied 
to certain glass melters and kilns to 
iiicre.ase heat transfer to strategic , 

areas in the vesse1.s. In most waste 
incinerators such as a rotary kiln, 
however, a hig"h temperature flame can 
cause overheating of the refractory 
wa1.I~ arid possible slagging problems. 
On the other hand, an extremely hi.gh 
temperature flaine is not essential to 
achieve a higher overall heat .transfer 
rate. Gas radiation from hot 
combus%.ion products to the surrounding 
refractory walls and re-radiation to 
the heat load is the primary mode of 
heat transfer in most hi.gh temperature 
furnaces. The intensity of gas 
r-adi.atj.on is riot only a function of 
gas temperature and concentrations of 
CO,, H,O, arid soot, but also is 
strongly influenced by the volume of 
the radiating gas. The volume of a 
flame is usually a small fraction of 
the entire furnace. Thus, in a 
radiation dominant furnace with 
temperature limitations, the preferred 
c.ondition for productivity improvement 
is to increase the average gas 
temperature of the heat transfer zone 
by enhancing the temperature 
uniformity, rather than by a localized 
increase in flame temperature. The 
above principle should be applied 
intelligently to maximize the benefit 
of oxygen-enriched combustion. 

Perf ormarice Improvements 

i t  is sometimes argued that the high 
flame temperature achievable with 
oxygen enrichment is  conducive to 
higher DREs due to improved oxidat-ion 
kinetics. However, studies have shown 
that with a temperature above 2000"F, 
the combustion reaction is limited by 
the rate of mass transfer processes of 

oxygen and ~oxic molecules (i.e+ 
atomization, evaporation and mixing) , 
rather than the kinetic rates, the 
contribution of extremely high 
temperatures being quite limited. 
Therefore, a flame with high momentum 
arid moderate temperature may be most 
suitable for irit-linerator applications . 
EPA studies have a l so  shown that 
well-run conventional air-based 
incineration systems achieved very 
high DREs at temperatures between 
1800°F to 2200"F(&,21). 

On the other hand, EPA studies and 
pilot scale tests also show that the 
performance of incinerators could 
deteriorate significantly during some 
upset conditions (or so called 
"f ailiire modes") (22,23)  -- - . Oxygen 
enrichment can alleviate many of the 
failure modes. One of the important 
failure modes is the occurrence of 
flameout. This failure mode can 
clenrly benefit from oxygen enrichment 
which improves flame stability. Poor 
atomization, low combustion 
temperature arid slow evaporation of 
liquid waste have been cited as 
important failure modes (24) 
Although atomization of waste depends 
mostly on the burner system design, 
oxygen enrichment has been shown to 
improve evaporation of liquid waste by 
raising the intensity of the flame and 
theref ore improving the burmout 
efficiency of waste (2). 

Transient Emissions Control 

Another important failure mode is 
t-ransient emissions (puffs) from 
incinerators. When high-BTU wastes 
are fed into rotary kiln incinerators 
in an intermittent mode, the transient 
combustion behaviors of these 
materials create unsteady releases of 
combustible gases which may 
momentarily exceed the oxygen supply 
to the incinerator. These temporary 
oxygen-deficient conditions can cause 
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the re1 ease of products  of incomplete 
combust ion (PIGS) w h i  ch are o f t e n  
c a l l e d  "puffs" . These "puff" 
phenainena have r a i s e d  pub l i c  concerns 
recentJ.y and have been t h e  s u b j e c t  of 
r e sea rch  p r o j e c t s  sponsored by t h e  EPA 
(26,27). -- 

It- has  been suggested t h a t  t h e  higher  
p a r t i a l  p r e s s u r e  of oxygen i n  t h e  
c:omtus t- ion chambers a v a i l a b l e  with 
oxygen enrichment, can a l l e v i a t e  t h e  
temporary oxygen-deficient condi t ions.  
This approach, t-he s u b j e c t  of a r ecen t  
EPA study r epor t jng  mixed r e s u l t s ,  is 
discussed la ter  i n  t h i s  paper (28). 
In  add i t ion ,  it should a l s o  be noted 
that too h igh  an oxygen l e v e l  is no t  
only i n e f f i c i e n t ,  but  may a l s o  cause 
high NOx emission l e v e l  (28). 
Therefore,  oxygen enrichment, pe r  se, 
may n o t  be an i d e a l  s o l u t i o n  t o  t h e  
t: r an s i e n t  puf f p r o  b 1 e m  

On t h e  other hand, advanced process  
con t ro l  techniques u t i l i z i n g  advanced 
process sensors  and dynamic oxygen 
i n j e c t i o n  can reduce puff occurrences 
s i g n i f i c a n t l y  (20) .  Properly designed 
compu t er - c a n t  r o?- a 1 g o r  i thms 
automatical ly  a d j u s t  t h e  amount of 
oxygen according t o  unforeseen changes 
i n  t h e  heat jng va lue  of t h e  waste. 

can 

Such b e n e f i t s  are more d i f f i c u l t  t o  
achieve with convent ional  a i r  s y s t e m s .  
The main reason f o r  t h i s  d i f f i c u l t y  is 
t h a t  t h e  c r i t i c a l  process  v a r i a b l e s  of 
temperature,  res idence t i m e  arid oxygen 
f eed  are inter-dependent when 
conibustion a i r  is used. For example, 
an Increase i n  the excess oxygen l e v e l  
i n  t h e  combustion chamber would c a r r y  
enough a s soc ia t ed  n i t rogen  t o  lower 
the  temperatiire and the re s idence  t i m e  
of combustion gases and poss ib ly  cause 
t h e  l o s s  of k i l n  vacuum. 

I€ oxygen is used i n  p l ace  of a i r  for 
excess oxygen l e v e l  cant-rol, and 
auxi  l i a r y  f u e l  and/or dynamic water 

spray is used t.0 c o n t r o l  I n c i n e r a t o r  
temperature va r i a t i ons , t h e  above 
process v a r i a b l e s  can be c o n t r o l l e d  
i ndependeritly w i  t h s u t  adversely 
a f f e c t i n g  t h e  o t h e r s .  

For many years  i n d u s t r i a l  fu rnaces  
have used oxygen eririchment of the 
combustion a i r  and 0xyge.n-fuel 
burners,  but with conventional 
tec:hriologies a high enrichment l e v e l  
may pose problems. The flame 
temperature is t y p i c a l l y  high, leading 
t o  p o t e n t i a l l y  high NOx formation and 
l o c a l  overheating. 

Various techniques e x i s t  for  
introducing oxygen i n t o  i n d u s t r i a l  
furnaces.  The s e l e c t e d  technique 
depends on the d e s i r e d  r e s u l t s  and t h e  
p re sen t  l i m i t a t i o n s  of the furnace.  
Oxygen enrichment can be achieved 
q u i t  e inexpensive1.y through r o u t i n e  
enrichment of t.he combustion a i r .  
However, gene ra l  enrichment techniques 
are t y p i c a l l y  l i m i t e d  t o  a level of 5 
percent  (26  percen t  oxygen i n  t h e  
oxidant) due t o  increased flame 
temperatures.  

Oxygen-enriched combustion can a l s o  be 
accomplished by s t r a t e g i c a l l y  
i iij ect ing t h e  oxygen i n t o  t h e  furnace 
using e i t h e r  lances  o r  oxy-fuel 
burriers. lJndershot lancing of t h e  
e x i s t i n g  a i r - f u e l  burners  is a 
benef i c i a i  technique f o r  s i g n i f i c a n t  
production inc rease  i n  most r o t a r y  
k i l n s .  The advantage of t h i s  method 
over general  enrichment is t h a t  only 
t h e  segment of t h e  flame €acing t h e  
s o l i d  bed ( load )  is enriched. The 
bulk of t h e  main flame s h i e l d s  the 
r e f r a c t o r i e s  from the high f lane 
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temperature produced at the point of 
oxygen impingement. 

Oxygen-fuel burners, which offer 
greater flexibility in heat 
distribution, are applicable for 
production increases as high ax 100%. 
Conventional. oxygen-fuel burners also 
tend to produce a high temperature 
flame and high NOx formation. They 
are used quite commonly in 
applications such as auxiliary burners 
in electrical arc furnaces for scrap 
me1 ting , and recently in glass melting 
furnaces . 
In order to overcome the disadvantages 
associated with Conventional oxygen 
combustion technolo ies noted above, 

(or "A" Burner) was developed by tihe 
Linde Division of Union Carbide (2,z). The key feature of the "A" 
Burner is that the Furnace gases are 
aspirated into the oxidant jets prior 
to mixing with the fuel, as explained 
in reEerences 32 arid 33. By 
maintaining sufficient distance 
between high velocity oxygen jets and 
the fuel flow, eriough of the furnace 
gases can be aspirated into the oxygen 
jet prior to mixing with the fuel so 
that the resulting flame temperature 
can be reduced to a value equivalent 
to an air flame temperature. Gas 
mixing and recirculation within the 
furnace are accomplished by the mixing 
effect of the high velocity oxygen 
jets, which results in a uniform 
temperature distribution within the 
incinerat.or . 

the patented LIWD d Aspirator Burner 

Nitrogen Oxides 

The nitrogen oxides (NOx) emissions 
dire to thermal E ixation of ambient 
nitrogen are strongly dependent on the 
flame temperature. They depend not 
only on the particular burner design, 
but a l s o  on the furnace temperature, 
the post-flame oxygen partial 

pressure, and the nitrogen content of 
the Furnace gases. A recent study 
sponsored by the Department- of Energy 
(DOE) (2) obtained extensive NOx data 
on various oxygen-enriched combustion 
conditions. The burners tested 
represented both conventional 
air-fired designs and oxygen/fuel 
burners designed primarily for very 
high oxygen levels. The four burners 
tested were: 

o Bloo@ Engineering Hot Air 

o Maxon Kinemax@ Burner 
o Maxon/Corning Oxyt berm@ Bumer 
o ZJNDE "A" Aurner 

Burner 

The Bloom Burner and the Maxon Kinemax 
Burner are conventional air-fired 
designs. These two burners were 
selected for this project as 
representative of a large number of 
ciirren t industrial furnace 
installations. These burners are not 
necessarily optimized for 
oxygen-enriched air firing or low 
emissions. They are typical examples 
of industrial burners with non-water 
cooled refractory burner tiles. The 
Oxytherm Burner was developed jointly 
by Maxon and Corning Glass for the 
application of oxygen/fuel combustion 
in glass furnaces. The burner i s  also 
a non-water cooled refractory design 
with a specially designed refractory 
exit which shapes the flame while 
withstanding high flame temperatures. 
The Oxytherm Burner tested was 
designed for operation with 
essentially pure oxygen, that is, 
90-100 percent oxygen, as the oxidant. 
The design basis for the LINDE "A" 
Burner was discussed earlier. 

Referring to Figure 4, this DOE study 
showed that for conventional air 
burners NOx emissions increased 
sharply (up to 2 . 2  Ib NOx/MMBTII) as 
the level oE oxygen enrichment was 
increased in the range of 35-50 
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percent oxygen. However, the LINUE 
"A" burner showed low NOx emissions 
for the entire range of 35-100 percent 
oxygen. The lowest: NOx emissions were 
achieved at 100 percent oxygen (0.01 
to 0.03 lb/MM BTU) due to the low 
partial. pressure of nitrogen in the 
furnace. However, for incinerators 
under even a slight vacuum, close to 
100% oxygen would be very difficult to 
achieve due to the inevitable air 
infi Itration. 

More recently, in the EPA Mobile 
Incinerator trial burn tests using the 
LINDE "A" Burner (20), NOx emissions 
were 0.07 to O.l8?b/MMBTU. In a 
separate pilot test using the 
Pyretron( TM) Burner by American 
Combustion, Inc., EPA reported NOx 
1.eve 1 s that aver aged between 
approximately 1.1 to 2.6 lb/MME%TU. 
More details are given in a later 
section on these results. 

F1.ame Temperature and Furnace 
Temperature Distributions 

In the DOE study, the different 
burners demonstrated distinct axial 
radiant heat flux distributions which 
c~hanged by varying degrees as the 
level of oxygen enrichment was 
increased. Lixide' s "A" Burner 
demonstrated the ability to vary its 
flame patterns and thus heat flux 
distributions by employing 
interchangeable oxygen nozzles. 

Due to the varyi.ng characteristics of 
waste feeds i n  hazardous waste 
incinerators, the control of 
temperature distribution i s  both 
chall engirig and important. Local hot 
spots can cause potential refractory 
damage., and more frequent clinker 
formation or slag buildup (slagging), 
which requires eventual shutdown of 
the furnaces for s l a g  removal. These 
slags are masses of ash material which 
have deformed and fused together. 

This is a condition wnich occurs 
approximately between 1800°F and 
2500°F; however, the presence of low 
melting point ash and metals in the 
waste feed may cause the formation of 
eutectic solutions with substantially 
lower melting temperatures. Suspended 
solid particles can also be melted in 
a hot flame and later redeposited onto 
the refractory wall. 

The geometric con€ iguration oE an 
iminerator, e.g. a long and narrow 
rotary kiln, may also present a 
special challenge in heat 
distribution. Therefore, the ability 
of an oxygen-enriched burner system to 
control both its flame temperature and 
the furnace temperature distribution 
in a hazardous waste incinerator is 
critical in order to achieve the 
maximum benefits. 

RECENT TECHNICAL AND 
COMMERCIAL DEVELOPMENT 

While oxygen combust.ian is used more 
commonly in the metal industries, its 
use for full-scale hazardous waste 
incineration is now emerging. 

ENSCOIPyrotech tested the use of 
oxygen enrichment up to 50% 0, in an 
early liquid injection mobile 
incinerator for the destruction of 
PCBs (36). This system used a 
water-cooled burner block to withstand 
the high flame temperature (over 
4000°F). Extremely high NOx emissians 
(over 5000 ppm) and burner maintenance 
problems were cited as deterrents to 
the use of oxygen. In addition, 
ENSCO's original incentive for using 
oxygen was to achieve a high flame 
temperature, but they found that such 
temperatures were not necessary to 
achieve a 99.9999% destruction and 
removal eWiciency (DRE) (37). - 

According to a recent review paper 
( 6 ) ,  - ThermalKEM (formerly Stablex) in 
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Rock Hill, South Carolina,  has been 
using oxygen enrichment on t h e i r  (35 
MM RTUjhr) Consumat dua l  chamber 
i n c i n e r a t o r  s i n c e  1986 by en r i ch ing  
t h e  combustion a i r  t t 3  t h e  upper 
chamber ( a f t e r b u r n e r )  t o  t h e  25-26% 0, 
l e v e l .  Re,port.edly, t h i s  Lechnique was 
success fu l  i n  e l imina t ing  high CO 
excursions caused by batch loading of 
soli  d wastes. 

Tn Japan, a bench-scale oxygen hurner 
was developed by Nippon Ssnso K.K. t o  
i n c i n e r a t e  pu re  PCBs a t  about 5 l b / h r .  
Excel lent  d e s t r u c t i o n  e f f i c i e n c y  was 
reported (>99.9999%) with a 
temperature more than 2700°F (2). 

In Europe, during 1985( - 39) Union 
Carbide Europe (UCE) .in conjunction 
with Studieceritrwn voor Kernenergie 
(SCK) i n  Mol, Belgium s u c c e s s f u l l y  
replaced an a i r - o i l  burner with an 
oxygen-oil burner in a small  high 
temperature s l agg ing  i n c i n e r a t o r  
t r e a t i n g  r a d i o a c t i v e  and hazardous 
waste, doubling t h e  capac i ty .  A 
scale-up u n i t  of a similar design w i l l  
be  ope ra t iona l  i n  1989. 

I n  add i t ion ,  UCE has  been a s s i s t i n g  a 
customer i n  France s i n c e  J u l y  1987 i n  
using oxygen enrichment a t  a l a r g e  
commercial r o t a r y  k i l n  i n c i n e r a t o r .  
Or ig ina l ly  t h e  slow evaporation of 
water from t h e  l i q u i d  wastes l e d  t o  a 
long and l a z y  flame which extended t h e  
length of t h e  combustion chamber. 
Oxygen enrichment of up t.0 24% is used 
t o  sho r t en  the flame l eng th  
s i g n i f i c a n t l y .  I t  also he lps  t o  
s t a b i l i z e  t-he burner operat ion d e s p i t e  
produc t incons is t e n c i e s  and 
v a r i a t i o n s .  A 100% production 
inc rease  of l i q u i d  waste wirh low t o  
medium h e a t  con ten t  (900 t o  5000 
Btu/ lb)  w a s  e f f e c t e d  from t h e  u s e  of 
oxygen enrichment (2). 

Recently, t.he U.S. EP.A has  evaluated 
s e p a r a t e l y  two modern oxygen 

combustion technolegi es using 
d i s s i m i l a r  approaches: t h e  LINDE 
Oxygen Combustion System by the Linde 
D i v i s j  on of Union Carbide I n d u s t r i a l  
Gases Inc .  and the  Pyretron burner(30) 
by American Combustian Inc .  (ACl), 
The Pyretron hurner was t e s t e d  earlier 
i n  a bench scale r o t a r y  k i l n  s imulator  
at. t h e  EPA Research Tr i ang le  Park ~ 

(NTP) Laboratory. It w a s  1ate.r t e s t e d  
i n  a p i l o t  scale rot-ary k i l n  
i n c i n e r a t o r  a t  t h e  EPA Combust ion 
Research F a c i l i t y  (CHF) i n  Arkansas. 
T e s t  r e s u l t s  f o r  both programs have 
been r e c e n t l y  reported.  The p e r t i n e n t  
conclusions about oxygen combustion 
with t h e  ACI burner from t.he RTP test. 
were( - 28) : 

~ 

(1)  It is hard t o  draw 
c o n ~ I ~ ~ i o n s  regarding the i n d i v i d u a l  
e f f e c t s  of oxygen enrichment on 
t r a n s i e n t  p u f f s  due t o  the confounding 
e f f e c t s  of temperature,  oxygen p a r t i a l  
pressure, and t . o t a l  oxygen feed rates. 

unacceptable emissions of NOx. 
Concentrations as high a s  1500 ppm 
( cor rec t ed  a t  7 pe rcen t  oxygen) were 
reported for h ighe r  oxygen enrichment 
l e v e l s  (up t o  30%). 

(2 )  Oxygen enrichment may cause 

I n  t h e  CRF test of t h e  ACI burner 
conducted i n  l a t e  1987(29), t h e  waste 
stream selected f o r  t h e t e s t  was a 
mixture of waste material from t h e  
S t r ing fe l low Superfund s i te  and 
decanter  tank ta r  s ludge ( l i s t e d  waste 
K087).  The r e s u l t i n g  waste stream had 
a h e a t  con ten t  of approximately 8600 
BTU/lb. The base t e s t  using a i r  
burners  had a feed rate of 105 l b / h r .  
The maximum feed rate using Pyretron 
burners  i n  both t h e  k i l n  and t h e  
a f t e r b u r n e r  w a s  210 l b / h r .  Water 
i n j e c t i o n  was used t o  c o n t r o l  
temperature i n  t h e  k i l n .  I n  a l l  tests 
DREs exceeded 99.99%. The e f f e c t  of 
the Pyretron on t r a n s i e n t  emissions 
could no t  be d i r e c t l y  a sce r t a ined .  
Transient  emissions, as measured by CO 
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spikes ,  were obtained during opera t ion  
of both t h e  a i r  burner and t h e  
Pyretron burner. However, t h e  p a t t e r n  
of t h e s e  emissions showed too  much 
v a r i a b i l i t y  t o  conclus ive ly  s ta te  
whether t h e  Pyretron reduced t r a n s i e n t  
emissions.  NOx d a t a  have r e c e n t l y  
been repor ted  f a r  t h e s e  tests (45). 
NOx emission l e v e l s  from this  
opera t ion  of t h e  American Combustion 
burner system averaged 725 ppm t o  1753 
ppm a t  about 9P, CO and 15% 0, 
(approximately 1.1 to 2.6 LbL 2 

NOx/mBTU). 

A TJNDE Oxygen Combustion System was 
i n s t a l l e d  i n  t.he EPA Mobile 
1r:cineration System (MIS) i n  June, 
1987 t o  r ep lace  an a i r  burner on t h e  
r o t a r y  k i l n  (20,40). -- The LINCE pure 
oxygen burner norma 1ly suppl ied over 
60% of the o v e r a l l  oxygen i n  the k i l n ,  
the rest coming p r i n c i p a l l y  from t h e  
k i l n  a i r  leakage. The capac i ty  of t h e  
modified MIS w a s  more than doubled 
with t h e  use  of oxygen. The o r i g i n a l  
maximum throughput of d ioxin  
contaminated s o i l  w a s  about 2000 
l b / h r .  The system capac i ty  was e a s i l y  
increased t o  I+OQO I b / h r  as conf irmed 
by c e r t i f i e d  v e r i f i c a t i o n  tests. Based 
on t h e s e  test r e s u l t s ,  a RCRA P a r t  B 
permit  was extended and modified f o r  
the EPA MIS. Also, t r i a l  burn t e s t s  
of t h e  unit. wi th  PCBs and o the r  RCRA 
l i s t e d  POHCs i n  s o l i d  and l i q u i d  
matr ixes  showed DREs surpass ing  EPA 
s tandards  a t  s o l i d  waste feed  rates of 
about 4000 l b / h r .  

Acxording t o  t h e  t r i a l  burn 
r e s u l t s ( s ) ,  NOx emission l e v e l s  from 
t h e  Linde oxygen s y s t e m  averaged 
between 54.6 and 138.3 ppm a t  about 
1S% CQ, arid 7% 0, (0.07 t o  0.18 l b  
NOx/MMBTU) which compare favorably 
with t h e  d a t a  from t h e  previous a i r  
system l e v e l s  obtained i n  t h e  1985 
t r i a l  burri(42) (between 126-166 ppm a t  
about 11% Co, and 7% 0, or 0.19 t o  
0,235 lb NOx/MMBTU). Also f o r  t h e  

i n c i n e r a t i o n  of s o l i d  wastes with h igh  
heat conten t .  k i l n  "puffs  ," as 
measured by CQ sp ikes ,  were v i r t u a l l y  
e l imina ted  wi th  t h e  he lp  of Linde ' s  
p rop r i e t a ry  oxygen 
feedf orward-feedback system. It was 
found t h a t  t h e  tendency of t h e  r o t a r y  
k i l n  t o  s l a g  w a s  no t  aggravated from 
the use  of t h e  LlNBE Oxygen Combustion 
System when t h e  flame p a t t e r n  was 
ad jus ted  c o r r e c t l y .  This experience 
has shown t h a t  when t h e  system is 
operated wi th  a good undcrstaizdirig of 
t h e  process  and waste feed 
cha rac t e r  ist.ics, the occurrence of 
s lagging  is  minimal (2). 
The EPA MIS, a f t e r  its modif icat ions,  
was used t o  decontaminat~e more than  5 
mi l l i on  pounds of s o i l  from s e v e r a l  
dioxin-contaminated sites i n  southwest 
Missouri .  EPA has Cound that, it is 
both more economical and more r e l i a b l e  
t o  use  t h e  modified Mobile I n c i n e r a t o r  
equipped wi th  the LTNllE Oxygen 
Combustion System than t h e  previous 
a i r  sys t em (43). 
Inc ine ra to r  is t o  d a t e  t h e  o n l y  
i n c i n e r a t o r  i n  t h e  U . S .  with a RCRA 
permit  t o  i n c i n e r a t e  d ioxin  
contaminated waste, EPA used t h e  
modified MIS t o  i n c i n e r a t e  over 2 
mi l l i on  pounds of brominated s ludges 
contaminated wi th  d ioxin  from sites i n  
southwestern Missouri(43,44).  

Since the EPA Mobile 

Recently,  t h e  LXNDE Oxygen Combustion 
System has also been demonstrated 
success fu l ly  i n  a t r a n s p o r t a b l e  
inc ine ra to r  wi th  a system capac i ty  
many t i m e s  g r e a t e r  than t h e  EPA MIS. 
Hesul t s  of t h i s  i n s t a l l a t i o n  w i l l  be 
publ ished a t  a later da te .  Also, t h e  
Army Corps of Engineers r e c e n t l y  
awarded a $52 mi l l i on  inc ine ra t ion  
c o n t r a c t  f o r  a major Superfund s i te  t o  
a con t r ac to r  using t h e  LINDE 
Technology. 
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ECONOMICS 

With all t-he t.echnica1 b e n e f i t s ,  t h e  
sticcess of oxygen combustion 
%ethnologies a l s o  depends on t h e  
economic impact o f  using oxygen. The 
p r i n c i p a l  economic. b e n e f i t  from oxygen 
combustion is derived from t h e  very 
s4.gni.ficant throughput improvement.. 
The. l a r g e  f ixed  po r t ion  of d a i l y  
i n c i n e r a t o r  ope ra t ing  c o s t s  ( t y p i c a l l y  
$10,000 ta $30,000 p e r  day) is spread 
over a much l a r g e r  quan t i ty  of waste 
processed. For example, f o r  
mobile/ t r a n s p o r t a b l e  inc ine ra to r s  a 
doubled t.hroughput can reduce t h e  
a l l o c a t e d  i n c i n e r a t i o n  c o s t  of 
contaminated s o i l  by t y p i c a l l y  $100 t o  
$500 pe r  ton  o f  waste, while t h e  c o s t  
of oxygen requi red  is t y p i c a l l y  less 
than  $50 p e r  ton  of waste iricinera.ted. 

I n  add i t ion ,  whenever supplemental 
fuel is requi red  f o r  i nc ine ra t ion ,  t h e  
f u e l  sav ings  by us ing  oxygen can 
o f f s e t  t h e  c o s t  of oxygen and o f t e n  
show a n e t  c o s t  sav ings  based on f u e l  
savings a lone .  The economics of using 
oxygen t o  save f u e l ,  of course,  depend 
on the 1-e la t ive  c o s t  of f u e l  and 
oxygen. For example, a t  t h e  EPA MIS a 
remarkable s p e c i f i c  f u e l  sav ings  of 50 
mi l l i on  Bt-u pe r  ton of oxygen used was 
demonstrated (20). Assuming a No. 2 
f u e l  o i l  c o s t  of $0.60 pe r  ga l lon  o r  
$4.40 per m i l l i o n  BTU, t h e  break-even 
oxygen c o s t  is $220 pe r  t on  of oxygen. 
The a c t u a l  cos t  of oxygen ranges from 
about $50 p e r  t o n  of oxygen produced 
by a l a r g e  o n - s i t e  f a c i l i t y  t o  about 
$120 per  ton  f o r  de l ive red  l i q u i d  
oxygen. 

CONCLUSION 

ffecent technology innovat ions have 
demonstrated t.he s i g n i f i c a n t  
advantages of using oxygen i n  the 
f i e l d  of hazardous waste inc ine ra t ion .  
Co~mon concerns a s soc ia t ed  w i t h  
convent ional  oxygen combustion such as 

1.ctcal overheat ing and h igh  NOx 
emission a r e  v a l i d .  Advancements i n  
combustion technology t o  overcome 
those  problems have been demonstrated 
i n  extended f i e l d  opera t ions .  

While the genera l  p r i n c i p l e s  d iscussed  
i n  t h i s  paper would apply t o  most 
s i t u a t i o n s ,  t h e  b e s t  method t o  employ 
oxygen varies wi th  each ind iv idua l  
i n c i n e r a t i o n  system as w e l l  as with 
t h e  p r o f i l e s  of t h e  waste feed .  The 
a p p l i c a t i o n  of s o p h i s t i c a t e d  
technologica l  know-how is o f t e n  
requi red .  The process  economics a l s o  
change from s i t e  to site and need t o  
be analyzed on a c a s e  by case  bas i s ,  
a l though f r equen t ly  t h e  b e n e f i t s  of 
oxygen f a r  exceed i t s  c o s t  i f  used 
i n t e l l i g e n t l y .  The increas ing  u s e  of 
oxygen combustion i n  commercial 
i n c i n e r a t i o n  a p p l i c a t i o n s  speaks w e l l  
f o r  Its economic and t e c h n i c a l  
a t t r a c t i v e n e s s .  
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COMPARISON OF FUEL FLAMMABILITY LIMITS 
IN ATR ANI, OXYGEN (5,g) 

Flammabil i ty  L i m i t s  ( V O X  f u e l )  
Lower HiKher 

F u e l  A i r  0 2  A i r  0 2  

Hydrogen, H2 
Carbon monoxide, CU 
Ammonia, NH3 
Methane, CH4 
Idethylene C h l o r i d e  
Vinyl  c h l o r i d e  

4 4 74 94 
1 2  16 75 94 
15 1.5 2% 79 

5 5 4 61 
?< 16 Jc b6 
4 4 22 70 

k Not flammable i n  a i r  

Fuel - 
Acetylene 
Carbon monoxide 
Heptane 
Hydrogen 
Plathane 

Table 2 

APPROXIMATE FLAME TEMPERATURES OF SELECTED 
PURLS AT STOICHIOMETRIC RATIOS (12) 

A i r  Oxygen 
"I? K "F - - -  K 

2600 4220 341 0 5680 
2400 3860 32220 5340 
2290 3660 3100 5120 
2400 3860 3080 5080 
2210 3520 3030 4990 

Table 3 

EFFECTIVENESS OF OXYGF3 ENRICHMENT FOR 
THROUGHPUT INCREASE 

E f f e c t i v e n e s s  of 
L i m i t a t i o n s  Ox&,-Enrichment 

THERMAL CAPACITY 
Ais Blower  
F u e l  Supply 
Burner 
Tncinerator Draf t  
A i r  P o l l u t i o n  Cont ro l  System 
Combust i o n  Gas Resi de.nca T i m e  

DUST CARRY OVER 
MECHANICAL SOLID PROCESSING CAPACITY 
IUWT 'I"SFl3R 

E f f e c t i v e  

E f f e c t i v e  
No E f f e c t  
C o n d i t i o n a l l y  E f f e c t i v e  
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