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Abstract 

This  r e p o r t  c o n s t i t u t e s  t h e  F i n a l  Report  f o r  DOE Cont rac t  N o .  

ET-1 8-S-02-4920.AO00, "Fundamental Combustion S t u d i e s  of Emulsif ied Fuels".  

During t h e  c o n t r a c t  pe r iod  a n  experimental  appara tus  w a s  designed and b u i l t  i n  

o rde r  t o  s tudy t h e  combustion of f r e e ,  i s o l a t e d  f u e l  d r o p l e t s  a t  low Reynolds 

number condi t ions.  S tud ie s  were conducted i n t o  t h e  d i s r u p t i v e  combustion 

behavior  of n-paraff in/water  emulsions and b ina ry  s o l u t i o n s  of n-paraff ins .  

lower l i m i t i n g  p a r a f f i n  b o i l i n g  p o i n t  w a s  determined s o  t h a t  nuc lea t ion  of 

w a t e r  i n  emulsions w a s  achieved. 

p o s i t i o n  f o r  which d i s r u p t i o n  of t h e  d r o p l e t s  was observed. 

f e rence  i n  b o i l i n g  p o i n t s  of t h e  components w a s  necessary t o  achieve  

d i s rup t ion .  

A 

So lu t ions  e x h i b i t e d  a l i m i t e d  range of com- 

A minimum d i f -  

Analysis of vapor bubble growth i n d i c a t e d  fundamental d i f f e r e n c e s  

I between t h e  behavior of emulsions and so lu t ions .  The work on b inary  p a r a f f i n  

s o l u t i o n s  was extended t o  a l coho l /pa ra f f in  s o l u t i o n s  which a l s o  exh ib i t ed  

d i s r u p t i v e  a c t i v i t y  w i t h i n  a range of composition. S tud ie s  of emul s i f i ed  No. 

2 o i l  and e t h a n o l p o .  2 o i l  s o l u t i o n s  i n d i c a t e d  t h e  ex i s t ence  of micro- 

~ explos ions  wi th  t h e  combustion of these f u e l  blends. F i n a l l y ,  a f u l l  s c a l e  

b o i l e r  t e s t  was conducted t o  determine t h e  impact of heavy o i l /wa te r  emul s i f i -  

c a t i o n  on b o i l e r  ope ra t ing  c h a r a c t e r i s t i c s .  

t h e  reduct ion  of l a r g e  carbon p a r t i c u l a t e  emissions.  

The most s i g n i f i c a n t  e f f e c t  was 
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1. Free Drople t  Combustion Apparatus 

Research e f f o r t s  i n  t h i s  area concent ra ted  on t h e  development and a p p l i -  

c a t i o n  of a n  experimental  t echnique  t o  s tudy  t h e  combustion of s i n g l e  and 

mul t ip l e  f r e e  d r o p l e t s  of convent iona l  and emuls i f i ed  p u r e  and d i s t i l l a t e  

f u e l s  i n  non-sl ipping and convect ing gas  f lows a t  h igh  temperature.  An 

exper imenta l  f a c i l i t y  f o r  t h e  genera t ion ,  i n j e c t i o n  and combustion of f r e e  

d r o p l e t s  w a s  developed and constructed.  Of special i n t e r e s t  is  t h e  d r o p l e t  

gene ra t ion  technique  which r e p r e s e n t s  a new, versati le,  simple method t o  

gene ra t e  and i n j e c t  a c o n t r o l l e d  stream of monodisperse f u e l  d r o p l e t s  i n t o  a 

h o t  o x i d i z i n g  convect ive flow. The technique  i s  p a r t i c u l a r l y  va luable  i n  t h e  

s tudy  of t h e  combustion behavior  of fue l /wa te r  emulsions,  where accurate 

informat ion  of t h e  i g n i t i o n  t i m e  and of t h e  o n s e t  of t h e  micro-explosion phe- 

nomenon i s  needed as a f u n c t i o n  of t h e  aerodynamic and thermochemical proper-  

t i e s  of t h e  environmental  ox id izer .  Fu r the r  d e t a i l s  of t h e  appa ra tus  may be 

found i n  Appendix A. 

Employing t h i s  experimental  f a c i l i t y ,  q u a l i t a t i v e  s t u d i e s  of t h e  d i s rup -  

t i v e  burning of free d r o p l e t s  of water/n-paraff i n  emulsions and n-paraf f i n  

mixtures  were performed. These s t u d i e s ,  which are desc r ibed  below, repre- 

sen ted  the  f i r s t  d e t a i l e d  a n a l y s i s  of t h e  burn ing  characteristics of free 

d f o p l e t s  of emul s i f i ed  and multicomponent f u e l s ,  and provided t h e  background 

f o r  f u r t h e r  q u a n t i t a t i v e  observa t ions  of t h e  'micro-explosion phenomenon. 

t i o n  

pu re  

2. Water i n  n-paraf f in  Emulsions -- 
The r e s u l t s  of t h i s  work determined t h e  e x i s t e n c e  of secondary atomiza- 

(micro-explosion) du r ing  t h e  burning p rocess  of free droplets of water i n  

n-paraf f i n  emulsions. The exper imenta l  r e s u l t s  q u a l i t a t i v e l y  confirmed 

t h e  importance of water con ten t  and s t r u c t u r e  of t h e  i n t e r n a l  phase on t h e  

v io l ence  of t h e  micro-explosion process .  I t  w a s  found t h a t  by i n c r e a s i n g  t h e  
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water c o n t e n t  o r  by modifying t h e  i n t e r n a l  s t r u c t u r e  ( l a r g e r  i n t e r n a l  mean 

particle s i z e  1 of t h e  emulsion, t h e  v io l ence  of t h e  micro-explosive atomiza- 

t i o n  i n c r e a s e d  r e s u l t i n g  i n  a s h o r t e r  burnout t i m e  of t h e  f u e l  d r o p l e t  a f t e r  

o n s e t  of t h e  micro-explosion. D i f f e rences  i n  t h e  v i s i b l e  r a d i a t i o n  columns 

sur rounding  t h e  burning d r o p l e t  t r a j e c t o r i e s  f o r  t h e  n e a t  and e m u l s i f i e d  f u e l s  

i n d i c a t e d  t h a t  t h e  presence  of water w i t h i n  t h e  emulsion droplet decreased  

local  gas phase  soot formation. 

Experiments performed w i t h  p a r a f f i n s  of d i f f e r e n t  carbon number showed 

t h a t  f o r  t h e  micro-explosion p rocess  t o  occur,  t h e  s a t u r a t i o n  tempera ture  of 

t h e  f u e l  must exceed t h e  n u c l e a t e  supe rhea t  l i m i t  of  t h e  i n t e r n a l  phase  s t r u c -  

t u re .  A t  one atomsphere and f o r  p a r a f f i n s ,  t h i s  r equ i r ed  t h a t  t h e  material 

must be  a t  l ea s t  h e a v i e r  t han  n-tetradecane. The incons i s t ency  of t h e  f r e e  

and suspended d r o p l e t  r e s u l t s  f o r  n-dodecane emulsions caused skep t i c i sm w i t h  

r e g a r d  t o  q u a n t i t a t i v e  i n t e r p r e t a t i o n  of suspended f i l a m e n t  r e s u l t s  n o t  only 

f o r  emul s i f i ed  f u e l s  b u t  a l s o  f o r  multicomponent f u e l  mixtures. 

d e s c r i p t i o n  of t h e  work accomplished i n  t h i s  area i s  p resen ted  i n  Appendix A. 

,% 

A d e t a i l e d  

ii 

'I" 3. Mixtures - of n-paraf f ins  

Comparison of t h e  r e s u l t s  of ou r  experiments on t h e  free d r o p l e t  com- 

b u s t i o n  of e m u l s i f i e d  f u e l s  w i t h  t h o s e  ob ta ined  w i t h  suspended d r o p l e t s  showed 

t h a t  t h e  suspending f i l a m e n t  had a p e r t u r b i n g  e f f e c t  on t h e  d r o p l e t  combustion 

process .  Previous  exper imenta l  s t u d i e s  on t h e  burning behavior  of multicom- 

ponent  f u e l s  have a l l  employed i s o l a t e d  d r o p l e t s  suspended on q u a r t z  f i l a m e n t s  

or  f i n e  thermocouples. For t h i s  reason, and i n  o r d e r  t o  v e r i f y  pas t  expe r i -  

mental  r e s u l t s ,  w e  i n i t i a t e d  experiments on t h e  burn ing  p rocess  of f r e e  

d r o p l e t s  of multicomponent f u e l s .  

. Experiments were performed on the burn ing  characterist ics of b ina ry  mix- 

t u r e s  of n -pa ra f f in s  w i t h  vary ing  concen t r a t ions  of  t h e i r  components. The 
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f r e e  d r o p l e t  experiments w i th  mixtures  having hexadecane as h e a v i e r  component 

and hexane, heptane,  i so-oc tane ,  octane,  nonane, decane or dodecane, as 

l i g h t e r  component w e r e  conducted. Details of t h e  experiments are p resen ted  i n  

Appendix B. 

From t h e  r e s u l t s  of t h e  experiments,  i t  w a s  found t h a t  t h e  e x i s t e n c e  of 

f r e e  d r o p l e t  secondary a tomiza t ion  ( d i s r u p t i v e  burn ing)  w a s  a f u n c t i o n  of t h e  

d i f f e r e n c e  between t h e  b o i l i n g  p o i n t  of t h e  mixture  components and t h e i r  i n i -  

t i a l  r e l a t i v e  concentrat ion.  For d i s r u p t i v e  burning t o  occur,  n o t  only a 

minimum d i f f e r e n c e  between t h e  magnitude of t h e  b o i l i n g  p o i n t s  of t h e  com- 

ponents  must e x i s t ,  b u t  t h e  r e l a t i v e  q u a n t i t i e s  of t h e  components must f a l l  

w i t h i n  a c e r t a i n  range dependent on t h e  mixture. 

component, it w a s  s e e n  t h a t  f o r  p a r a f f i n s  wi th  carbon number equa l  t o  or 

l a r g e r  t han  octane,  d i s r u p t i v e  burning d i d  n o t  occur. 

With hexadecane as h e a v i e r  

I f  t h e  v o l a t i l e  com- 

ponent  of t h e  mixture  had carbon numbers smaller than  octane,  t h e  d i s r u p t i v e  

burning occured f o r  l a r g e  concen t r a t ions  of t h e  l i g h t  component, wi th  t h i s  

concen t r a t ion  dec reas ing  as t h e  carbon number decreases .  The r e l a t i v e  con- 

c e n t r a t i o n  of t h e  components n o t  only determined whether d i s r u p t i v e  burning 

w i l l  occur,  b u t  a l so  t h e  c h a r a c t e r i s t i c s  of t h e  phenomenon. For a given mix- 

t u r e ,  there w a s  a middle range of concen t r a t ions  where t h e  d i s r u p t i v e  process 

w a s  more v i o l e n t ,  more reproducib le  and took place sooner along t h e  d r o p l e t  

t r a j e c t o r y .  When t h e  concen t r a t ion  of t h e  l i g h t e r  component w a s  very l a r g e  o r  

n e a r  t h e  l i m i t  of e x i s t e n c e  of d i s r u p t i v e  burning, t h e  secondary a tomiza t ion  

process w a s  sporadic ,  took place a t  t h e  end of t h e  d r o p l e t  t r a j e c t o r y  and w a s  

c h a r a c t e r i z e d  by small f l a s h e s  r a t h e r  t h a n  by a v i o l e n t  d i s r u p t i v e  process. 

-4- 



4. Alcohols i n  P a r a f f i n s  

The l a r g e  d i f f e r e n c e  i n  b o i l i n g  p o i n t s  between t h e  l o w  carbon number 

- 

a lcoho l s  and t h e  h e a v i e r  p a r a f f i n s  permits t h e  p o s s i b i l i t y  of d r o p l e t  d i s rup-  

t i o n  through t h e  homogeneous nuc lea t ion  of a gaseous bubble i n  t h e  d r o p l e t  

i n t e r i o r .  S tud ie s  w e r e  completed f o r  s o l u t i o n s  of propanol  and e t h a n o l  i n  n- 

p a r a f f i n s .  I t  w a s  found t h a t  t h e  o n s e t  of d i s r u p t i v e  behavior  w a s  a func t ion  

of both t h e  d i f f e r e n c e  i n  b o i l i n g  p o i n t s  and t h e  r e l a t i v e  concent ra t ions  of 

t h e  two components. The completed work w a s  p re sen ted  a t  t h e  18th  Symposium 

( I n t e r n a t i o n a l )  on Combustion a t  the Un ive r s i ty  of Waterloo, Canada, August 

1980 and appeared i n  t h e  publ i shed  conference proceedings (see Appendix C ) .  

5. Ethanol  and No. 2 Fuel  O i l  So lu t ions  

Although No.  2 d i s t i l l a t e  f u e l  i s  a blend of p a r a f f i n s ,  a romat ics  and 

----- 

naphthenes wi th  a w i d e  range i n  b o i l i n g  p o i n t s  (180OC t o  345OC), the  d is rup-  

t i v e  combustion properties of e t h a n o l  i n  N o .  2 s o l u t i o n s  s h m e d  similar beha- 

v i o r  t o  t h o s e  of b ina ry  n-paraf f in  s o l u t i o n s  and e t h a n o l  i n  n-paraf f in  

s o l u t i o n s  r epor t ed  earlier (see Appendices B and C). This  d i s r u p t i v e  burn ing  

ir' r e s u l t e d  from t h e  homogeneous bubble nuc lea t ion  of t h e  superheated d r o p l e t  

i n t e r i o r  fol lowed by t h e  expansion of a gaseous nucleus w i t h  subsequent  

b u r s t i n g  of t h e  l i q u i d  s h e l l .  

I t  w a s  a l s o  found t h a t  a maximum and minimum concen t r a t ion  of e t h a n o l  

e x i s t e d  f o r  which t h e  d r o p l e t  burned d i s r u p t i v e l y .  To determine t h e s e  t w o  

e t h a n o l  concen t r a t ion  l i m i t s ,  experiments were performed i n  which t h e  e thano l  

concen t r a t ion  w a s  s y s t e m a t i c a l l y  va r i ed  under t h e  same gas flow and d r o p l e t  

gene ra t ion  condi t ions .  The resu l t s  showed t h a t  a l l  d r o p l e t s  undergo d is rup-  

t i v e  burn ing  f o r  e t h a n o l  concen t r a t ions  w i t h i n  t h e  l i m i t s  of 5% and 90% by 

volume. 

I t  w a s  observed t h a t  t h e  a d d i t i o n  of 5% e t h a n o l  by volume c o n s t i t u t e d  t h e  

-5- 



lower l i m i t  f o r  which d i s r u p t i o n  occurred. This  behavior  may be a s c r i b e d  t o  

b 

P 

t h e  r educ t ion  of t h e  s o l u t i o n  nuc lea t ion  temperature  t o  below t h e  maximum tem- 

p e r a t u r e  reached du r ing  t h e  d r o p l e t  l i f e t ime .  The a d d i t i o n  of l o w  b o i l i n g  

p o i n t  p a r a f f i n s  such as pentane or hexane w a s  found t o  r e s u l t  i n  s imilar  beha- 

v i  or. 

Furthermore, t h e  r e s u l t s  showed t h a t  t h e r e  w a s  a l so  a n  e t h a n o l  con- 

c e n t r a t i o n  l i m i t  (90% e t h a n o l  by volume) above which no d i s r u p t i o n  w a s  

obtained.  The e x i s t e n c e  of a similar upper l i m i t  w a s  observed p rev ious ly  for 

b ina ry  n-paraf f i n  s o l u t i o n s  (Appendix B ) , and a l c o h o l  i n  n-paraf f i n  s o l u t i o n s  

(Appendix C). This  w a s  a t t r i b u t e d  t o  t h e  effect  of t h e  r educ t ion  of s u r f a c e  

temperature  through a mechanism of p a s s i v e  convect ion whereby l i g h t  components 

were exposed as t h e  d r o p l e t  s u r f a c e  regressed  du r ing  combustion. 

I n  o r d e r  t o  determine t h e  optimal e t h a n o l  concen t r a t ion  which minimizes 

t h e  mass loss from i g n i t i o n  t o  t h e  p o i n t  of d i s rup t ion ,  t h e  diameter  v a r i a t i o n  

between t h e s e  two p o s i t i o n s  w a s  measured f o r  a l l  e t h a n o l  concen t r a t ions  bet- 

ween 5 and 90% by volume. For each case, t h e  d iameters  of t h e  d r o p l e t s  a t  t h e  

p o i n t s  of i g n i t i o n  and d i s r u p t i v e  burn ing  w e r e  measured us ing  a high-speed 16 

mm movie camera synchronized wi th  s t roboscop ic  back-l ight ing.  The uni formi ty  

and s tead iness  of t h e  droplet  generation system and gas flow condit ions  w e r e  

s u f f i c i e n t  t o  pe rmi t  de te rmina t ion  of t h e  mean d iameter  by averaging  a t  l ea s t  

twenty measurements. 

I n  term of mass d i s p e r s i o n - e f f i c i e n c y ,  it w a s  apparent  t h a t  t h e r e  w a s  a n  

optimal range of e t h a n o l  concen t r a t ion  f o r  which t h e  d iameter  r a t i o  D i / D e ,  w a s  

minimized. 

when only  approximately 25% of t h e  i n i t i a l  volume had been consumed. This  

r e s u l t  may be of pract ical  s i g n i f i c a n c e  i n  t h e  a p p i i c a t i o n  of a lcohol - fue l  

For e t h a n o l  concen t r a t ions  between 30% and 40% d i s r u p t i o n  occurred  

technology. These and a d d i t i o n a l  r e s u l t s  f o r  a l c o h o l  a d d i t i v e s  were p resen ted  

-6- 



a t  t h e  I V  Alcohol Fuels  Symposium a t  Guarujd, Braz i l ,  October 1980 and are 

pub l i shed  i n .  t h e  symposium proceedings (Appendix D 1. 

6. Water and No. 2 Fuel  Emulsions 

Emulsions of water i n  N o .  2 d i s t i l l a t e  were s t u d i e d  f o r  water con ten t s  

----- 

between 5% and 40% by volume. 

For emulsions w i t h  lower water con ten t  t h e  observed micro-explosion was 

d i spe r sed  over  a s i g n i f i c a n t  reg ion  of t h e  d r o p l e t  t r a j e c t o r y .  The e x t e n t  of 

t h i s  reg ion  decreased wi th  i n c r e a s i n g  w a t e r  conten t ,  For t h e  case wi th  30% 

water t h e  micro-explosion w a s  sudden (less than  0.2 msec i n t e r v a l  w i th  t h e  

product ion  of no d e t e c t a b l e  secondary d r o p l e t s ) .  With 20% water t h e  t o t a l  

t i m e  r equ i r ed  f o r  t h e  complete d i s p e r s i o n  of t h e  l i q u i d  phase was inc reased  

s i g n i f i c a n t l y .  

f u r t h e r  micri-explosions.  Thus the  necessary  t o t a l  t i m e  from the i n i t i a t i o n  

of t h e  micro-explosion t o  a s t a t e  of complete d i s p e r s i o n  inc reased  wi th  

dec reas ing  water content .  For t h e  lowest  water c o n t e n t  s t u d i e d  (5% by volume) 

Secondary d r o p l e t s  were formed which were observed t o  undergo 

-_ t h i s  t i m e  w a s  on t h e  o r d e r  of 10 mil l iseconds.  Contrary t o  t h e  behavior  of 

ethanol-in-No. 2 s o l u t i o n s  r epor t ed  above, none of t h e  water i n  No. 2 

emulsions e x h i b i t e d  s i g n i f i c a n t  d r o p l e t  growth p r i o r  t o  explosion. 

I n  o r d e r  t o  determine t h e  optimal water con ten t  which minimized t h e  

amount of l i q u i d  consumed p r i o r  t o  t h e  micro-explosion po in t ,  measurements of 

t h e  d r o p l e t  d iameter  a t  both  t h e  i g n i t i o n  p o i n t  and j u s t  prior t o  t h e  major 

exp los ion  were obta ined  experimental ly .  Resu l t s  i n d i c a t e d  t h a t  over  t h e  range 

of  water con ten t s  which were s t u d i e d  t h e r e  w a s  only a s l i g h t  decrease  i n  t h e  

d iameter  r a t i o ,  Di /Dex ,  between i g n i t i o n  and explosion.  These r e s u l t s  have 

been presented  a t  t h e  Western S t a t e s  Meeting of t h e  Combustion I n s t i t u t e  a t  

I r v i n e ,  C a l i f o r n i a ,  A p r i l  1980 and w e r e  publ i shed  i n  Combustion Sc ience  and 

Technology (Appendix E 
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7. Methanol i n  No. 2 Fuel  O i l  

Methanol is n o t  s o l u b l e  i n  No. 2 f u e l  o i l  a t  room temperature.  Con- 

----- 

sequent ly  methanol w a s  i n v e s t i g a t e d  as an  emulsion wi th  No.  2 oi l .  A s t a b l e  

emulsion w a s  achieved through t h e  a d d i t i o n  of a small amount of propanol  and 

t h e  cont inuous u s e  of a 20 KHz t ransducer .  

The combustion c h a r a c t e r i s t i c s  of d r o p l e t s  of methanol-No. 2 o i l  

emulsions were t y p i c a l  of s o l u t i o n s  i n  terms of t h e  long p e r i o d  f o r  bubble 

growth and t h e  v io lence  of d i s rup t ion .  It  w a s  t o  be expected t h a t  some d i s so -  

l u t i o n  of t h e  methanol i n t o  t h e  o i l  w i l l  occur  a t  e l e v a t e d  temperatures  i n  

c o n s i d e r a t i o n  of t h e  l o w  c r i t i ca l  s o l u t i o n  temperature.  Consequently behavior  

t y p i c a l  of s o l u t i o n s  i s  n o t  su rp r i s ing .  

macroemulsions of methanol i n  f u e l  o i l  w a s  t h e  s t a b i l i t y  of t h e  system. 

The g r e a t e s t  d i f f i c u l t y  i n  u t i l i z i n g  

Microemulsions o f f e r  a n  advantage over  macroemulsions i n  t h a t  t hey  are 

thermodynamically s t a b l e  and are n o t  prone t o  s e p a r a t i o n  on s tanding.  

Microemulsions of both w a t e r  and methanol w e r e  i n v e s t i g a t e d  us ing  a s u r f a c t a n t  

(tradename SOA, manufactured by t h e  Scher  Chemical Company) which w a s  supp l i ed  

by Southwest Research I n s t i t u t e .  It  w a s  found t h a t  a l a r g e  amount of s u r f a c -  

t a n t  w a s  necessary t o  achieve a n  emulsion. A one t o  one m e t h a n o l b a t e r  t o  

s u r f a c t a n t  volume r a t i o  w a s  used. 

With methanol, d i s r u p t i o n  was observed a t  two d i s t i n c t  locations a long  

t h e  d r o p l e t  t r a j e c t o r y .  The f i r s t  event e x h i b i t e d  t h e  same behavior  as w a s  

observed wi th  s o l u t i o n s  of e t h a n o l  and No.  2 i n d i c a t i n g  once a g a i n  some d i s s o -  

l u t i o n  e f f e c t s  a t  e l e v a t e d  temperatures.  However secondary d r o p l e t s  were pro- 

duced and they  were observed t o  explode f u r t h e r  a l o n g  t h e  t r a j e c t o r y .  I t  w a s  

suspec ted  t h a t  t h i s  r e s u l t e d  from some r e s i d u a l  s u r f a c t a n t  be ing  l e f t  i n  t h e  

f u e l  because a mixture 'o f  simply s u r f a c t a n t  and f u e l  w a s  found t o  e x h i b i t  

d i s r u p t i v e  behavior. 
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8. 

A s  par t  of t h e  cont inuing  e f f o r t  i n  understanding t h e  behavior  of bubble 

Analysis  of Droplet - and Bubble Dynamics - 

growth and d r o p l e t  d i s r u p t i o n  i n  burning emulsions and f u e l  s o l u t i o n s ,  a 

d e t a i l e d  t h e o r e t i c a l  a n a l y s i s  has  been performed concerning some aspects of 

vapor bubble dynamics i n  superheated l i qu ids .  The r e s u l t s  of t h i s  a n a l y s i s  

have i n d i c a t e d  fundamentally d i f f e r e n t  mechanisms f o r  d i s r u p t i v e  combustion 

w i t h  fuel-water  emulsions and wi th  b ina ry  f u e l  so lu t ions .  

a. Growth Rate of Vapor Bubbles i n  Pure Superheated Liquid  

Equat ions were w r i t t e n  f o r  mass conserva t ion ,  energy conserva t ion  and 

momentum ba lance  i n  a s p h e r i c a l l y  symmetric bubble. 

i n  t h i s  and subsequent  parts of t h e  a n a l y s i s  were t h e  common ones i n c l u d i n g  

uniform, i n f i n i t e  l i q u i d  medium, no compress ib i l i t y  e f f e c t s  i n  vapor or l i q u i d  

The assumptions involved 

:. phases, equ i l ib r ium a t  l iquid-vapor  i n t e r f a c e s .  More de t a i l s  can be found i n  

Appendix F. 

Analys is  of t h e  governing time-dependent equa t ions  f o r  bubble growth 

i n d i c a t e d  two d i s t i n c t  regimes of growth. The i n i t i a l  s t a g e s  of bubble growth 

were found t o  be r a p i d  and t o  be c o n t r o l l e d  p r i m a r i l y  by t h e  i n e r t i a  of t h e  

sur rounding  l i qu id .  I t  w a s  found t h a t  t h e  bubble r a d i u s  grew d i r e c t l y  propor- 

t i o n a l  t o  t i m e  and w a s  r e l a t e d  t o  t h e  degree  of supe rhea t  of t h e  l i q u i d .  

Following t h i s  p e r i o d  of i n e r t i a - c o n t r o l l e d  growth t h e  d i f f u s i o n  of h e a t  

and vapor i za t ion  of l i q u i d  w a s  found t o  c o n t r o l  t h e  ra te  a t  which t h e  bubble 

grew. The equa t ions  f o r  t h i s  regime had t h e  form which w a s  f i r s t  der ived  by 

P l e s s e t  and Zwick f o r  bubble growth i n  a n  i n f i n i t e  medium. 

bubble r a d i u s  R i s  p r o p o r t i o n a l  t o  t'' where t i s  t i m e .  This  is t h e  classical 

r e s u l t  of P l e s s e t  and Z w i c k .  Bubble growth w a s  s een  t o  be cons iderably  slower 

t h a n  du r ing  t h e  i n i t i a l  i n e r t i a - c o n t r o l l e d  per iod.  

I n  t h i s  s t a g e  
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b. Bubble Growth i n  Binary So lu t ions  

The a n a l y s i s  f o r  a pu re  l i q u i d  w a s  extended t o  t h e  case of a b ina ry  so lu-  

t i on .  Conservat ion equat ions  w e r e  now requ i r ed  f o r  both components. To make 

t h e  a n a l y s i s  t r a c t a b l e  it w a s  assumed t h a t  one component w a s  i n  a smal l  con- 

c e n t r a t i o n  and w a s  much more v o l a t i l e  t han  t h e  o t h e r  component of t h e  so lu -  

t i on .  

The r e s u l t s  f o r  t h e  b inary  s o l u t i o n  problem w e r e  e s s e n t i a l l y  t h e  same as 

f o r  t h e  pu re  l i q u i d  which w a s  d i scussed  above. Again t h e r e  w a s  found t o  be a 

s h o r t  i n e r t i a - c o n t r o l l e d  s t a g e  a t  t h e  beginning of t h e  bubble’s  growth from a 

c r i t i c a l  s i z e .  Growth i n  t h i s  phase w a s  r e l a t i v e l y  rapid.  The i n i t i a l  p e r i o d  

w a s  fol lowed by t h e  d i f f u s i o n  c o n t r o l l e d  phase when bubble r a d i u s  inc reased  

w i t h  t”. 

Measurements which have been made i n  t h i s  l abora to ry  i n  t h e  past  on t h e  

d i s r u p t i o n  of fuel-water  emulsions have found t h a t  t h e  c h a r a c t e r i s t i c  t i m e  

from t h e  o n s e t  of bubble growth t o  complete d i s r u p t i o n  of t h e  d r o p l e t  i s  on 

the  o r d e r  of secs. This  i s  s u b s t a n t i a l l y  less than  t h e  t y p i c a l  t i m e  f o r  

thermal  d i f f u s i o n  and on t h e  b a s i s  of t h e  preceding  a n a l y s i s  of bubble dyna- 

mics, i t  w a s  concluded t h a t  bubble grawth i n  a n  emulsion i s  i n e r t i a l l y  

con t ro l l ed .  Measurements of s o l u t i o n s  have i n d i c a t e d  character is t ic  t i m e s  f o r  

bubble growth on t h e  o r d e r  of secs. This  i s  comparable wi th  d i f f u s i o n  

times and i n d i c a t e s  t h a t  t h e  volume change from l i q u i d  t o  vapor i s  n o t  s u f -  

f i c i e n t  t o  d i s r u p t  t h e  d r o p l e t  and t h e  vapor bubble passes from t h e  i n e r t i a l  

regime t o  t h e  r e l a t i v e l y  s l o w  d i f f u s i o n  cont ro l led . reg ime.  

The theoretical a n a l y s i s  which has  been o u t l i n e d  above (see Appendix F 

f o r  f u r t h e r  d e t a i l s )  has  y i e l d e d  va luab le  i n s i g h t  i n t o  t h e  behavior  of bubble 

grcwth i n  emulsions and s o l u t i o n s .  I t  has  a ided  i n  t h e  i n t e r p r e t a t i o n  of t h e  

observed combustion c h a r a c t e r i s t i c s  of these f u e l s .  
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9. 

Previous r e sea rch  under t h i s  c o n t r a c t  has  developed a n  understanding of 

D i s rup t ive  Combustion - of Ternary So lu t ions  

t h e  fundamental  c h a r a c t e r i s t i c s  of burning d r o p l e t s  of b ina ry  f u e l  so lu t ions .  

Th i s  work determined t h e  necessary cond i t ions  r equ i r ed  t o  achieve  nuc lea t ion  

of t h e  d r o p l e t  l i q u i d  w i t h  a n  ensuing  d i s rup t ion .  It  was found t h a t  a minimum 

d i f f e r e n c e  w a s  r equ i r ed  i n  b o i l i n g  p o i n t s  so  t h a t  when t h e  o u t e r  d r o p l e t  l a y e r  

w a s  dep le t ed  of t h e  v o l a t i l e  component and t h e  d r o p l e t  w a s  hea ted  c l o s e  t o  t h e  

h ighe r  b o i l i n g  p o i n t  temperature,  t h e  i n n e r  s o l u t i o n  i n  t h e  d r o p l e t  c o r e  could 

be r a i s e d  t o  i t s  l i m i t  of superheat .  Reasonable p r e d i c t i o n s  of s o l u t i o n  beha- 

v i o r  w a s  achieved by u s i n g  a very s imple model. The maximum d r o p l e t  t e m -  

perature w a s  taken t o  be t h e  b o i l i n g  p o i n t  of t h e  less v o l a t i l e  f u e l  and t h e  

s o l u t i o n  nuc lea t ion  temperature  w a s  t aken  as a mole-weighted average of t h e  

pu re  components. These two assumptions, p a r t i c u l a r l y  t h e  former one, are 

prone  t o  e r ro r .  S ince  real f u e l s  are s o l u t i o n s  of many components i t  w a s  

be l i eved  t o  be worthwhile t o  i n v e s t i g a t e  t h e  e f f e c t  of t h e  a d d i t i o n  of a t h i r d  

in t e rmed ia t e  b o i l i n g  p o i n t  component on t h e  behavior  of an  i n i t i a l l y  d i s rup -  

t i v e  b ina ry  s o h  t ion .  

~ 

J 

Three t e r n a r y  systems were i n v e s t i g a t e d  under  low Reynolds number, f r e e  

d r o p l e t  combustion condi t ions .  The mixtures  were i pentane-decane-nonadecane 

ii) pentane-octane-nonadecane iii) pentane-dodecane-nonadecane. For a g iven  

mixture  of pentane and nonadecane which y i e l d e d  d i s r u p t i v e  behavior,  vary ing  

amounts of t h e  t h i r d  in t e rmed ia t e  component were s y s t e m a t i c a l l y  added t o  

determine t h e  concen t r a t ion  a t  which t h e  in t e rmed ia t e  component would i n h i b i t  

d i s rup t ion .  On t h e  basis of t h e  simple model which has been used t o  da t e ,  t h e  

d r o p l e t  s u r f a c e  temperature  would cont inue  t o  be t h e  b o i l i n g  p o i n t  of t h e  

nonadecane and t h e  only e f f e c t  of t h e  t h i r d  component would be on t h e  

nuc lea t ion  temperature.  
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"his simple c r i t e r i o n  w a s  found t o  o v e r p r e d i c t  t h e  d i s r u p t i v e  com- 

p o s i t i o n a l  range. I n  f a c t  d i s r u p t i o n  w a s  found t o  be i n h i b i t e d  much more 

e a s i l y  than  w a s  expected on t h e  b a s i s  of t h e  simple model. It  seems t h a t  

n e g l e c t i n g  t h e  presence  of some l i g h t e r  component a t  t h e  d r o p l e t  s u r f a c e  wi th  

t h e  consequent over-est imate  of d r o p l e t  s u r f a c e  temperature  i s  a f a c t o r .  

Three d i f f e r e n t  i n t e rmed ia t e  f u e l s  w e r e  used. I t  w a s  found t h a t  w i th  

i n c r e a s i n g  v o l a t i l i t y  of t h e  t h i r d  component, i n c r e a s i n g  amounts of t h i s  f u e l  

could  be t o l e r a t e d  be fo re  d i s r u p t i v e  a c t i v i t y  w a s  i nh ib i t ed .  T h i s  r e s u l t  

i n d i c a t e s  a more complex e f f e c t  t han  simply a depres s ion  of t h e  d r o p l e t  su r -  

f a c e  temperature.  More d e t a i l e d  r e s u l t s  are a v a i l a b l e  i n  Appendix G. 

The r e s u l t s  which have been obta ined  have i n d i c a t e d  t h a t  t h e  simple model 

which w a s  used f o r  b inary  s o l u t i o n s  i s  n o t  s a t i s f a c t o r y  for  more complex so lu -  

t i o n s .  

t i o n s  of d r o p l e t  temperature  as w e l l  as improved estimates of nuc lea t ion  

tempera tures  of real  so lu t ions .  

I 

I n  p a r t i c u l a r ,  t h e  r e s u l t s  i n d i c a t e  a need f o r  more a c c u r a t e  c a l c u l a -  

10. F u l l  Scale Demonstration S tud ie s  -- on a 100,000 l b / h r  Steam Generat ion 

System 

a. Problem D e f i n i t i o n  

-- 

The u s e  of w a t e r / o i l  emulsions t o  i n c r e a s e  b o i l e r  e f f i c i e n c y  and improve 

o r  r e s o l v e  b o i l e r  combustion problems has  been the s u b j e c t  of much p u b l i c i t y  

and rampant claims dur ing  t h e  l a s t  t e n  years .  

guous and mis in t e rp re t ed  d a t a  whi,ch have been used t o  promote p a r t i c u l a r  

emuls i fy ing  devices  serve t o  mask t h e  f a c t  t h a t  t h e  changes i n  f u e l  sp ray  

dynamics ( d r o p l e t  s i z e  and d i s p e r s i o n  i n t o  t h e  combustion a i r )  which r e s u l t  

The myriad of inaccurate, ambi- 

from emulsion combustion can improve burner  f u e l / a i r  mixing c h a r a c t e r i s t i c s  i n  

a n  unique manner. 

t i o n s  t o  t h e  o v e r a l l  combustion process i n c l u d e  reduced carbon format ion  a t  

The p o t e n t i a l  advantages t o  be gained from t h e s e  modifica- 

-1 2- 



normal ope ra t ing  excess  a i r  levels, accep tab le  carbon emissions a t  reduced 

excess  a i r  l e v e l s ,  a s a t i s f a c t o r y  ope ra t ion  wi th  a l o w e r  grade of f u e l  o i l ,  

and improved b o i l e r  e f f i c i ency .  

The f u e l  sp ray  dynamics can be improved by proper  burner  t i p  des ign  modi- 

f i c a t i o n s .  The subcon t rac to r  w e  chose t o  a c t u a l l y  perform t h e  engineer ing  

t a s k s  a s s o c i a t e d  wi th  t h e s e  b o i l e r  tests has  r o u t i n e l y  app l i ed  convent ina l  

technology t o  modify burner  sp ray  p a t t e r n s .  On i n d u s t r i a l  b o i l e r s  t h i s  has  

enabled those  b o i l e r s  t o  run  a t  lower excess  oxygen l e v e l s ,  which r e s u l t e d  i n  

inc reased  e f f i c i e n c y  and reduced NOx and par t iculate  emissions.  

I n  most i n s t a n c e s  where water emulsions have previous ly  been employed, no 

attempt was made t o  f i r s t  opt imize t h e  performance wi th  combustion modifica- 

t i o n  be fo re  i n s t a l l i n g  t h e  emul s i f i e r .  

t e l l  how much performance improvement, which w a s  c r e d i t e d  t o  t h e  use  of 

Therefore ,  it w a s  never p o s s i b l e  t o  

emulsions,  could  have been achieved by proper b o i l e r  opera t ion .  

Secondly, t h e  u s e  of emulsions has  never  been s imultaneously inco rpora t ed  

'1 w i t h  t h i s  op t imal  burner  a d j u s t e d  approach. Emulsions have always been eva- 

l u a t e d  on a pu re  r e t r o f i t  bas i s .  N o  d a t a  e x i s t  on whether convent iona l ly  

opt imized burner  systems might be f u r t h e r  improved u s i n g  emuls i f i ed  f u e l s .  

Furthermore, a burner  t h a t  has  been opt imized on convent iona l  f u e l  can  show a 

s l i g h t  performance d e t e r i o r a t i o n  w i t h  u s e  due t o  wear, carbon bui ldup,  etc. As 

t h e  burner  performance begins  t o  dec rease  w i t h  off-design performance of t h e  

atomizer ,  t h e  b e n e f i t s  of t h e  emulsor would emerge due t o  t h e  f i n e r  o i l  s p r a y  

produced by t h e  exploding w a t e r  d rop le t s .  Thus, even i f  e m u l s i f i c a t i o n  might 

show l i t t l e  o r  no a d d i t i o n a l  b e n e f i c i a l  e f f e c t  over  a convent iona l ly  optimized 

burner  i n i t i a l l y ,  i t  might s t i l l  r e s u l t  i n  a n  i n t e g r a t e d  improvement i n  e f f i -  

c iency  over  a n  i n t e r v a l  between maintenance opera t ions .  

The o b j e c t i v e  of t h i s  program w a s  t o  determine t h e  r e l a t i v e  va lue  of a 
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combustion c o n t r o l  technology, whether emulsions have a p o s i t i v e  e f f e c t  on 

b o i l e r  e f f i c i e n c y ,  t o  q u a n t i f y  t h a t  e f f e c t ,  and t o  determine t h e  e f f e c t  of 

emulsion on reducing p a r t i c u l a t e  and NOx emissions.  

emul s i f i ed  f u e l  combustion w a s  t e s t e d  and compared wi th  n e a t  f u e l  combustion 

under c a r e f u l l y  c o n t r o l l e d  condi t ions ,  on a w e l l  cha rac t e r i zed  boiler. 

For t h e  f i r s t  t i m e ,  

O i l / w a t e r  emulsions have t h e  p o t e n t i a l  f o r  p rov id ing  s o l u t i o n s  t o  c e r t a i n  

types  of combustion problems a s s o c i a t e d  w i t h  b o i l e r s  of a l l  s i z e s .  Although 

many of these problems are p o t e n t i a l l y  r e s o l v a b l e  by changes i n  o p e r a t i n g  pro- 

cedures  u s i n g  i n s t a l l e d  equipment o r  changes i n  burner  hardware, t h e  applica- 

t i o n  of o i l / w a t e r  emulsions t o  such problems may prove more exped i t ious  o r  

even d e s i r a b l e  f o r  many ope ra t ing  circumstances.  To p reven t  t h e  random and 

i n e f f e c t i v e  u s e  of emulsions,  and t o  determine t h e  r e l a t i v e  va lue  of t h i s  com- 

b u s t i o n  modi f ica t ion  technique, it is  necessary  t o  determine t h e  r equ i r ed  o r  

d e s i r a b l e  emulsion f i r i n g  c h a r a c t e r i s t i c s ,  and f u r t h e r  t o  q u a n t i f y  t h e  rela- 

t i v e  magnitude of the e f f e c t s  which one would expect inc lud ing  t h e  impact on 

o t h e r  b o i l e r  emissions.  This  program w a s  d i r e c t e d  a t  p rov id ing  t h e  answers t o  

t h e s e  ques t ions .  

I n  p a r t i c u l a r  t h e  proposed program determined t h e  e f f e c t  of a w a t e r / o i l  

emulsion on so l id  carbonaceous particulate emissions der ived  from both atomi- 

za’tion d e f i c i e n c i e s  and gas phase soot formation. I n  add i t ion ,  t h e  d i r e c t  

e f f e c t  of emulsions on combustion e f f i c i e n c y  and o t h e r  boiler emissions 

i n c l u d i n g  n i t r o g e n  oxides  were assessed.  
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b. Program Descr ip t ion  

The b o i l e r  t es t  program i t s e l f  w a s  conducted by KVB, Inc. ,  Har t sda le ,  N e w  

York who a c t e d  as a subcon t rac to r  t o  Pr ince ton  Universi ty .  

and des ign  tests on t h e  b o i l e r  took approximately 10 weeks. 

t o  be scheduled du r ing  the c o n t r a c t  p e r i o d  such t h a t  major b o i l e r  tests 

occurred  dur ing  a period when up t o  80% b o i l e r  load  could  be achieved. 

Actual  experiment 

The program had 

The hardware r equ i r ed  t o  manufacture f u e l  emulsions f o r  t h i s  research  w a s  

provided by American United Marine Corp., Saugus, MA. This  system w a s  

s u p p l i e d  f o r  t h e  t es t  du ra t ion  a t  no cos t .  

The program i s  complimentary t o  and ex tends  prev ious  s t u d i e s  on 

emuls i f i ed  f u e l  combustion i n  b o i l e r s  i n  t h a t :  

i )  

ii) 

'i 

.: t. 

iii 1 

i v )  

The s tudy  represents t h e  l a r g e s t  scale t e s t  t o  be conducted. S t a -  
t ionary combustion c h a r a c t e r i s t i c s  cannot be sca led  and thus 
i n d u s t r i a l  scale tests must be conducted f o r  i n d u s t r i a l  scale appli- 
ca t ion .  

The t e s t  program w a s  formulated s p e c i f i c a l l y  for ope ra t ion  on h igh  
s u l f u r  b ina ry  r e s i d u a l  o i l  i n  oppos i t i on  t o  running on l o w  s u l f u r  No. 
6 o i l  which may be much more c h a r a c t e r i s t i c  of N o .  4 or No. 5 f u e l  
o i l .  This  is a n  impor tan t  aspect of t h e  program i n  t h a t  w e  want t o  
i n v e s t i g a t e  emulsion technology as a means of p e r m i t t i n g  h igh  s u l f u r  
r e s i d u a l  o i l  and or o t h e r  degraded f u e l  combustion i n  environmental ly  
r e s t r i c t e d  areas, n o t  s p e c i f i c a l l y  as a n  approach t o  opt imiz ing  
b o i l e r  e f f i c i e n c y  on a No. 6 f u e l .  

"his w a s  t h e  f i r s t  test  program t o  attempt d i r e c t  comparison of con- 
v e n t i o n a l  b o i l e r  op t imiza t ion  techniques  wi th  a s imilar  approach 
which i n c l u d e s  t h e  u s e  of emul s i f i ed  f u e l s .  Other s t u d i e s  have 
a t tempted  t o  es tabl ish b a s e l i n e  r e s u l t s  by s e t t i n g  b o i l e r  ope ra t ion  
a t  t h e  manufacturers des ign  s p e c i f i c a t i o n .  This  l a t te r  method i s  n o t  
acceptable f o r  b o i l e r  des ign  s p e c i f i c a t i o n s  and are n o t  w e l l  de f ined  
f o r  f i e l d  e r e c t e d  i n d u s t r i a l  u n i t s  and does n o t  r e f l e c t  changes 
r equ i r ed  f o r  f u e l  p rope r ty  v a r i a t i o n s .  

T e s t  carried o u t  on o u r  co-generat ion system permited "swing loading"  
and t h e r e f o r e  c o n s t a n t  ope ra t ing  parameters f o r  t h e  t e s t  b o i l e r .  

Ear ly  i n  1981, KVB conducted combustion performance tests of oil/water 

emulsions f i r e d  i n  a 100,000 l b / h r  boiler a t  Pr ince ton  Un ive r s i ty ' s  power 

p lan t .  The performance tests, which w e r e  c a r r i e d  o u t  under t h e  terms of a 
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c o n t r a c t  between t h e  DOE and t h e  Un ive r s i ty ' s  Department of Mechanical and 

Aerospace Engineering, were aimed a t  p rov id ing  a more complete understanding 

of  t h e  mechanisms of vapor iza t ion ,  i g n i t i o n  and combustion of o i l / w a t e r  

emulsions. 

KVB eva lua ted  t h e  performance of t h e  t e s t  boiler on o i l  only,  as a base- 

l i n e  condi t ion ,  and on oil/water emulsions of vary ing  composition, i n  a l l  

cases measuring t h e  r e s u l t i n g  gaseous and p a r t i c u l a t e  emissions and d e t e r -  

mining boiler e f f i c i e n c y .  

w a s  a heavy, h igh-su l fur  No. 6 f u e l  o i l .  The r e s u l t s  of K V B ' s  t e s t i n g  program 

The o i l  used i n  both o i l  o n l y - a n d  emulsion f i r i n g  

a re  p resen ted  i n  t h e  fo l lowing  pages. 

KVB found t h a t  mixing small amounts of water w i t h  t h e  f u e l  o i l  r e s u l t e d  

i n  p a r t i c u l a t e  emissions t h a t  were s i g n i f i c a n t l y  lower than  those  obta ined  

d u r i n g  optimum o i l  only f i r i n g .  With 5% H20 i n  t h e  f u e l  emulsion, it w a s  

p o s s i b l e  t o  reduce p a r t i c u l a t e  loadings  as much as 22% below loadings obta ined  

d u r i n g  o i l  on ly  f i r i n g .  A s  t h e  water con ten t  of t h e  o i l /wa te r  emulsion w a s  

i nc reased  beyond 5%, however, i t  w a s  found t h a t  t h e  p a r t i c u l a t e  loadings  

. s t e a d i l y  i n c r e a s e d  aga in ,  i n  one case, r i s i n g  t o  levels above those  obta ined  

d u r i n g  optimum o i l  only  f i r i n g .  When p a r t i c u l a t e  loadings  w e r e  reduced du r ing  

emulsion f i r i n g ,  the  greatest r educ t ion  occurred  i n  t h a t  p o r t i o n  of t h e  par- 

t i c l e  s i z e  d i s t r i b u t i o n  t h a t  is > 10 microns. This d i sp ropor t iona te ly  g r e a t e r  

r educ t ion  i n  coarse particles provides  f u r t h e r  evidence of t h e  e f f e c t i v e n e s s  

of t h e  water i n  breaking  up  t h e  l a r g e r  o i l  d rop le t s .  

Adding water t o  t h e  f u e l  o i l  n a t u r a l l y  has  a n  impact on b o i l e r  e f f i -  

c iency ,  s i n c e  t h a t  e f f i c i e n c y  now must t a k e  i n t o  account  t h e  h e a t  of vaporiza- 

t i o n  of t h e  water. According t o  s tack  loss methods, t h e  p e n a l t y  f o r  adding 5% 

H20 t o  t h e  o i l  w a s  s l i g h t ,  r e s u l t i n g  i n  a - 3 3 %  r e d u c t i o n i n  t h e  boi ler ' s  e f f i -  

c iency.  A s  t h e  water con ten t  of t h e  oil/water emulsion w a s  i nc reased  beyond 
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5%, however, t h e  r e s u l t i n g  b o i l e r  e f f i c i e n c y  losses were more severe.  N o  

measurable change i n  e f f i c i e n c y  could be observed through input -output  e f f i -  

c iency  methodology. 

I t  w a s  found t h a t  f i r i n g  t h e  oil/water emulsion d i d  n o t  lower t h e  minimum 

With 5% H20 i n  t h e  emulsion, some impro- excess  a i r  th re sho ld  f o r  t h e  bo i l e r .  

vement i n  NOx emissions w a s  achieved. As w a s  expected, f i r i n g  t h e  f u e l  

emulsion d i d  n o t  a l t e r  t h e  l e v e l  of SO2 and SO3 emissions from those  found f o r  

convent iona l  f i r i n g .  

A maximum reduc t ion  of 22% i n  p a r t i c u l a t e  loading  w a s  achieved when 

f i r i n g  f u e l  emulsions w i t h  a water con ten t  of 5% under optimum o p e r a t i n g  con- 

d i t i o n s .  As t h e  water con ten t  of t h e  emulsion w a s  i nc reased  beyond 5%, par -  

t i c u l a t e  emissions r e tu rned  t o  b a s e l i n e  ( o i l  o n l y )  l e v e l s  and beyond: wi th  5% 

H20, p a r t i c u l a t e s  w e r e  reduced by 22%; w i t h  10% H20, p a r t i c u l a t e s  w e r e  reduced 

by 6%; and w i t h  15% H20, particulates inc reased  t o  1 1 %  over  b a s e l i n e  ( o i l  

on ly  1 l e v e l s .  P a r t i c l e  s i z e  a n a l y s i s  of p a r t i c u l a t e  samples showed a d i s t i n c t  

bi-modal d i s t r i b u t i o n  i n  a l l  cases, wi th  peaks a t  roughly 0.3 microns and 3.0 

microns. 
In 

F i r i n g  t h e  oil/water emulsion reduced p a r t i c u l a t e  loading  a t  t h e  > 10 

micron s i z e  i n  a l l  cases, r e g a r d l e s s  of t h e  w a t e r  c o n t e n t  of t h e  emulsion, and 

scanning  e l e c t r o n  microscopy c o n s i s t e n t l y  showed reduc t ions  i n  l a r g e  particles 

as t h e  water con ten t  of t h e  f u e l  w a s  increased .  This  r educ t ion  i n  coa r se  p a r -  

t i c l e  load ing  va r i ed  between 40% and 60%. A maximum reduc t ion  of 15% i n  very 

f i n e  par t ic les  ( =  0.3 microns)  w a s  achieved a t  5% H20 i n  t h e  fue l .  Very f i n e  

p a r t i c l e s  i nc reased  t o  36% above b a s e l i n e  ( o i l  o n l y )  l e v e l s  a t  15% H20 i n  t h e  

emulsion. Coarse par t ic le  ( >  1.0 microns)  loading  decreased s t e a d i l y  as a 

f u n c t i o n  of i n c r e a s i n g  water con ten t  i n  t h e  f u e l ,  b u t  f i n e  particle ( <  1.0 

microns)  loading  reached a minimum a t  10% H20 i n  t h e  oilfwater emulsion. E l e -  
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mental a n a l y s i s  of c o l l e c t e d  p a r t i c u l a t e  matter revea led  t h a t  t h e  con- 

c e n t r a t i o n s  of s u l f u r ,  vanadium and phosphorus remained c o n s t a n t  throughout 

t h e  t e s t i n g  and seem independent of t h e  water c o n t e n t  of t h e  fue l .  

S tack  loss c a l c u l a t e d  boiler e f f i c i e n c i e s  decreased wi th  i n c r e a s i n g  water 

c o n t e n t  i n  t h e  f u e l :  0.33% decrease  a t  5% H20; 0.62% decrease  a t  10% H20; and 

1 . 5% dec rease  a t  15% H20. 

mined. Minimum b o i l e r  excess  a i r  th re sho lds  remained unaf fec ted  by u s e  of 

oil/water emulsions. Furthermore, f lame envelopes were shor tened  as a func-  

t i o n  of i n c r e a s i n g  water con ten t  i n  t h e  f u e l .  With emul s i f i ed  o i l ,  NO 

emiss ions  also appeared t o  decrease  somewhat a t  5% H20, b u t  no clear t r e n d  w a s  

ev ident .  However, SO2 and SO3 formation remained una f fec t ed  by t h e  water con- 

t e n t  of t h e  f u e l  o i l  emulsion. 

N o  input-output  e f f i c i e n c y  changes could be d e t e r -  

With poor  a tomiza t ion  due t o  h igh  o i l  v i s c o s i t y  (low o i l  pre-hea t  

temperature  ) or low burner  AP, p a r t i c u l a t e  emissions w e r e  reduced when f i r i n g  

emul s i f i ed  f u e l .  Under smoking cond i t ions  ( excess ive ly  l o w  excess  a i r ) ,  par- 

t i c u l a t e  emissions were reduced by as much as 30%, and coa r se  p a r t i c u l a t e s  ( >  

3 microns)  were reduced by as much as 46%. F u l l  de t a i l s  appear i n  t h e  summary 

of KVB tests presented  i n  Appendix H. A d e t a i l e d  subcon t rac t  report h a s  a l s o  

been i s s u e d  and i s  available as a separate document (KVB Report N o .  

81-44600-1139) on r eques t  f r o m  P r ince ton  Univers i ty .  
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