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Oxidation of  Su l fu r  Dioxide i n  Power P l an t  Plumes 

Joseph Fo r r e s t  and Leonard Xewman 

ABSTRACT 

The ex ten t  of ox ida t ion  of s u l f u r  d iox ide  t o  s u l f a t e  was measured a t  two 

coa l - f i r ed  and four  o i l - f i r e d  power p l a n t  plumes. Samples were co l l ec t ed  a t .  

va r ious  d i s t ances  dotrnwind of t he  source by emplqying a  high-volume f i l t e r  pack 

i n  a  fixed-wing a i r c r a f t .  P a r t i c u l a t e  s u l f u r  t o  t o t a l  s u l f u r  concentra t ion r a t i o s  

and ""s t o  3 2 ~  i so tope  r a t i o s  were measured and i n t e rp re t ed .  I n  almost a l l  i n -  

s tances  e s s e n t i a l l y  a l l  of t h e  ox ida t ion  was found t o  occur dur ing t he  f i r s t  few 

ki lometers  of plume t r a n s i t  and even when plumes were followed f o r  more than 70 

kilometers.  I n  t h e  coa l - f i r ed  plumes t h e  ex ten t  of ox ida t ion  seldom exceeded 

4%, one-third o f  which could be a t t r i b u t e d  t o  primary s u l f a t e  production dur ing 

t h e  combustion of t h e  coal. I n  t he  o i l - f i r e d  piumes t h e ' e x t e n t  of  ox ida t ion  

was approximately twice  t h a t  observed f o r  coal .  However, the  primary production 

of s u l f a t e  is  much mor'e va r i ab l e .  and probably h ighe r  dur ing o i l - f i r e d  opera t ions  

and could account for.some of t h e  apparent d i f f e r e n c e  observed f o r  t he  atmospheric 

oxidation.  I n  add i t i on ,  t he r e  i s  some i n d i c a t i o n  t h a t  s u l f a t e  could be dropping 

out  of the  power p l a n t  plumes which might cause observat ions  of s u l f a t e  formation 

t o  appear t o  be l e s s  than t h e i r  t r u e  values .  

I 



rNTROD UCT I O N  

Su l fu r  d ioxide has long been recognized a s  a major p o l l u t a n t  of our  

atmosphere. However, r ecen t  s t ud i e s  have ind ica ted  t h a t  ox ida t ion  ?roduct 

s u l f a t e  i s  s i g n i f i c a n t l y  more dele . ter ious  and presen ts  a  g r e a t e r  hea l t h  hazard. 

Consequently t h e r e  i s  p a r t i c u l a r  concern t h a t  regu la to ry  e f f o r t s  d i r ec t ed  a t  

'reduced emissions of  s u l f u r  d ioxide have only  l ed  t o  reduced urban concentra-  

t i o n s  of s u l f u r  d iox ide  without a  concomitant decrease  i n  t h e  s u l f a t e  l eve l s .  ( 1  

Furthermore, cons t ruc t ion  of new power p l a n t s  i n  r u r a l  a r ea s  has spread t he  

I 

d i spe r s ion  of p o l l u t a n t s  over wider geographical  a r ea s  and enhanced long 

d i s t ance  t ranspor t .  To cope wi th  these  problems, inc reas ing  a t t e n t i o n  i s  being 

d i r ec t ed  toward t he  f a t e  of s u l f u r  d iox ide  and i t s  conversion mechanisms. 

A s  a  convenient veh i c l e  f o r  s tudying ox ida t ion  of atmospheric s u l f u r  

d ioxide,  power p l a n t  plumes have been u t i l i z e d  by many inves t i ga to r s ,  (2,394,531 

Rela t i ve ly  high concentra t ions  of SO and p a r t i c u l a t e  s u l f a t e  f a c i l i t a t e  t h e i r  
a 

measurement dur ing minimal sampling times. Under favorable  atmospheric con- 

d i t i o n s ,  cohesive plumes may be t racked over l a r g e  d i s tances .  Notwithstanding 

t h e  numerous measurements made by var ious  techniques suck a s  h e l i c o p t e r  and 

fixed-wing sampling, c o r r e l a t i o n  spectrometry and plume touchdown da t a ,  

considerable  disagreement s t i l l  e x i s t s  regarding t he  r a t e  and mechanism of 

atmospheric s u l f a t e  formation from s u l f u r ' d i o x i d e  and the  r e l a t i v e  importance of 

meteorological  parameters. 

I *  Previous papers") have descr ibed work perforned by Brookhayen on s u l f u r  

d iox ide  ox ida t ion  t o  s u l f a t e  i n  both o i l -  and coa l - f i r ed  power p l an t  plunes. 

Both p a r t i c u l a t e   total S concen t ra t ion  r a t i o s  and 3 " ~ / 3 2 ~  i so tope  r a t i o  

measurements were made. A r a t e  l i m i t i n g  process  involving p a r t i c u l a t e s  was 

I suggested by t h e  observat ions .  The pos tu la ted  mechanism required t h a t  sone SO2 



d i s so lve  i n  the  water  assoc ia ted  wi th  t h e  emitted p a r t i c u l a t e s ,  followed by a  

rapid  c a t a l y t i c  conversion t o  sulfa-, pe rmi t t ing  add i i iona l .SO t o  d i sso lve .  
a 

I 

I The d i f f e r ence  i n  conversion r a t e s ,  h igher  i n  o i l - f i r e d  plumes than i n  coa l - f i r ed  

1 - plumes, was a t t r i b u t e d  t o  the, respec t ive  na ture  and concentra t ion of the  

p a r t i c u l a t e s .  

Experimeets have s i nce  been performed a t  two a d d i t i o n a l  coa l - f i r ed  p l an t s  

i n  Labadie, Missouri ,  and Charleston, West Vi rg in ia ,  and a l s o  a t  four  o i l - f i r e d  

p i a n t s :  Po r t  J e f f e r son ,  N.Y.; Northport ,  N.Y.; Albany, N.Y.; and Devon, 

Connecticut. Resul ts  of these  experiments a r e  repor ted  herein .  

EXPERIMENTAL 

A. P lan t  Descr ipt ion 

A s e r i e s  of runs was performed a t  t h e  Labadie, Missouri ,  p l a n t  of  Union 

E l e c t r i c  Company dur ing t he  summer of 1974. The p l a n t ,  s i t u a t e d  on t h e  Missouri  

River about 45 miles wesr of  S t .  Louis, conta ins  fou r  t a n g e n t i a l l y  f i r e d  u n i t s  

and burns 3% s u l f u r  coal .  Rated capac i ty  is  2400 MW. Two runs were made a t  

t h e  coa l - f i red  Kyger Creek p l an t  of Ohio Valley E l e c t r i c  Company, loca ted  near  

Charleston,  West V i rg in i a ,  and r a t ed  a t  1,000 MW. 

The o i l - f i r e d  p l a n t s  i n  t h i s  s tudy were t he  Northport  p l a n t  of  Long Is land 

Lighting Ccqany  a t  Northport ,  New York, r a t e d  a t  1,160 MW; the  Por t  J e f f e r son  

p l an t  of Lon5 i s l a n d  Lighting Company generat ing 467 MW; t h e  Albany p l a n t  of 

Niagara Monawk Power Corp. a t  Bethlehem, New York, r a t ed  a t  400 MW; and t he  Devon . 
p l a n t  of Connecticut L ish t  and Power Company a t  Milford,  Connecticut, with a  

capac i ty  of 4% FE.7. 

B. Sampling 

A s ingle-engice  Cessna 182 was used t o  sample t he  power p l a n t  plumes. 

Outside a i r  was s a ~ i t d  v i a  a scoop i n  t h e  window and drawn pas t  a  f i l t e r  pack 



I by neans of a 24. V dc high-volume sampler. The 8 x LO" f i l t e r  ?ack consis ted 

of  a g l a s s - f i b e r  p r e f i l t e r  (Whatmen No. 81) f o r  t repping p a r t i c u l a t e  s u l f a t e  

I followed by two c e l l u l o s e  papers (Schleicher and Schuel l  Fas t  Flow No. 2W) 

impregnated wi th  KOH-triethanolamine t o  absorb SO,. Samples were re tu rned  t o  

the  laboratory f o r  s u i t a b l e  processing. A Sign-X Labora tor ies '  (Essex, Conn.) 

e. lectroconductivity SO2 analyzer  was used t o  l o c a t e  t h e  plume. 

Background samples of SO2 and so2 - were taken upwind of the  p l a n t  a t  plume 
4 

I .  elevat ion.  The plume i t s e l f  was sampled by repeated. cross-wind t r a v e r s e s ,  wi th  

the.samp!er turned on only w i th in  t he  plume. Sufficient passes were made u n t i l  

adequate sample.had been accumulated. .Th is  process ;?as repeated a t  mul t ip le .  

loca t ions  downwind of the.  stack.  

C, Analysis 

Sampled f i l t e r  packs were analyzed f o r  SO2 and S@ - by a previously  
4 

110 ( 6 )  ~h~ described procedure, converting both t o  Ag S conta in ing  t r a c e r  Ag. 
2 

A% S was f u r t h e r  processed f o r  3 4 ~ / 3 a  s i so tope  r a t i o s  by combustion i n  O2 t o  

SO2 and measurement of t he  i so tope  r a t i o s  i n  a h igh-prec i s ion  double-beam 

isotope r a t i o  mass spectrometer.  

Calcula t ions  of percen t  SOi conberted t o  so2- wsre made i n  a l l  runs on t h e  
4 

bas i s  of concentra t ion measurements by t he  r e l a t i o n s h i p  

P a r t i c u l a t e  S 
% Converted = 

Tota l  S (1) 

The Isotope Rat io  Technique depends upon changes i n  t h e  34  s f "  s r a t i o  

caused by s l i g h t  i s o t o p i c  f r a c t i o n a t i o n  dur ing  t h e  conversion o f  SO =o S< -. 
2 

'Small d i f f e r ences  i n  t h i s  r a t i o  a r e  more e a s i l y  compared when they a r e  expressed. 

i n  "del values",  o r  dev ia t ions  from a s tandard:  



3 4 ~ P 2 ~   amol ole) - 634S = .' 

L 3 ' ~ / 3 2 S  (Standard) 

where t h e  standard i s  m e t e o r i t i c  su l fu r .  A s  SO2 is  slowly oxidized,  t he  oxida- 

t i o n  product becomes enriched i n  "S while t he  SO2 i s  deple ted i n  t h i s  i so tope ,  

r e s u l t i n g  i n  a  lower d e l  va lue  f o r  the  remaining SO2. Considering t h e  complete 

combustion of s u l f u r  i n  t h e  f u e l  and an i so tope  ma te r i a l  balance,  one can c a l -  

c u l a t e  t h e  f r a c t i o n  converted (1-f) by a p p l i c a t i o n  of t he  formula 

6 SO* = 6 SO2 ( fue l )  - = (1-f)  1000 ( 3 )  

where = i s  t h e  p rev ious ly  measured cons tan t ,  0.02.(2) The d i f f e r e n c e  i n  con- 

ve r s ion  between two po in t s  may be determined by 

represen t ing  the  changes i n  t h e  isotope r a t i o s  between those  two po in t s .  

Previous e x p e r d e n t s  i n  o i l - f i r e d  plumes have indeed shown a  decreas ing d e l  value  

of  plume SO2 with  increas ing  d i s t ance  from t h e  source. (2) 

Reproduc ib i l i ty  

On t h e  ba s i s  o f  nmsrous  con t ro l l ed  experiments both w i th in  t h e  l abora tory  

an? i n  t he  f i e l d ,  we f e e l  conf ident  t h a t  t h e  p r ec i s i on  and r e p r o d u c i b i l i t y  of 

oa r  measurement techniques do not  exceed 20%. (6 ") We would nonetheless  be un- 
\ 

j u s t i f i e d  ;; zpply these  f i p r e s  as  r ep re sen t a t i ve  of plume da t a  r ep roduc ib i l i t y .  

Continuous v a r i a b i l i t y  i n  p l a n t  opera t ing  condi t ions  a s  we l l  a s  meteorological  

p a r a ~ e c e r s s u c h , . a s  t e i q e r s t x r e ,  wind speed and d i r e c t i o n ,  humidity, and s o l a r  

r a d i a r i o n  w i l l  a l l  a f f e c t  p l c - ~ e  behzvior,  even under s t a b l e  condi t ions .  One 



would expect these  v a r i a t i o n s  t o  be r e f l e c t e d  i n  plume da t a  r ep roduc ib i l i t y  

even wi th in  the  time frame of an e x p e r h e n t a l  run. 

Table 1 summarizes t he  r e s u l t s  of an experiment which was conducied t o  

more p r e c i s e l y  def ine  plume v a r i a b i l i t y .  Samples were taken a t  1.6, 4.8 and 16 

lan. from the  s tack ,  and a f t e r  a  30-minute i n t e r v a l  f o r  background sampling a  

second s e r i e s  of samples was  taken a t  s i m i l a r  d i s tances .  Differences  by a  

f a c t o r  of two i n  percen t  converted can apparen t ly  be encountered. It would be 

d i f f i c u l t  t o  a t t r i b u t e  any s p e c i f i c  reason f o r  these  variations. One should 

recognize  t h a t  at tempts a t  i n t e r p r e t i n g  d i f f e r ences  i n  osF62tion of l e s s  than 

a ?ac tor  ,of two can only  be accomplished with  an adequate number of neasure- 

ments t o  ob ta in  s t a t i s t i c a l  s i gn i f i c ance ,  

RESULTS 

A, Oil-Fired Plumes 

The da ta  for t h e  f i v e  ni.1-fi . tcd plumes ara tabulated i n  Tables 2 t o  6 .  

Sub t r ac t i ve  background co r r ec t i ons  have been appl ied t o  t he  l i s t e d  SO2 and SO: - 
concen t ra t ions ,  excluding t h e  September 13 run a t  Northport  (Table 5) where no 

background samples were taken. Consequently t h e  numbers represen t  only  t he  

d i spersed  SO2 emitted from t h e  s tack.  S imi l a r  co r r ec t i ons  were made fo r  t he  

SO d e l  values.  Percent  SO2 converted based on concentra t ion was ca l cu l a t ed  
2 

from equation (1). It includes  s u l f a t e  found during combustim and emitted from 

t h e  s t ack ,  No co r r ec t i ons  were made f o r  t h i s  source of s u l f a t e .  

During ex tens ive  e a r l i e r  experiments(2) f l u e  gas sampler were taken a t  ?he 

breechings and analyzed fo r  SO2 34  s / ~ ~  s i so tope  r a t i o s .  U t i l i z i n g  equation (4) , 

changes i n %  SO2 converted were then ca l cu l a t ed  from t h e  d i f f e r ences  i n  the  SO2 

d e l  values  between t h e  emit ted SO2 and t h a t  co l l ec t ed  a t  varying d i s tances  
. . . . . 

downwind. For l o g i s t i c a l  reasons ,  no f l u e  gas samples were taksn during the  



cu r r en t  s e r i e s  of  o i l - f i r e d  experiinents. Never thelzss ,  a t  Albany and Devon 

(Tables 2 2nd 3 ) ,  r ep re sen t a t i ve  s a q l e s  of  f u e l  o i l  were obtained and analyzed 

f o r  i s o t o p i c  s u l f u r  r a t i o s .  Relying upon our  previous exper iences ,  the  as -  

sumption was made t h a t  SO2 d e l  values  of  t h e  r e s u l t i n g  f l u e  gas should be about 

0.1 per  m i l  l e s s  than t he  d e l  value  of t h e  f u e l  o i l  s u l f u r .  U t i l i z i n g  t h i s  

i n f o x a t i o n ,  conversions from t h e  scack downwind were ca l cu l a t ed  f o r  these  two 

-as. They a r e  l i s t e d  i n  t h e  f i n a l  columns. Lacking s i m i l a r  information a t  

3orc5port  and Po r t  J e f f e r s o n  (Tables 4 t o  6 ) ,  i so tope  r a t i o  measurements could 

only descr ibe  ox ida t ion  changes between d i s c r e t e  sampling l oca t i ons .  

I n  Tables 2 and 3  weather condi t ions  l im i t ed  t he  ex ten t  t o  which t h e  

plumes were tracked.  Both runs show a decrease  i n  d e l  values  from s t ack  t o  

3 . 2  h. represen t ing  i n i t i a l  oxidat ion.  There is reasonable  correspondence 

between t h e  values  obta ined f o r  543,- formation based on e i t h e r  i sotope r a t i o  

o r  concen t ra t ion  measurements. Del values  f o r  t he  experiments a t  Por t  J e f f e r son  and 

.Northport (Tables 4 t o  6 )  appear t o  be i n v a r i a n t  wi th  d i s t ance ,  i nd i ca t i ng  s l i g h t  

o r  no conversion a f t e r  the  f i r s t  sampling locat ion.  Again, these  r e s u l t s  

gene ra l l y  agree wi th  concen t ra t ion  measurements, Without a  f l u e  gas o r  o i l  

s a q l e  f o r  cornparisor,, t he  d e l  value  a t  1.6 km i n  Table 4 seems excess ively  high. 

One ~ o s s i b l e  reaso? fo r  t h i s  abe r r a t i on ,  a s  we l l  as  t he  increase  i n  percent 

converted a t  24 km, nay be t he  f a c t  t h a t  two d i s t i n c t  opera t ions  a t  the  p l a n t s ,  

each burning a  d i f f e r e n t  type of o i l ,  c o n t r i b u t e  t o  t h e  plume i n  a v a r i a b l e  manner. 

Conceivably t h e  r e s u l t s  may have a r i s e n  from t h e  sampling of d i f f e r e n t  plume 

sec t i ons .  However, i sorope r a t i o s  a t  the  remaining l oca t i ons  were constant .  

Conversion or^ SO- (5ast6 upon concen t ra t ion  r a t i o s )  a s  a  funct ion of d i s -  
c 

tance f o r  t he  o i l - f i r e d  plumes is displayed i n  Fig,  1, The o v e r a l l  oxidat ion 

r s t e  i s  comparatively l o w ,  f a l l i z g  r.:ichin a  1-69, bracket  w t th in  t h e  time frame 



and d i s tances  o f  t he  experiments. I n  Fig. 2, conversion of SO was p l o t r e a  
2 

aga ins t  elapsed time from emission source. Most of  t he  ox ida t ion  occurred by 

the  time the  f i r s t  sample was taken. I n t e r e s t i n g l y ,  t h e  curves d i sp i ay  a  

genera l ly  negat ive  s lope,  t h e  s i gn i f i c ance  o f  which i s  open t o  specula t ion.  

B. Coal-Fired Plumes 

Charleston,  West V i rg in i a ,  was t h e  l o c a t i o n  f o r  two runs ,  t h e  r e s u l t s  of  

which a r e  repor ted i n  Table 7. As l i s t e d  i n  t h e  f i n a l  c o i m ,  s u l f a t e  t o  t o t a l  

s u l f u r  r a t i o s  were confined w i th in  a  very  narrow range of -- 1 - 2X. The 3 '~ /3"  s 

i so tope  r a t i o s  were remarkably cons tan t  wi th  d i s t ance  supplying f n r t h e r  evidence 

of almost no add i t i ona l  ox ida t ion  beyond t h e  1.6 'an. loce t ion .  

Tables 8 t o  13  presen t  the  da t a  from Labadie, Missouri. In c o n t r a s t  t o  the  

experiments and numerous runs made prev ious ly  a t  t h e  coa l - f i r ed  Keystone p l a n t  

Pennsylvania E l e c t r i c  Co. a t  She loc ta ,  (2)  Pennsylvania , obtained 

from i so tope  r a t i o s  a t  Labadie was no t  very  usefu l .  Nonetheless,  r e l i a b l e  con- 
I 

vers ion  r a t e s  were obtained from concen t ra t ion  measurements and a r e  l i s t e d  i n  

t h e  f i n a l  columns of Tables 8 t o  13. Figures  3 and 4 graph i ca l l y  d i sp l ay  percent  

SO, conversion a t  Labadie a s  a. func t ion  of d i s t a n c e  and time respec t ive ly .  

S t r a i g h t  l i n e s  were drawn between i nd iv idua l  .points  a t  succeeding distances i n  

each run. No p a r t i c u l a r  t rend  seems t o  emerge from these  p lo t s .  The da t a  f a l l s  

wi th in  a  range of -- 1 - 4%. The observed v a r i a t i o n s  a r e  withir ,  t h e  expected 

v a r i a b i l i t y  of plume da t a  (Table I). 

DISCUS S  I O N  

In  reviewing t h e  composite r e s u l t s  f o r  both  types of plumes, we observe t h a t  

t he  ove ra l l  ex ten t  of ox ida t ion  i s  r a t h e r  low. Coal- f i red plumes f o r  Labadie 

and Charleston f a l l  w i th in  a range of -- 1-4%, i n  accordance with previous ob- 

(2)  No t rend  seems t o  se rva t ions  made a t  Keystone where r e a c t i o n  reached - 3-4% 

e x i s t  and most of t h e  ox ida t ion  would appear t o  occur wi th in  the  fzvelope of Fig. 3 ,  



before  1-2 km. Cer ta in ly  ID miden= is presenr  of a  sharp increase  i n  r a t e  a t  

some downwind d i s t ances ,  even up t o  50 la. 

(2 We had previously  found t h a t  t he  exzent of r eac t i on  i n  o i l - f i r e d  plumes 

was icdsed g r e a t e r  than coa l - f i r ed  plumes. Our p resen t  da t a  q u a l i t a t i v e l y  r-e- 

in forces  t h i s  observation.  The amount converted during t he  f i r s f  few ki lometers  

i n  t h e  o i l - f i r s d  plumes appears t o  be somewhat g r e a t e r  than coa l - f i r ed ,  ranging 

f ro=  3 - 6 2  17s. 1-3%. Never theless ,  i n  both cases  no f u r t h e r  ox ida t ion  seems t o  

take p lace  domwind; i n  f a c t ,  one may even be tempted t o  s t a t e  t h a t  a  reverse  

t rend  esisis. 

This c h a r a c t e r i s t i c  behavior of plumes, i . e . ,  i n i t i a l  ox ida t ion  during 

e a r l y  s tages  followed by no f u r t h e r  inc reases  has been a t t r i b u t e d  t o  a  he te ro-  

geneous par t i cu la te -ca ta lyzed  r e a c t i o n  whereby t h e  c a t a l y s t  i s  poisoned with 

s u l f a t e  f ~ r a a t i o n . ' ~ )  The a v a i l a b l e  c a t a l y s t  su r f ace  a rea  was ca l cu l a t ed  t o  be 

bare ly  s u f f i c i e n t  t o  support  t h i s  theory.  It was suggested t h a t  t he  f a c t o r  o f .  1 
3 higher  r a t i o  of p a r t i c u l a t e s  t o  SOz a t  Northport  than a t  Keystone could exp la in  

t h e  l imi ted  r eac t i on  r a t e  i n  t h e  c o a l - f i r e d  plume. 1 
Some of t he  d i f f e r ences  between o i l -  and coa l - f i r ed  plumes observed i n  t h i s  - 

s tudy may a l s o  a r i s e  from the  f a c t  t h a t  o i l - f i r e d  p l a n t s  r equ i r e  more s t r i n g e n t  

opera t iona l  con t ro l  of  excess a i r .  S l i g h t  ope ra t i ona l  v a r i a t i o n s  could produce 1 
g r e a t e r  q u a n t i t i e s  of  p r i ~ r j -  s u l f a t e  g iv ing  r i s e  t o  v a r i a b l e  and somewhat h igher  

values t!\an t he  1-2% observed f o r  coal .  In  add i t i on ,  the  d i f f e r ences  i n  t h e  

chemical composition of t he  p a r t i c u i a t e s  and t h e  corresponding d i f f e r ences  i n  I 
c a t a l y t i c  a c t i v i t y  could be invoked as  a  f u r t h e r  explanat ion f o r  g r e a t e r  r eac t i on  1 
i n  o i l - f i r e d  p i m e s .  1 

Modem u t i l i t y  p l a n t s  a r e  equipped with  h igh ly  e f f i c i e n t  e l e c t r o s t a t i c  pre-  
.. ,\ . . . .. ... , 

c i p i t a t o r s .  I f  t h e  r a t e - l i n i t i n g  process depended upon p a r t i c u l a t e  loading,  I 



then the  p resen t ly  observed s i m i l a r  r e s u l t s  a t  Labadie and Char les ton wi th  those  

previous.ly neasured a t  Keystone were t o  be expected. However, s ince  our previous 

e x ~ e r i m e n t s  a t  - s o r t h p o r t ,  they have mod ernized t h e i r  opera t ion  with the i n s t a l l a -  

t i o n  of some e l e c t r o s t a t i c  p r e c i p i t a t o r  c apab i l i t y .  It could indeed be concluded 

t h a t  the  apparent ly  lower ox ida t ion  r a t e  now measured. i s  a t t r i b u t a b l e  to  t he  

p l an t  modernization program. 

The observed decrease  i n  p a r t i c u l a t e  s u l f a t e  wi th  d i s t ance  and time f o r  the  

o i l - f i r e d  plumes (Figs. 1 and 2)' i s  s t r ong ly  suggest ive  of plume dro?-our. 

However, considering t h e  v a r i a b i l i t y  of plume da t a ,  t h e  r e a l i t y  of t he s s  2 e ~ r t L v e  

s lopes  could be questioned but s t rong  evidence of  t h i s  phenomenon was found a t  

Keystone. I f  plume dropout reaches s i g n i f i c a n t  p ropor t ions ,  measured ox ida t ion  

r a t e s  could be  erroneously  low. Addi t ional  f u t u r e  experiments should be devoted 

t o  i nves t i ga t e  plume dropout. 

' A model. f o r  t h e  SO2 ox ida t ion  t o  s u l f u r i c  ac id  i n  d i spe r s ing  plumes, based 

upon c a t a l y s i s  by i r on  p a r t i c u l a t e s ,  has been descr ibed by Freiberg.  (') ~ l e  

p r ed i c t s  a  dependency of ox ida t ion  upon temperature and r e l a t i v e  humidity. With 

the  l imi ted da t a  a v a i l a b l e  and t h e  narrow conf ines  of t h e  parameters w i th in  which 

our  runs were made, we a r e  unable t o  comment on t h i s  model a t  t h e  present  time. 

Addi t ional  work has s i n c e  been performed a t  Labadie and w i l l  be repor ted i n  the  

fu tu r e ,  a t  which t ime more der ' in i t ive  information may be forthcoming. 
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D i s t a n c e  
(km) 

Tab le  1. Plume sampl ing  r e p r o d u c i b i l i t y  

P a r t i c u l a t e  S / T o t a l  S  (%) 

1st S e r i e s  2nd S e r i e s  



Table 2 .  ?.esults of plume run s ade  a t  Albany 8 December 

Dis tance 
from 
s t a c k  
(W 

from L - 
s t a c k  
(rnin. ) 

Concentrat ions Del Value % SO2 Converted 

- - of SO, based on 
S"z s g  

(ppm) ( ~ l g / &  Conc.  el* 

Background 

O i l '  . 

3 . 2  

8 

- * 
Assumed f l u e  gas d e l  = 5.5 

Temp, 1°c; wind, 6 . 2  mlsec., 4 @ ' ;  WX, $ 



Table 3. Resul t s  of p l m e  run made a t  Devon. 6 February 

Distance Time from Concentrat ions Del Value "/ SO- Canverted 
so2 - * = 

from s t ack  s t a c k  so2 a or' SO- ,= ~ l s e d  on 
(km) (min) 4. 

(porn) (ug /d  ) Conc.   el" 

Background 

* 
Assumed f l u e  gas d e l  = 5.2 

Wind, 6 m/sec.; WX, 0; uns tab le  



Table 4. Results of plume run at Port Jefferson 19 November 0740 - 0940 

DFs cance Time from Concentrations Del Value % SO2 Converted 
from, stack stack Sea s 6 -  of SO2 based on 

a 
(km) (ppm) (i!g/o? ) 

Conc . (min. ) 

Background 

1.6 9 

Temp., P C ;  r.h., 65%; wind, 3 m/sec., 3 3 0 ;  plume elevation, 300 m; WX, 0-@ C i ;  
neutral to stable 



Distance T i m e  from . Concentrations Del Value % SO2 Converted 
f r o m  stack stack soa - of SO2 based on Soz 

(ppm).  (ug.;d ) 
Conc. 

I (km) !mine 

Temp., 22'12; r.h.; 31%; wind, 4 m/sec., 2 8 7 ;  WX, a> -QI, ; stable. 



Table 6 .  Resul ts  of plume run made a t  Northport 23 October 

Distance Tine from Concentrat ions Del Value 9. SO2 Converted 
from s t a c k  s t a c k  S"z so2 4 - a of SO based on 

(la) (porn) ( ~ g / n ?  ) 
Conc. 

(min. ) 

Background 

1.6 

4.8 

Temp., 1 4 ' ~ ;  r.h., 26%; wind, 7 mlsec., 280-330' ; plume e l eva t i on ,  245 m; WX, 

0'0 ; s t a b l e  



Table 7. Resu l t s  of plume runs made a t  Char les ton 27-28 -April  

Distance Concentrat  ions  Del Value . Z SO, Converted 
from s t ack  Soz so2 - 

4 
of SO2 based on 

(km) (ppm) (UP;/II? ) 
Conc. 

Background 0.004 8.6 

1.6 2-79 166 

Background 0.012 8.1 



Table 8. Resu l t s  of plume run made a t  Labadie 12 June 

Distance Time f ron  Concentrat ions '%SO Converted 
s@ - a 

from s t ack  s t a c k  
(ug/% (km) (min. ) - 

Temp., ZPC; r . ,  40%; wind, 3.1 m/sec., a ;  plume e l eva t i on ;  540 rn; WX,O , ~ c u ;  

n e u t r a l  . t o  s t a b l e .  



Table 9. Resul ts  of plume run made a t  Labadie 13 June 

Distance 
from s t ack  

(W 

Time from 
s t a c k  
(min. ) 

Background 

1.6 

4.8 

Concentrat ions 

S02 so: 
( P P ~ )  ~ / d  ) 

% SO2 Converted 

Temp., 18' C ;  r .h.,  46%; wind, 11 m/sec, , 2000 ; ,plume e l eva t i on ,  330 m; WX, 

Ac; s t ab l e .  



Table 10. Results  of plume run made a t  Labadie 16 June 

Distance Time from Concentrat ions 

S02 from s t ack  s t a c k  SO= 

(Ian) (mi=. ) (~pm)  (! ! z 7 2  ) 

Background 0.070 1.4 

1.6. 3.1 1.33 80 

4.8 9.2 0.98 1 2 1  

% SO, Converted 

Temp., 1 9  C ;  . h , 40%; wind, 8.7 m/ sec.., 330" ; plume e leva t ion ,  510 m; WX, 

0 Ac; neu t r a l  t o  s t a b l e  



Table 11. Results of plume run made at Labadie 30 July 

Distance 
from stack 

Background 

1.6 

4.8 

16 

3 2 

5 6 

Time from Concentrations % SO, Converted 
stack S"z S@ - 
(nin. > (pprn) (!Lg;k ) 

Temp., 16'C; h .  52%; wind, 4.9 mlsec., 3 5 @ ;  plume elevation; 970 m; WX, 0; 

neutral to stable. 



Table 12. Results of plume run rnade at Labadie 31 July 

Distance Time from Concentrations % SO, Converted 
so2 - from stack stack 

(km) (min. > ( p ~ r n )  (lie72 ) 

Background 

1.6 

4.8 

16 

3 2 

36 

40 

. 
Temp., 21'~; r . ,  39%; wind, 3.2 d s e c . ,  1761; plume elevation, 480 m; WX, 

0-0 Ci; neutral to stabie. 



Table 13. Results of plume run made a t  Libadie 1 August 

Distance Time from 
from s tack  s t ack  

(km) 

Background 

(min. ) 

Concentrat ions % SQ Converted. 
s@ a - 

(ppm) (u/II?) 

Temp., 2 4 0 ~ ;  r.h., 44%; wind, 7 m/sec., 2 . 5 9 ;  plume e leva t ion ,  340 m; WX, 

0-a Ac; very s t ab l e .  



I Table 14. Key to weather symbols (WX) 

0 Clear 

a> Scattered 

@ Broken 

@ Overcast 

Cir C-mulus 

Ci Cirrus 

Sc S tratocumulus 

Ac Altocumulus 



Fig. l Conversion of SO, as a func t ion  of d i s t ance  in' o i l - f i r e d  plumes. 

-. !I.. 2  onv version of so2 as  a  f u n s t i o n o f  time i n o i l - f i r e d p l u m e s .  

- rig. - 3 Conversion of SO, a s  a func t ion  of d i s t ance  i n  coa l - f i r ed  plumes. 

Fig .  4 Conversion of SO, a s  a  func t ion  of time i n  coa l - f i r ed  plumes. 

Neg. #7-1079-76 
Neg. #7-1078-76 
Neg. #7-1080-76 
Neg. 87.~1077-76 
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