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I n t r o d u c t i o n  

The inc reas ing  demand f o r  n a t u r a l  g a s  stems from i t s  freedom from emissions of 
p a r t i c u l a t e  matter and s u l f u r  ox ides  and i t s  a d a p t a b i l i t y  t o  r e l a t i v e l y  inexpensive 
and au tomat ic  combustion equipment. Many s t u d i e s  of f u e l  r e sources  i n  t h e  U.S. 
have ind ica t ed  an  impending shor tage  of n a t u r a l  gas .  
ment of c o a l  g a s i f i c a t i o n  i s  e s s e n t i a l  f o r  t h e  s u r v i v a l  of t h e  gas  indus t ry  and 
i n d i c a t e s  wellhead p r i c e s  of n a t u r a l  gas w i l l  r each  50$/MCF w i t h i n  15 yea r s .  

F i s d l  concludes t h a t  develop- 

S e v e r a l  c o a l  g a s i f i c a t i o n  processes  are be ing  developed f o r  product ion  of 
p i p e l i n e  gas .  
a s  a s o l i d  f u e l .  
h e a t i n g  va lue  of t h e  c o a l  f eed ,  depending on t h e  process .  

Coal Research Labora tory  R e a c t i v i t y  I n d i c e s '  shows a c l o s e  c o r r e l a t i o n  with t h e  
v o l a t i l e  matter c o n t e n t  of cokes,  r e a c t i v i t y  dec reas ing  wi th  decreas ing  v o l a t i l e  
m a t t e r  con ten t .  
same v o l a t i l e  ma t t e r  c o n t e n t ,  from those  o f  cokes t o  those  of a c t i v e  carbons.  The 
r e a c t i v i t y  of cha r  r e s i d u e s  from g a s i f i c a t i o n  w i l l  probably be nea re r  t h a t  f o r  coke. 

Walker21 r epor t ed  t h a t  cha r s  from a f l u i d i z e d  bed p rocess  can be burned i n  

These g e n e r a l l y  y i e l d  a c h a r  r e s i d u e  t h a t  must be recovered f o r  use  
The h e a t i n g  va lue  i n  t h e  cha r  r e s i d u e  can  amount to 50% of t h e  

The combustion p r o p e r t i e s  of cha r s  are u i t e  v a r i a b l e .  A s tudy  based on ehe 

The r e a c t i v e  p r o p e r t i e s  of cha r s  may d i f f e r ,  f o r  m a t e r i a l  of t h e  

pu lve r i zed  form i n  fu rnaces  normally used f o r  a n t h r a c i t  
ous-type u n i t s  with supplemental  f u e l .  
f lu id ized-bed  coking o f  petroleum f r a c t i o n s  i n  a s l agg ing  fu rnace  without supple- 
menta l  f u e l .  The furnace  used opposed f i r i n g  i n c l i n e d  downward t o  g ive  flame 
impingement on t h e  s l a g  pool and very  s t a b l e  i g n i t i o n .  

o r  i n  convent iona l  bitumin- 
Cra ig  and Smith- have burned t h e  product of ZI 

Experience is  l i m i t e d ,  bu t  i n d i c a t e s  t h a t  c h a r  r e s i d u e s  from g a s i f i c a t i o n  can 
be burned e f f i c i e n t l y  provided t h e  furnace  is  designed f o r  t h e  p a r t i c u l a r  f u e l  o r  
an  a u x i l i a r y  f u e l  is  used .  

T e s t s  such as those  f o r  t h e  CRL R e a c t i v i t y  Ind ices  o r  burning p r o f i l e s ,  
developed by Wagoner and DuzyAI can be  used t o  e s t ima te  r e l a t i v e  ease  of com- 
b u s t i o n ,  b u t  may not be s u f f i c i e n t  t o  p r e d i c t  combustion e f f i c i e n c y  i n  a p a r t i c u l a r  
t ype  of u n i t  not designed p r i m a r i l y  f o r  handl ing  low-vo la t i l e  matter f u e l s .  
t h e  tests a r e  not  s t anda rd ized  nor are they  gene ra l ly  a v a i l a b l e .  Th i s  h a s  r e s u l t e d  
because d a t a  have not  appeared t h a t  j u s t i f y  s tandard ized  r e a c t i v i t y  tests i n  con- 
s i d e r a t i o n  of t h e  c l o s e  c o r r e l a t i o n  between r e a c t i v i t y  i n d i c e s  and t h e  proximate 
ana lyses  of s o l i d  f u e l s .  

Also,  

The p resen t  paper r e p o r t s  on t h e  combustion exper ience  wi th  th ree  cha r s  of 
d i f f e r e n t  v o l a t i l e  m a t t e r  c o n t e n t s  i n  a f r o n t - w a l l - f i r e d ,  dry-bottom furnace  capable  
of burning 500 l b  of bituminous coa l  per hour.  

Supplemental f u e l  was needed f o r  s t a b l e  combustion of low-vola t i le -mat te r  cha r s  
i n  t h i s  u n i t .  The p ropor t ion  o f  supplemental  f u e l  r e q u i r e d ,  o t h e r  ope ra t ing  v a r i -  
a b l e s  h e l d  c o n s t a n t ,  is  then  a measure of t h e  combustion p r o p e r t i e s  of t he  given 
c h a r .  The percent  carbon convers ion  i n  g a s i f i c a t i o n  should be optimized i n  r e -  
l a t i o n  t o  u t i l i z a t i o n  of f u e l  va lue  i n  t h e  r e s i d u a l  c h a r ,  which i n  tu rn  depends 
upon combustion p r o p e r t i e s  o f .  t he  cha r .  
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Experimental Apparatus 

Combustion research  has long been hampered by t h e  u n a v a i l a b i l i t y  of s u i t a b l e  
equipment which could be used €or  experimental  purposes.  
furnaces  are too  l a r g e ,  c o s t l y ,  and unwieldy t o  be  used f o r  exper imenta t ion ,  whi le  
r e s u l t s  ob ta ined  from sma l l e r  experimental  combustion u n i t s  a r e  d i f f i c u l t  t o  i n t e r -  
p r e t  and e x t r a p o l a t e  f o r  use on f u l l - s c a l e  furnaces .  To overcome these  l i a b i l i t i e s ,  
a multipurpose combustion u n i t  was designed t o  s imula t e  the  performance o f  an i n -  
d u s t r i a l  steam-generating furnace .  The combustor, a d r y  bottom u n i t ,  i s  capable  of 
burning 500 l b s  o f  pu lver ized  f u e l  per hour wi th  an e x i t  gas  temperature of 20009. 
A photograph of t h e  furnace  i s  shown i n  F ig .  1. A s impl i f i ed  flowsheet of  t h e  com- 
bus t ion  system inc luding  the  pu lve r i z ing  and feeding system is shown i n  F i g .  2. A 
c r o s s - s e c t i o n a l  view of t h e  p r i n c i p a l  components, t h e  combustor, convec t ive  h e a t  
t r a n s f e r  s e c t i o n ,  a duc t  designed f o r  emission measurements, and a r ecupe ra t ive  a i r  
h e a t e r  i s  shown i n  F ig .  3 .  A d e t a i l e d  d e s c r i p t i o n  o f  t h e  furnace  has  been r epor t ed  
e a r l i e r  .!?I 

Presen t  day i n d u s t r i a l  

Operation 

The fou r  f ron t -wa l l  burners  were designed t o  f i r e  n a t u r a l  gas  and/or  pu lver ized  
s o l i d  f u e l .  P r i o r  t o  each tes t  pe r iod ,  t h e  exper imenta l  furnace  w a s  f i r e d  wi th  
n a t u r a l  gas  t o  prehea t  t h e  r e f r a c t o r y  and t o  provide  a source  o f  p rehea t  f o r  t h e  
secondary a i r .  
necessary secondary-a i r  swirl adjustments were made t o  provide flames t h a t  were 
a t tached  t o  t h e  burners ,  bu t  no t  drawn i n t o  t h e  burner tubes .  Prehea t ing  was then 
continued u n t i l  t he  secondary a i r  temperature reached about 550%. Na tu ra l  gas  
flow t o  each burner  was then  reduced by 50%, and pulver ized-char  feed  w a s  s t a r t e d  
a t  a r a t e  of  about 250 l b s  p e r  hour .  From t h i s  p o i n t ,  oxygen con ten t  of  t h e  f l u e  
gas was used a s  a guide i n  t h e  changeover. As the c h a r  feed  ra te  w a s  i nc reased ,  
n a t u r a l  gas  t o  each burner  was decreased t o  ma in ta in  a cons t an t  oxygen l e v e l  i n  the  
f l u e  gas.  
t o  provide s t a b l e  flames.  S ince  t h e  burners  are capable  o f  burning pu lve r i zed  
s o l i d  f u e l s  and n a t u r a l  g a s ,  t h e  la t ter  w a s  used a s  t h e  supplemental  f u e l .  Thus, 
the  next ope ra t ion  was de termina t ion  of t h e  minimum amount of n a t u r a l  gas  t o  provide 
s t a b l e  flames. 

During t h i s  pe r iod ,  combustion a i r  f lows  were e s t a b l i s h e d  and 

, 

A l l  of t he  cha r s  f i r e d  i n  t h i s  i n v e s t i g a t i o n  requi red  supplemental  f u e l  

, 
! 

When t h e  des i r ed  cha r  feed r a t e ,  nominally 400 l b s  per  hour,  was reached ,  
n a t u r a l  gas  provided about 25% of  the  t o t a l  thermal inpu t  t o  t h e  fu rnace .  
gas feed t o  each burner  was then  g radua l ly  decreased t o  t h e  minimum amount necessary 
t o  produce s t a b l e  flames,  a s  determined by observa t ion  of  t h e  bu rne r s .  F i n a l  
adjustments were then made on char  feed rate and secondary a i r  t o  provide  t h e  
des i r ed  excess  a i r  l e v e l  f o r  t h e  tes t  per iod .  

Natura l  

Char used i n  t h i s  i n v e s t i g a t i o n  was produced i n  an  en t r a ined  ca rbon ize r  us ing  
Utah King HVBA a s  t h e  pa ren t  coa l .  
ba tches ,  each ba tch  y i e l d i n g  a d i f f e r e n t  v o l a t i l e - l e v e l  c h a r ,  nominally 5 ,  12 ,  and 

\ 15 percent  by weight.  During each combustion t e s t ,  a char  sample was taken  from ' t he  primary a i r - f u e l  stream us ing  a small  cyc lone  sampler,  t he  t i p  of which ex- 
tended i n t o  the  c e n t e r  of  t he  r e c i r c u l a t i o n  loop. A t y p i c a l  a n a l y s i s  o f  cha r  o f  
each v o l a t i l e  l e v e l  and of t h e  parent  coa l  i s  given i n  Table I .  

About 50 t o n s  o f  c o a l  were processed  i n  3 

t\ 
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TABLE I.- Typical a n a l y s e s  of cha r s  and pa ren t  c o a l  

LOW Medium High Utah 
v o l a t i l e  v o l a t i l e  v o l a t i l e  King mine 

cha r  cha r  cha r  c o a l  

Proximate,  wt -pc t ,  as r ece ived  

Moisture 
V o l a t i l e  matter 
Fixed carbon 
Ash 

0.8 
5.1 

80.9 
13.2 

2.8 2.6 4.9 
12;o 15 .1  44.0 
73.2 72.0 45.9 
12.0 10 .3  5.2 

Ul t ima te ,  wt-dct,  as rece ived  

Carbon 
Hydrogen 
Nitrogen 
Su l fu r  
Oxygen 
Ash 

81.6 75.9 75.5 72.3 
1.0 2.3 3.0 5.8 
1.4 1 . 7  1.8 1.3 
0 . 5  0.6  0 . 6  0.5 
2.3 7.5 8.8 14.9 

13.2 12.0 10.3 5.2 

Discuss ion  of R e s u l t s  

Supplemental f u e l  requi rements  va r i ed  f o r  each v o l a t i l e  l e v e l  and, t o  a l e s s e r  
degree ,  f o r  each set o f  combustion cond i t ions  wi th in  a v o l a t i l e  l e v e l .  Minimum 
f u e l  requirements,  determined a s  percent  of t o t a l  en tha lpy  i n p u t  a r e  showh g raph ic ly  
i n  F ig .  4. The p l o t  shows t h a t  minimum supplemental  f u e l  depends somewhat upon t h e  
amount o f  prehea t  i n  combustion air. Ex t rapo la t ion  o f  t h e  curves  i n d i c a t e s  t h a t  
v o l a t i l e  matter con ten t  i n  excess  of 20% is  r equ i r ed  f o r  combustion of t h i s  cha r  
wi thout  supplemental f u e l  add i t ion .  

Combustion t e s t s  were performed according t o  a f a c t o r i a l l y  designed program 
us ing  t h r e e  independent v a r i a b l e s ,  each at two l e v e l s ,  as follows: 

* 
V a r i a b l e s  Levels 

Excess a i r  5 and 20% 
Secondary a i r  p rehea t  
Degree o f  p u l v e r i z a t i o n  80 and 95% t h r u  200 mesh 

600' and 700% 

*Supplemental f u e l ,  as percen t  of total  h e a t  i n p u t ,  w a s  a l s o  a v a r i a b l e ,  
b u t  a s  i n d i c a t e d  above, i t  was not an independent v a r i a b l e .  r ,  

When minimum a u x i l i a r y  f u e l  requirements were m e t ,  cha r s  of each v o l a t i l e  l e v e l  
burned wi th  very s t a b l e  flames.  Table  I1 is a swmnary of the experimental  d a t a  from 
t h e  combustion tests. Carbon combustion e f f i c i e n c i e s  g r e a t e r  than  99% were obta ined  
wi th  cha r  conta in ing  15% v o l a t i l e  ma t t e r .  Even with the  more  undes i r ab le  combustion 
variables--low a i r  p r e h e a t ,  l o w  excess  a i r ,  and l a r g e  f u e l  p a r t i c l e  s i z e ,  t h e  low 
v o l a t i l e  char y i e lded  about  94% carbon combustion e f f i c i ency .  

~ 

, 
/ ,  

Figure  5 shows t h e  e f f e c t  of v o l a t i l e  matter con ten t  on carbon combustion 
e f f i c i e n c y ,  with excess a i r  and f u e l  p a r t i c l e  s i z e  as combustion parameters.  While 
t h e  experiments were f a c t o r i a l l y  designed f o r  each v o l a t i l e  l e v e l  of cha r  ind iv idu-  
a l l y ,  t h e  da t a  were sub jec t ed  t o  r e g r e s s i o n  a n a l y s i s ,  s ince  t h i s  type o f  a n a l y s i s  
permi t ted  add i t ion  o r  t r ans fo rma t ion  of v a r i a b l e s ,  and ana lyses  of a l l  of the da t a  
a s  a s i n g l e  block. The ana lyses  y i e lded  an equat ion  a s  follows: 

f 
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31 
32 
33 
34 
35 
36 
37 
38 
91 
92 * 

93 
94  
95 
96 
97 
98 

151 
152 
153 
154 
155 
156 
157 
158 

TABLE 11.- Summary o f  exper imenta l  d a t a  

' . Degree of  . V o l a t i l e  Percent  
pu lve r i -  A i r  matter Carbon o f  t o t a l  

Obser - Excess z a t i o n ,  p rehea t  con ten t  combustion h e a t  input  
v a t  ion  a i r ,  p c t ,  th ru  temp., pe rcen t ,  e f f i c i e n c y ,  i n  n a t u r a l  

No. pc t 200 mesh "F as f i r e d  p c t  gas 

19.6 95.2 
5 .4  95.2 

10.6 94.9 
5 .4  94.9 

19.0 80.1 
4.9 80.1 

19.6 80 .3  
4.9 80.3 

19.6 95.1 
4.9 95.1 

20.2 95.0 
5.0 . 95.0 

20.3 79.8 
4.9 19 .8  

20.3. r 80.2 
4.9 80.2 

19.6 95.0 
5.4 95.0 

18 .2  94.9 
4.9 94.9 

18.9 79.9 
4.9 79.9 

19.6 80.0 
4.9 80 .0  

7 00 
695 
600 
600 
605 
600 
69 0 
69 5 
7 00 
695 
605 
600 
600 
600 
69 0 
69 0 

,700 
7 00 
600 
600 
600 
600 
705 
69 5 

5 .2  
5 .2  
4.7 
4.7 
5.0 
5.0 
5.6 
5.6 

12 .5  
12.5 
11.9 
11.9 
12.1 
12.1 
11.5 
11.5 
15.3 
15.3 
16.0 
16.0 
14.9 
14.9 
14.9 
14.9 

97 .5  15.4 
95.5 15.0 
97.2 14 .6  
95.2 15.2 
95.3 15.2 
93 .8  14.8 
95.7 15.2 
94.0 14.7 
98.7 12.0 
97.5 11.9 
98.3 13.0 
97.2 13.2 
97.3 13.9 
95.7 13.8 

96.0 12.3 
99.8 8.9 
99.5 9 .6  
99.5 10.9 
99.2 10.4 
99 .1  10.8 
98.1 11.0 
99.4 9.2 
98.5 9.5 

97.5 ' ' i i . 8  

Carbon combustion e f f i c i e n c y  = 85.5 + .077A + .067B + .00347C + 1.3 x 

where A = excess  a i r ,  pe rcen t  

D2 + .0007E 

B = degree  of p u l v e r i z a t i o n ,  percent  t h ru  200 mesh 
C = hea t ing  v a l u e  of v o l a t i l e  i n  c h a r ,  B tu / lb  cha r  a s  f i r e d  

E = thermal inpu t  i n  preheated a i r ,  B tu / lb  char .  
D = (C - 1400) 

Heat ing va lue  of v o l a t i l e  i n  the  c h a r ,  C ,  w a s  c a l c u l a t e d  by d i f f e r e n c e  i n  the  
hea t ing  va lue  of t h e  cha r  and the  hea t ing  va lue  of  t h e  f ixed  carbon i n  t h e  c h a r ,  
assuming 14,500 B tu / lb  of f ixed  carbon. 

Of i n t e r e s t  i n  t h e  equat ion  i s  t h e  absence  of  a term showing the e f f e c t  of t h e  
n a t u r a l  gas  used t o  provide flame s t a b i l i z a t i o n .  A s  t he  v o l a t i l e  matter con ten t  of 
the  cha r  was decreased ,  i t  was necessary t o  inc rease  t h e  pe rcen t  of  t o t a l  h e a t  i n p u t  
suppl ied  by n a t u r a l  gas i n  o rde r  t o  main ta in  a s t a b l e  flame. The percent  of hea t  
input  suppl ied  by n a t u r a l  g a s  was not an independent v a r i a b l e .  Accordingly,  t he  
e f f e c t  of n a t u r a l  gas  i s  included i n  the  e f f e c t  o f  t h e  hea t ing  va lue  i n  t h e  v o l a t i l e  
of t h e  char .  

Analyses of t h e  d a t a  i n d i c a t e  t h a t  excess  a i r ,  degree  of p u l v e r i z a t i o n ,  h e a t i n g  
va lue  of t h e  v o l a t i l e  i n  t h e  c h a r ,  and t h e  quadra t i c  e f f e c t  of t h e  h e a t i n g  va lue  of 
t h e  v o l a t i l e  i n  t h e  cha r  a r e  about equa l ly  important,  wh i l e  a i r - p r e h e a t  temperature 
i s  of margina l  s ign i f i cance .  
i s  expla ined  by the  equat ion .  

.Over 95% of  t h e  v a r c a t i o n  i n  carbon combustion e f f i c i e n c y  
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Conclusions 

The combustor used i n  t h i s  i n v e s t i g a t i o n  s imula ted  the  ope ra t ion  of a d ry -  
bottom, h o r i z o n t a l l y - f i r e d  , pulver ized-coa l  furnace .  When f i r e d  i n  t h i s  u n i t ,  cha r s  
with about  5% v o l a t i l e  m a t t e r  y i e lded  94-97.5% carbon combustion e f f i c i e n c y ,  whi le  
12% v o l a t i l e  char y i e lded  95.7-98.7%, and 15% v o l a t i l e  char  y i e lded  98.1-99.8% 
carbon combustion e f f i c i e n c y .  The ranges o f  carbon combustion e f f i c i e n c y  were t h e  
e f f e c t  of t h e  combustion parameters--excess a i r ,  f u e l  p a r t i c l e  s i z e ,  and secondary 
a i r  p rehea t .  As  expec ted ,  h ighe r  excess  a i r  and h ighe r  prehea t  with f i n e  p a r t i c l e  
s i z e  y i e lded  higher e f f i c i e n c i e s .  
f u e l  t o  provide  flame s t a b i l i z a t i o n .  
en tha lpy  i n p u t ,  was about  10,  13,  and 15% n a t u r a l  gas  f o r  c h a r s  con ta in ing  15, 12, 
and 5% v o l a t i l e  matter, r e s p e c t i v e l y .  It appears  t h a t  a v o l a t i l e  matter con ten t  i n  
excess  of 20% i s  necessary  f o r  combustion of t h e s e  c h a r s  wi thout  supplemental  f u e l .  
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F i g u r e  1. - P u l v e r i z e d - C o a l - F i r e d  Combustor. 



\ t 
0 
3 
U 
0 
c 
51 
0 
0 

cn 
3 

.- 

- 
t 

n 

I 

\ 

I 

0 

wl 
0 
’(3 
c 
0 
V 
aJ 

L 

L 
aJ 
Q 
Q 
0 r 

0 
0 
0 

- 

I aJ > 
3 
- 
a 



0 
0 ln 

ru 
0 

E 

m 
0 
...I . 

I 



- 104 - 

c 

, 

l f ldNl 1W3H l W l O 1  
A 0  3ElWlN3383d SW N011100W S V 9  1WUfllWN 



\ 

. 105 . 

\ 
P 

I I - 1 -  I 

(D 

N 
t 
C 
Q, 

a 
Q 

Y 

I-* 
2 
W 
t- 

n $  
V 
(r 
W 
I- 
t- 

I 
W 
J 
I- 

0 > 

a 

- 
ei 



- 1'36 - 
DETECTION OF METKAIiE COMBUSTION WITH APPLICATIONS TO 

QUENCHING COAL MINE EXPLOSIONS 

By J .  E.  Nealy" and W .  L.  Grose"" 

XASA Langley Research Center, Hampton, Vi rg in ia  

ABSTRACT 

A device developed by t h e  U.S. Bureau of Mines f o r  t h e  de tec t ion  and 

quenching of c o a l  mine explosions s u f f e r s  from t h e  i n a b i l i t y  t o  discr iminate  

between the l i g h t  emitted from hydrocarbon combustion and t h a t  emitted by 

e l e c t r i c a l  sparks and miner 's  cap lamps. Since t h e  quenchant device i s  

a c t i v a t e d  by an i n t e r n a l  explosive charge, t h e  p o s s i b i l i t y  of se r ious  in jury  

t o  nearby personnel demands a de tec tor  which can r e j e c t  f a l s e  s igna ls .  

Described here in  is a device which can provide a rap id  response s igna l  upon 

t h e  emission of  r a d i a t i o n  from hydrocarbon combustion and 'concurrently r e j e c t  

s p r i o u s  s lgnals  from such sources  as sparks  and cap lamps. 

NOMENCLATURE 

Planck blackbody funct ion - watts/cm 2 -?.I 
Bh 

2 .  I i n t e n s i t y  - watts/cm 

s p e c t r a l  emission c o e f f i c i e n t  f o r  bandpass Ah - w a t t s / p a r t i c l e  j A i  
number d e n s i t y  of OH p a r t i c l e s  - par t ic les /cm 3 

nOH 

V volume - cm 3 

absorpt ion c o e f f i c i e n t  - cm-l par t ic le- '  PA 
w s o l i d  angle  - s te rad ians  

- - 
*Aerospace Engineer, Hypervelocity Impulse F a c i l i t i e s  Sect ion,  Hypersonic 

Vehicles Divis ion.  

""Aerospace Engineer, Flow Fie ld  Kinet ics  Sec t ion ,  Hypersonic Vehicles Division 



\ - 107 - 

INTRODUCTION 

The accumulation of methane gas i n  a c o a l  mine c o n s t i t u t e s  an ever 

present  explosion hazard. The methane i s  a by-product of t h e  decomposition 

process which forms t h e  coa l .  

t h e  c r i t i c a l  range of approximately 5-12 percent an explosion can occur. 

I f  t h e  concentrat ion of methane i n  air reaches 

Methane l e v e l s  a r e  customarily cont ro l led  by forced v e n t i l a t i o n ,  but t h i s  

i s  not completely successful  i n  preventing loca l ized  concentrat ions i n  t h e  

c r i t i c a l  range. 

An explosion takes  a f i n i t e  t i m e  period (on t h e  order of mi l l i seconds)  

t o  develop a f t e r  i g n i t i o n  of t h e  methane. The U.S. Bureau of Mines has  

developed a device f o r  de tec t ing  and quenching t h e  developing explosion by 

discharging potassium bicarbonate i n  i t s  path ( r e f s .  1 and 2 ) .  

device i s  unable t o  discr iminate  between l i g h t  emitted from methane combustion 

and t h a t  emitted by e l e c t r i c a l  sparks  or miner 's  cap lamps. Since t h e  

quenchant device i s  dispersed by an i n t e r n a l  explosive charge, t h e  p o s s i b i l i t y  

of ser ious in jury  t o  nearby personnel demands a de tec tor  which can reject 

f a l s e  s igna ls .  It was suggested by R .  L. Trimpi, Assis tant  Chief, Hypersonic 

However, t h e  

Vehicles Division, Langley Research Center, t h a t  t h i s  d i f f i c u l t y  might be 

surmounted by developing a de tec tor  which would operate  on t h e  p r i n c i p l e  of 

monitoring t h e  rad ia t ion  i n t e n s i t y  emitted from two separate  s p e c t r a l  regions 

and ra t io ing  t h e  i n t e n s i t i e s  . Such a de tec tor  would provide a rapid 

response s i g n a l  a f t e r  sensing t h e  emission of r a d i a t i o n  from t h e  hydrocarbon 

combustion and concurrently r e j e c t  spurious s i g n a l s  from sparks and cap 

lamps due t o  t h e  d i f fe rences  i n  t h e  s p e c t r a l  c h a r a c t e r i s t i c s  of t h e  

emissions. 



A s e r i e s  of experiments are described for methane-air combustion which 

i l l u s t r a t e  t h e  v a l i d i t y  of such an approach. Estimates of t h e  spec t r a l  

i r r ad iance  of t h e  combustion event are presented, thereby determining t h e  

requi red  s e n s i t i v i t y  of t h e  device.  

A c y l i n d r i c a l  (3.8" diameter x 12") s t a i n l e s s  steel shock tube t e s t  

s ec t ion  was used as a combustion chamber. 

quar tz  windows (2" diameter) on e i t h e r  s ide,  a p i ezoe lec t r i c  pressure  t rans-  

ducer,  and two s t e e l  e lec t rodes .  A 10 k i lovo l t  capac i tor  discharged across  - 

t h e  e l ec t rodes  provided a sub-microsecond dura t ion  spark t o  i g n i t e  t h e  gas 

The  test sec t ion  was equipped with 

mixture within.  

The des i red  p a r t i a l  p re s su res  of methane and air  were obtained by 

us ing  a Wallace and Tiernan  0-800 mm Hg pressure  gauge with which pressures  

could be determined t o  an accuracy of 112 mm Hg. 

with a t o t a l  p ressure  of 1 atmosphere i n  t h e  chamber. 

t h e  wall pressure  was measured during combustion wi th  a Kistler Model 701 

Quartz Pressure Transducer and Charge Amplifier. 

A l l  t e s t s  were conducted 

The time h i s t o r y  of 

The r ad ia t ion  emit ted during combustion was observed v l t h  J a r r e l l  Ashe 

1 / 4  meter monochromators placed symmetrically on e i t h e r  s i d e  of t h e  test 

sec t ion .  

e x i t  slits were 500 p i n  width. Radiation emerging from t h e  e x i t  s l i ts  

was de tec ted  with RCA 1P28 photomultiplier tubes.  

The monochrcrmator d i spe r s ion  was 33 l /m and both entrance and 

A Phi lbr ick  Model 

Q3M1P opera t iona l  ampl i f i e r  was used t o  r a t i o  t h e  output vo l tage  from t h e  

two s p e c t r a l  channels. All s i g n a l  vo l tages  were recorded on Tektronix 

Models 551 and 556 osc i l loscopes .  

I 
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A schenatic diagram of t h e  experimental apparatus i s  shown i n  f i gu re  1. 

RESULTS 

A survey of t h e  flame spectrum of methane showed t h a t  a p a r t i c u l a r l y  

strong emission occurred from t h e  OH 0-0 band head a t  3064 1, and t h a t  a 

region of r e l a t i v e l y  low emission ex i s t ed  nearby a t  3000 x .  
i sn i t i ons  were performed with the  monochromators set  on these  channels to  

check consistency, and i n  a l l  ca ses  were found t o  repeat  w e l l ,  w i th  an 

approxinate i n t e n s i t y  r a t i o  of 6:1, and a peak w a l l  pressure of 75 ps i a .  

An oscil loscope t r a c e  made during one of t hese  t e s t s  i n  a s toichiometr ic  

mixture of rrethane and a i r  i s  shown i n  f i g u r e  2.  

Several  

Next, a series of i gn i t i ons  was ca r r i ed  out i n  which t h e  i n i t i a l  

p a r t i a l  pressure of methane w a s  var ied through t h e  combustion range of 

5-12 percent.  In  these  t e s t s ,  it w a s  found t h a t  t h e  6 : 1  i n t e n s i t y  r a t i o  

w a s  epproximately maintained, even though t h e  relative i n t e n s i t i e s  var ied 

considerably with i n i t i a l  CH concentration. A p l o t  of r e l a t i v e  peak 

in t ens i ty  fo r  both channels as a funct ion of  i n i t i a l  p a r t i a l  pressure of 

.-.ethane i s  shown i n  f i g u r e  3 ,  along with t h e  peak w a l l  pressure  v a r i a t i o n .  

4 

Figures 4 and 5 i l l u s t r a t e  t he  e l ec t ron ic  r a t i o  of t h e  s igna l s  of 

t h e  two spec t r a l  channels. The records of f i g u r e  4 were made with t h e  

nonochromators a t  t h e  norrnal t e s t  configurat ion 6 inches from t h e  t e s t  

sec t ion  cen te r l ine ,  while those of f igu re  5 correspond t o  a pos i t i on  18 

inches from t h e  cen te r l ine .  I t  is seen t h a t  even though t h e  r e l a t i v e  

i n t e n s i t i e s  have been g rea t ly  reduced, u se  of t h e  operat ional  amplif ier  t o  

d iv ide  t h e  incoming phototube s igna l s  minimizes t h e  va r i a t ion  of output 

s igna l  as a funct ion of source de t ec to r  d i s tance .  
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For l i g h t  sources emit t ing r a d i a t i o n  i n  both channels, such as t h e  

incandescent lamp continuum on t h e  many-line spectrum of i r o n ,  t h e  s i g n a l  

r a t i o  should be s i g n i f i c a n t l y  reduced. 

outputs  f o r  a 200 wat t  tungsten lamp and t h e  corresponding r a t i o e d  s i g n a l  

from t h e  opera t iona l  ampl i f ie r .  Similar  r e s u l t s  a r e  obtained f o r  an i r o n  

a rc  source, as  shown i n  f i g u r e  7 .  

Figure 6 shows t h e  ind iv idua l  channel 

The  components used i n  t h e  "bread-board'' experiment immediately suggest 

t h e  use of  more compact and l e s s  expensive s p e c t r a l  r a t i o i n g  devices  as a 

hydrocarbon combustion d e t e c t o r .  For example, narrow band in te r fe rence  

f i l t e r s  placed i n  f r o n t  of  s o l i d - s t a t e  photodetectors  equipped with an 

e l e c t r o n i c  divider  c i r c u i t  could be operated from a c e n t r a l  power supply 

or op t iona l ly  from a self-contained b a t t e r y  pack. Elec t ronic  d iv iders  

a r e  commercially a v a i l a b l e  i n  wafer s i z e  in tegra ted  c i r c u i t s ,  as a r e  25 A 
0 

, 

bandpass f i l t e r s  i n  t h i s  wavelength region.  

I n  order  t o  assess t h e  s e n s i t i v i t y  requirements of such a prototype,  

t h e  i n t e n s i t y ,  I ,  received a t  t h e  d e t e c t o r  may be approximated by t h e  

following: 

n W V  jnhUh BA dX OH 471 471 j A X  
I - "OH 

where jAx 

of t h e  emission c o e f f i c i e n t  of an OH p a r t i c l e  and i s  a funct ion of 

temperature only. 

i s  t h e  i n t e g r a l  over t h e  spec i f ied  bandpass (.3064 - -3089 U) 

This  func t ion  has been ca lcu la ted  from t h e  absorpt ion 

c o e f f i c i e n t  t a b u l a t i o n s  of  re ference  3 and i s  presented i n  f i g u r e  8. 

This information, along with t h e  number dens i ty  of OH p a r t i c l e s  i n  

burning volume V a t  temperature  T ,  and t h e  s o l i d  angle ,  0, subtended 
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by t h e  de tec tor ,  may be used t o  approximately determine t h e  s e n s i t i v i t y  

requirement of a photodetector. 

of OH as .02 a t  flame temperature 1960' K f o r  a methane-air mixture a t  

1 a t m .  pressure. Choosing a representa t ive  volume of 28400 cm (1 f t  ) 

and s o l i d  angle  of 

Reference 4 gives  t y p i c a l  mole f r a c t i o n s  

3 3 

1 = 1 [7.5(10)16 . 10-5 - 2 . 8 4 ( 1 0 1 ~  1 0 - ~ 3 1  = 

The RCA 1P28 photomultipliers used have a photosens i t iv i ty  r a t i n g  of 

5 about 50 m a / w a t t  a t  . 3 ~  and a current  gain of 2 (10) . This  r e s u l t s  in. a 

cathode current  of .1 m a ,  which through a 1 0  K output r e s i s t o r  suppl ies  

1 v o l t  s igna l  t o  t h e  d iv ider ,  which i s  more than  adequate. 

CONCLUSIONS 

It has been demonstrated t h a t  methane combustion produces much g r e a t e r  

emission near .3064 P than  a t  .3000 P, whereas e l e c t r i c  sparks  and, 

incandescent lamps possess near ly  constant  emission levels i n  t h e s e  s p e c t r a l  

regions. Therefore, a de tec t ion  scheme based on t h e  r a t i o  of t h e  emission 

a t  these wavelengths can discr iminate  between methane combustion and t h e  

i n t e r j e c t i o n  of an incandescent lamp or a n  e l e c t r i c  spark i n  t h e  o p t i c a l  

f i e l d  of view. Estimates of t h e  s p e c t r a l  i r rad iance  of methane combustion 

have been made and ind ica te  adequate de tec tor  s e n s i t i v i t y  f o r  representa t ive  

\ 

\ condi t ions.  

Although these experiments were conducted f o r  CHq combustion, the  

detect ion apparatus should respond s i m i l a r l y  f o r  o ther  hydrocarbon combustion 

processes due t o  formation of t h e  OH r a d i c a l .  \ 
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ANALYTICAL RELATIONSHIPS FOR THE INFLUENCE OF 
PARTICLE SIZE ON PRECIPITATOR DESIGN 

by 
Robert G. Kunz and Owen T. Hanna 

I n t r o d u c t i o n  -- 
The r e a l i s t i c  design of many types of p a r t i c u l a t e  c o l l e c t i o n  devices  

involves  cons idera t ion  of t h e  inf luence  of p a r t i c l e  s i z e  d i s t r i b u t i o n .  For 

on 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 ,  t h i s  in f luence  is a p p r o p r i a t e l y  expressed by 

t h e  i n t e g r a t i o n  of t h e  Deutsch equat ion f o r  a log-normal p a r t i c l e  s i z e  d i s t r i -  

bu t ion .  The i n t e g r a l  which must be evaluated i n  such cases  depends on s e v e r a l  

parameters  and cannot be evaluated e x a c t l y  i n  terms of elementary func t ions .  

A numerical t a b u l a t i o n  of t h e  i n t e g r a l  f o r  a l l  parametr ic  cases  of i n t e r e s t ,  

whi le  f e a s i b l e ,  poses a cons iderable  numerical  i n t e r p o l a t i o n  problem and is 

not  very s u i t a b l e  f o r  computer izat ion.  

I n  order  t o  express  the  i n t e z r a l  s i m p l y  and accura te ly ,  asymptotic 

methods a r e  employed i n  t h i s  paper. These methods produce a n a l y t i c a l  

approximations which .a re  expressed i n  terms of w e l l  known f u n c t i o n s  and t!ie 

s o l u t i o n  of a c e r t a i n  nonl inear  a l g e b r a i c  equat ion .  

c a l c u l a t i o n s  are given h e r e  i n  forms s u i t a b l e  f o r  eiLher hand o r  computer 

c a l c u l a t i o n s .  Comparison wi th  numerical  c a l c u l a t i o n s  shows t h a t  t h e  r e s u l t s  

of t h e  asymptotic a n a l y s i s  a r e  a p p l i c a b l e  f o r  v i r t u a l l y  a l l  cases  of p r a c t i c a l  

i n t e r e s t .  

Resul t s  of t h e s e  

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  Theory 

I n  an 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 ,  suspended d u s t  p a r t i c l e s  i n  a 

gas  a r e  e l e c t r i c a l l y  charged and migra te  t o  c o l l e c t i n g  s u r f a c e s  where they 

are captured.  

gas  under the  inf luence  of an e l e c t r i c  f i e l d  produces t h e  fol lowing expression 

f o r  the  p a r t i c l e  migrat ion ve loc i ty :  

A f o r c e  balance on a s i n g l e  charged p a r t i c l e  i n  a qu iescent  
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' E o E  d w =  

47111 

The c o l l e c t i o n  e f f i c i e n c y  of a p r e c i p i t a t o r  i n  t u r b u l e n t  f low is  then given 

-APw/Q 
by t h e  Deutsch equat ion  

n n 1 - e  

However, the v a l u e  of w c a l c u l a t e d  accord ing  to  f i r s t  p r i n c i p l e s  

from eqn. (1) w i t h  i t s  under ly ing  s i m p l i f y i n g  assumptions may b e  s e v e r a l  

t i m e s  too high because of e f f e c t s  unaccounted f o r  i n  i t s  der iva t ion , ,  

i n c l u d e  m u l t i p l e  p a r t i c l e s ,  uneven gas  d i s t r i b u t i o n ,  p a r t i c l e  reentrainment ,  

' These 

11, 12 * and h igh  dus t  r e s i s t i v i t y ,  as comprehensively d iscussed  by White. 

Therefore ,  t o  p r e d i c t  t h e  o p e r a t i o n  of an  a c t u a l  p r e c i p i t a t o r ,  t h e  

t h e o r e t i c a l  m i g r a t i o n  v e l o c i t y  i s  rep laced  by a p r e c i p i t a t i o n  ra te  cons tan t  

based on experience. 6 -- - 

Log-Normal P a r t i c l e  S i z e  D i s t r i b u t i o n  --. 

\ Moreover, t h e  p a r t i c l e s  encountered i n  p r a c t i c e  are n o t  uniform 

i n  s i z e  as w e  have so f a r  t a c i t l y  assumed, b u t  r a t h e r  are made up of a 

cont inuous d i s t r i b u t i o n  of s i z e s .  S p e c i f i c a l l y ,  most powders of i n d u s t r i a l  

s i g n i f i c a n c e  are log-normally d i s t r i b u t e d .  

a given diameter  p a r t i c l e  p l o t t e d  a g a i n s t  t h e  logari thm of t h a t  s i z e  produces 

t h e  f a m i l i a r  bel l -shaped curve.  A l t e r n a t i v e l y ,  t h e  logari thm of t h e  p a r t i c l e  

d iameter  (d ) graphs as  a s t r a i g h t  l i n e  a g a i n s t  cumulat ive weight percent  less 

than  t h a t  s i z e .  An example of t h e  lat ter p l o t  is shown i n  Figure 1. Rro 

parameters ,  t h e  mass median diameter  (2 ) and t h e  geometric s tandard  devia t ion  

The frequency of occurrence of 

I( P 

P 

(01 completely s p e c i f y  t h e  d i s t r i b u t i o n .  

diameter  a t  t h e  50% p o i n t ,  and u is given by e i t h e r  of t h e  fol lowing r a t i o s :  

The mass median diameter  is the  
? 
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\ 

\ 

- 
d I d  a t  15.9X o r  d a t  8 4 . 1 2 / 2  

P P  P P 

A more complete ex2lana t ion  of f i n e  p a r t i c l e  s t a t i s t i c s  i s  conta ined  else- 

where. 5 

Col lec t ion  Eff ic iency  Log-Normal D i s t r i b u t i o n  

By lumping a l l  non-size r e l a t e d  q u a n t i t i e s  i n t o  one parameter 

E ' E  A k =  o p p 
4nuQ 

eqn. ( 2 )  can be  w r i t t e n  

Eqn. ( 4 )  is  exponent ia l  

func t ion ,  shown i n  Fig. 

(4) -kdp r~ = 1-e 

i n  c h a r a c t e r  a l though k,  l i k e  w, is  empir ica l .  This  

2 ,  i s  an example of  t h e  so-cal led grade  e f f i c i e n c y  

curve d iscussed  by  Stairmand. '-lo Typical ly ,  l a r g e r  p a r t i c l e s  are c o l l e c t e d  

much more r e a d i l y  than smaller ones. 

With t h e  grade-eff ic iency func t ion  def ined,  t h e  c o l l e c t i o n  e f f i c i e n c y  

f o r  each ind iv idua l  p a r t i c l e  s i z e  i n  t h e  d i s t r i b u t i o n  is  completely determined. 

The o v e r a l l  e f f i c i e n c y  of c o l l e c t i o n  ( n )  is obta ined  by summing up t h e s e  

i n d i v i d u a l  c o n t r i b u t i o n s  , 

- 
where a : kd and b E in 

P 

Although a t t e n t i o n  has  been focused cn 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 s ,  

t h e  technique t o  b e  o u t l i n e d  below a p p l i e s  a s  w e l l  t o  o t h e r  types of  

p a r t i c u l a t e  c o l l e c t i o n  devices  whose grade-eff ic iency curves  can b e  approximated 
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by eqn. (4). T y p i c a l  g r a d e - e f f i c i e n c i e s  r e p l o t t e d  on semi- logari thmic 

c o o r d i n a t e s  from Sta i rmand ' s  t a b u l a t i o n s  and curves  a re  shown i n  F i g .  3 

f o r  s e v e r a l  such d e v i c e s .  I n c r e a s i n g l y  e f f i c i e n t  c o l l e c t i o n  i s  r e f l e c t e d  

by a l a r g e r  v a l u e  of k. 

. 

Numerical I n t e g r a t i o n  

The i n t e g r a l  o f  eqn. (5) can  b e  computed d i r e c t l y  by numerical  

q u a d r a t u r e , . r e s u l t i n g  in  the curves  presented  i n  Fig., 4. 

t h e s e  curves w i l l  b e  e n t i r e l y  s a t i s f a c t o r y .  

c o l l e c t i o n  e f f i c i e n c y  w i l l  b e  d e s i r e d  f o r  a set of i n p u t  parameters  a 

and b n o t  cor responding  e x a c t l y  t o  any of t h e s e  curves ,  r e q u i r i n g  e i t h e r  a n  

i n t e r p o l a t i o n  o r  a c o m p l e t e  numerical  re -eva lua t ion  of the i n t e g r a l .  

For some purposes ,  

More than  l i k e l y ,  however, 

I n  

_ _  o t h e r  words, t h e  f u n c t i o n a l  dependence of  t h e  e f f i c i e n c y  on t h e  i n p u t  

parameters  is n o t  shown e x p l i c i t l y :  

a n a l y t i c a l  approximat ions  f o r  t h i s  i n t e g r a l  have been developed. 

For t h i s  reason ,  s imple and a c c u r a t e  

-_ 
-t 2 - a e  b t  

\ 
Approximate R e p r e s e n t a t i o n  of JZ;; d t  z I 

. This  i n f i n i t e  i n t e g r a l  i s  seen  t o  convergs f o r  a l l  v a l u e s  of 

a and b. The i n t e g r a n d  -+ 0 f o r  b o t h  t -+ -03 and t -+ - and thus ,  Bince t h e  

i n t e g r a n d  is always p o s i t i v e ,  i t  must have a maximum v a l u e  a t  some p o i n t  

t*. 

r e q u i r e s  t h a t  

A t  the  maximum p o i n t  t*, t h e  u s u a l  c o n d i t i o n  f o r  a n  i n t e r i o r  maximum 

(6) b t *  ~ 0 t* + a b s  

It is e a s i l y  v e r i f i e d  t h a t  t h e r e  can b e  b u t  one maximum p o i n t  t* f o r  any 

g iven  set of v a l u e s  of a and b.  Thus  t* depends on both  a and b.  However, 

by changing t h e  v a r i a b l e s  t o  t* 5 a1'2 u* and C 3 a1'2 b, eqn. (6) is reduced 

. t o  a form i n v o l v i n g  t h e  s i n g l e  parameter  C a s  fol lows:  



, 
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u* + C e  cu* E 0 ( 7 )  

Since  t h e  integrand involves  exponent ia l s ,  i t  i s  n a t u r a l  t o  hope 

t h a t  by i n v e s t i g a t i n g  t h e  maximum of t h e  in tegrand  and s u i t a b l y  changing 

v a r i a b l e s ,  t h e  o r i g i n a l  i n t e g r a l  might be  transformed t o  one of  t h e  

Laplace type,  which could then b e  eva lua ted  approximately f o r  c e r t a i n  l i m i t -  

i n g  va lues  of  a o r  b .2  

type  does not  y i e l d  t h e  d e s i r e d  Laplace i n t e g r a l ,  b u t  t h e  t ransformat ion  is  

n e v e r t h e l e s s  extremely u s e f u l  s i n c e  i t  does l e a d  u l t i m a t e l y  t o  a r e s o l u t i o n  

of  t h e  o r i g i n a l  problem. 

However, i n  t h i s  problem a t ransformat ion  of t h i s  

Some d e t a i l s  of  t h e  a n a l y s i s  involved i n  approximating t h e  i n t e g r a l  

are  given i n  t h e  appendix f o r  t h e  reader  who i s  i n t e r e s t e d .  Here we will 

present  t h e  e s s e n t i a l  r e s u l t s  of  t h e  a n a l y s i s .  F i r s t  we n o t e  t h a t  t h e  

approximation formulas depend on t h e  s o l u t i o n  of nonl inear  eqn. ( 7 ) .  The 

s o l u t i o n  of t h i s  equat ion  i s  i n d i c a t e d  g r a p h i c a l l y  i n  Fig.  5.  Approximate 

a n a l y t i c a l  s o l u t i o n s  of t h i s  equat ion a c c u r a t e  t o  b e t t e r  than 5% are developed 

i n  Appendix I. These approximations may be used d i r e c t l y ,  o r ,  i f  more 

accuracy i s  des i red ,  they may b e  used a s  f i r s t  guesses  f o r  i t e r a t i o n  schemes 

t h a t  are a l s o  o u t l i n e d  i n  t h i s  appendix. This approach i s  very  a t t r a c t i v e  

f o r  use  on t h e  d i g i t a l  computer. 

The most u s e f u l  approximation of  t h e  o r i g i n a l  i n t e g r a l  I is  a s  

fol lows:  

2 2  -A b A 

(l+Ab2)1'2 

-- - 
I ' e  2 ( a  + =, a -t 0 ,  b -PO) 
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The q u a n t i t y  A i n  eqn. (8) is r e l a t e d  t o  t h e  s o l u t i o n  of nonl inear  eqn. (7 )  

s i n c e  Ab2 I -CU* and t h e  s o l u t i o n  of eqn. (7)  i s  expressed i n  terms of t h i s  

q u a n t i t y  . 
Eqn. (8) i s  a simple express ion  which approximates t h e  o r i g i n a l  

i n t e g r a l  very  wel l ,  as shown i n  Table 1. I n  Appendix 11, i t  is  proved t h a t  

eqn. (8) is v a l i d  i n  t h e  l i m i t  of e i t h e r  a + -, a + 0, o r  b + 0. The f a c t  

t h a t  eqn. (8) a p p l i e s  f o r  so many l i m i t i n g  c a s e s  g i v e s  some reason f o r  i ts  

e x c e l l e n t  agreement w i t h  numerical r e s u l t s  over  such a wide range of  a and 

b va lues .  Except f o r  t h e  i m p r a c t i c a l  c a s e  of  l a r g e  b(1og-normal p r o b a b i l i t y  

p a r t i c l e  s i z e  d i s t r i b u t i o n  approaching a v e r t i c a l  l i n e ) ,  t h e  approximation 

would produce r e s u l t s  c o i n c i d e n t  with the  curves  of Fig.  4. 

Eqn. ( 8 )  r e p r e s e n t s  t h e  f i r s t  approximation o f  gn asymptot ic  

expansion f o r  t h e  l i m i t i n g  c a s e s  quoted, and i t  is g e n e r a l l y  p o s s i b l e  t o  

i n c r e a s e  t h e  accuracy of t h e  approximation by adding i n  some c o r r e c t i o n  terms. 

However, adding only  the n e x t  uniformly v a l i d  c o n t r i b u t i o n  f o r  a + 0, a + m ,  

b + 0 causes  t h e  formula t o  become very  much more complicated.  Moreover, 

t h e  comparison between eqn. (8) and t h e  numerical  results shown i n  Table 1 

i n d i c a t e s  t h a t  c o r r e c t i o n  terms a r e  n o t  r e a l l y  necessary .  

\ Although eqn. (8) seems t o  r e p r e s e n t  an a p p r o p r i a t e  approximation 

t o  t h e  o r i g i n a l  i n t e g r a l  I f o r  c u r r e n t  needs, i t  i s  d i f f i c u l t  t o  a n t i c i p a t e  

whether some cases  t h a t  seem unimportant now w i l l  prove t o  be s i g n i f i c a n t  

a t  a l a t e r  time. For t h i s  reason  and f o r  t h e  sake  of completeness,  c e r t a i n  

o t h e r  approximations to I a r e  given i n  Appendix 111, 

i 
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i ‘  
i 

b t  
1 

Approximate Representat ion o f  d t  5 J 

Frequently an estimate of t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  of t h e  

uncol lected material is  r equ i r ed  i n  a d d i t i o n  to  an o v e r a l l  e f f i c i e n c y  p red ic t ion .  

This would be important where s e v e r a l  c o l l e c t i n g  dev ices  are t o  b e  i n s t a l l e d  i n  

series. For example, i t  is  not  unconunon f o r  cyclones t o  b e  i n s t a l l e d  upstream 

of a p r e c i p i t a t o r .  

p a r t i c u l a t e s  escaping from t h e  cyclones would b e  used a s  t h e  f eed  t o  t h e  

p r e c i p i t a t o r ,  and t h e  c a l c u l a t i o n  r epea ted .  

Iq t h i s  case,  t h e  q u a n t i t y  and d i s t r i b u t i o n  of t h e  

To c a l c u l a t e  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  it is d e s i r a b l e  t o  

approximate the  above i n t e g r a l  where z = h(dp /zp ) /b  is now a parameter i n  

a d d i t i o n  t o  a and b.  It  appears  p o s s i b l e  t o  do t h i s  i n  a manner analogous 

t o  t h a t  f o r  t h e  previous case ( z  + m ) .  Again, 

t h e  appendix (Appendix IV). The r e s u l t  is 

(z+Eb) 
e E +  ., 

2 
-Z - -  

L 2 ( l+b  ‘E) (z<t*) J A e 
n1,/2(1+b2E)1/2 

+b z where E s a e . 

t h e  d e t a i l s  are ind ica t ed  i n  

- 2  
f e-’ d s  

(9) 
~ z+bE s = -- 

21’2(1+b2E) ’I* 

Eqn. (9)  holds  only f o r  z<t * .  For z>t* ,  w e  have i n s t e a d  

\ 

b 

1 
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The approxina t ion  g iven  f o r  J i n  eqns'. (9) and (10) involve  t h e  w e l l  known 

e r r o r  func t ion  which is widely t a b u l a t e d  and f o r  which t h e r e  a r e  s imple  

computer approximations. '  

fol lowing t o  approximate w e l l  t o  t h e  i n t e g r a l  J. 

Formulas (9) and (10) are shown i n  example 1 

v p i c a l  Appl ica t ions  of  the R e s u l t s  

The above f u n c t i o n s  provide a n  a n a l y t i c a l  t o o l  t o  e v a l u a t e  t h e  

e f f e c t  of in le t  p a r t i c u l e  s i z e  d i s t r i b u t i o n  on c o l l e c t i o n  e f f i c i e n c y  a t  

c o n s t a n t  p r e c i p i t a t o r  f low and f i e l d  c o n d i t i o n s .  This t rea tment  i s . i n t e r m e d i a t e  

between t h e  s i m p l i f i e d  Deutsch equat ion based on a uniform p a r t i c l e  s ize , '  

eqn. (2) ,  and a d e t a i l e d  systems a n a l y s i s . 6  The use  of t h e s e  asymptot ic  

r e l a t i o n s h i p s  w i l l  b e  demonstrated i n  the numerical examples given below. 

Example 1 

Problem: 

Compute t h e  o v e r a l l  e f f i c i e n c y  of the p r e c i p i t a t o r  whose grade- 

e f f i c i e n c y  curve is given  i n  Fig.  2 o p e r a t i n g  on t h e  inlet  d u s t  d i s t r i b u t i o n  

shown i n  Fig.  1. Evalua te  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  of t h e  uncol lec ted  

m a t e r i a l .  

I Solu t ion:  

By r e p l o t t i n g  Fig.  2 on semi-logarithmic c o o r d i n a t e s  as i n  Fig.  3 

and determiiiing the s l o p e ,  one f i n d s  k = 0.46 r e c i p r o c a l  microns. 

dp 
C E a1I2b = 2.42. 

From Fig .  1, 
- 

12 microns and a = 2.8. Therefore ,  a = kzp = 5.52, b-: i n  a -  1.03,  and 

From Fig .  5, Ab2 

-A2b2-A - 
1.42 g iv ing  A = 1.34. From eqn. ( a ) ,  

p 1 - 0.0654 a 93.4% 
e 2  

(1+Ab2)li2 (rounded down) 
n = 1 -  
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ese  c a l c u l a t i o n s  inc luding  a computer s o  J ion of  e q n .  (7) 

g i v e s  a n  e f f i c i e n c y  of 1-0.065436 compared t o  t h e  above f i g u r e .  An e f f i c i e n c y  

of  1-0.065370 is  obta ined  by d i r e c t  numerical i n t e g r a t i o n  of  eqn. (5). 

Agreement of these r e s u l t s  is e x c e l l e n t .  

The p a r t i c l e  s i z e  d i s t r i b u t i o n  i n  terms of t h e  f r a c t i o n  l o s t  

below a given s i z e  can b e  found by cons ider ing  t h e  i n t e g r a l  J wi th  upper 

l i m i t  g iven by z = Iln (d /x ) / b .  

depending upon t h e  va lue  of z .  To o b t a i n  t h e  cumulative p a r t i c l e  s i z e  

d i s t r i b u t i o n ,  J must b e  d iv ided  by I,  t h e  i n f i n i t e  i n t e g r a l .  The r e s u l t s  

of  t h e s e  c a l c u l a t i o n s ,  s e t  f o r t h  i n  Table 2 ,  show q u i t e  good agreement f o r  

t h i s  example. 

J can be  approximated by eqns. (9)  or (10) 
P P  

I n  addi t ion ,  t h e  preceding c a l c u l a t i o n s  can b e  compared w i t h  a 

The i n l e t  d u s t  d i s t r i b u t i o n  i s  broken up more commonly employed method. 

i n t o  a f i n i t e  number of  narrow s i z e  ranges,  t h e  amount c o l l e c t e d  f o r  each 

range i s  determined, and t h e s e  va lues  a r e  summed t o  f i n d  t h e  o v e r a l l  c o l l e c t i o n  

e f f i c i e n c y .  An example of t h i s  procedure is given by Stairmand. a’ lo The 

c a l c u l a t i o n s  a r e  summarized i n  Table  3 .  The o v e r a l l  c o l l e c t i o n  e f f i c i e n c y  

is a g a i n  93.4%. The d i s t r i b u t i o n  of escaping m a t e r i a l  i s  s l i g h t l y  f i n e r  

than  t h e  d i s t r i b u t i o n  obta ined  by d i r e c t  numerical  i n t e g r a t i o n  of t h e  func t ion  

4 ,  shown previously i n  Table  2 .  

w i t h  2 

and t h e  one obtained us ing  t h e  asymptot ic  express ions .  

The “exact”  numerical  i n t e g r a t i o n  d i s t r i b u t i o n ,  

of 2 . 7  microns and IJ of  1 . 9 ,  l ies  between t h i s  approximate d i s t r i b u t i o n  
P 
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For t h i s  i l l u s t r a t i v e  c a l c u l a t i o n ,  e n t r i e s  i n  T a b l e  3 correspond- 

i n g  t o  t h e  i n l e t  p a r t i c l e  s i z e  and c o l l e c t i o n  e f f i c i e n c y  have been computed 

from t h e  a p p r o p r i a t e  f u n c t i o n a l  forms r a t h e r  than g r a p h i c a l l y  as might normally 

be done f o r  a r o u t i n e  c a l c u l a t i o n .  The d i f f e r e n c e s  i n  e f f i c i e n c y  and d i s t r i -  

bu t ion  a r e  t h e r e f o r e  caused only from tak ing  a s e r i e s  of  f i n i t e  i n t e r v a l s  

i n  which the  c o l l e c t i o n  e f f i c i e n c y  is assumed t o  b e  c o n s t a n t  a t  its midpoint 

value.  

In  t h i s  example, t h e  asymptot ic  a n a l y t i c a l  express ions  der ived 

i n  t h i s  paper have been shown t o  produce an  o v e r a l l  e f f i c i e n c y  equiva len t  

t o  t h a t  obtained from d i r e c t  numerical  i n t e g r a t i o n  and a commonly employed 

approximate technique.  I n  a d d i t i o n ,  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n s  of a l l  

.. - t h r e e  methods are roughly comparable, wi th  d i f f e r e n c e s  of t h e  order  of 

a few percent .  

hand c a l c u l a t i o n s  when only  t h e  o v e r a l l  e f f i c i e n c y  is  d e s i r e d .  

The asymptot ic  f u n c t i o n s  are e s p e c i a l l y  a t t r a c t i v e  f o r  
b. 

When a complete 

\ p a r t i c l e  size d i s t r i b u t i o n  i s  r e q u i r e d ,  t h e  c a l c u l a t i o n s  involv ing  eqcs.  (9) 

and (10) a r e  more t e d i o u s  than t h e  method o u t l i n e d  by Stairmand, which would 

probably b e  used.  When computer f a c i l i t i e s  are a v a i l a b l e ,  t h e  asymptot ic  

f u n c t i o n s  represent  a savings  i n  computer time over  a s t a n d a r d  numerical  

q u a d r a t u r e  and are expected t o  r e q u i r e  about  the same o r d e r  of magnitude 

of t i m e  a s  t h a t  used by t h e  Stairmand type of c a l c u l a t i o n .  

Example 2 

Problem: 

To i n c r e a s e  c o l l e c t i o n  e f f i c i e n c y ,  t h e  p r e c i p i t a t o r  of example 1 

i s  t o  b e  doubled i n  s i z e  by i n c r e a s i n g  t h e  l e n g t h  of  its p l a t e s  i n  t h e  

d i r e c t i o n  of g a s  f low.  Calcu la te  t h e  new e f f i c i e n c y  account ing f o r  p a r t i c l e  

' s i z e  d i s t r i b u t i o n  and by us ing  t h e  s i m p l i f i e d  Deutsch equat ion.  
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Solu t ion:  

To account f o r  a change i n  p l a t e  l e n g t h ,  one must vary k which 

is  d i r e c t l y  propor t iona l  t o  t h i s  dimension. I n  example 1, t h e  parameters 

of t h e  i n l e t  dus t  and k = 0.46 l e d  t o  an e f f i c i e n c y  of 93.4%. 

s i z e  is  doubled, k becomes 0.96 and t h e  computation proceeds i n  a s i m i l a r  

When t h e  

manner, giving an e f f i c i e n c y  of 97.9%. 

This c a l c u l a t i o n  can b e  compared t o  an e n t i r e l y  d i f f e r e n t  

technique.  As is sometimes done, eqn. (Z), t h e  s i m p l i f i e d  Deutsch equat ion 

f o r  a monodisperse p a r t i c u l a t e ,  can be employed and thereby circumvent t h e  

use of an  i n t e g r a l  and a l l  t h e  d i f f i c u l t i e s  involved i n  its eva lua t ion .  I n  

t h i s  procedure, t h e  observed 93.4% e f f i c i e n c y  can b e  used t o  f i x  t h e  va lue  

of t h e  argument of t h e  exponent ia l  a t  2 . 7 .  Doubling t h e  p l a t e  length  makes 

t h i s  parameter 5 .4  and g i v e s  an  e f f i c i e n c y  of 99.5%. Although t h c  two 

e f f i c i e n c i e s ,  97.9% and 99.5%, appear c lose ,  t h e  l o s s  rates d i f f e r  s i g n i f i -  

c a n t l y  by a f a c t o r  of 4.  

The e f f i c i e n c y  a s  a f u n c t i o n  of length  is p l o t t e d  i n  F ig .  6 .  

The asymptot ic  express ion  g ives  t h e  e f f i c i e n c y  shown by t h e  s o l i d  curve, 

whi le  the  s impl i f ied  Deutsch equat ion produces t h e  broken l i n e .  The two 

provide equiva len t  results only i n  t h e  v i c i n i t y  of 93.4% e f f i c i e n c y  where 

t h e  Deutsch equat ion exponent w a s  f i t t e d .  

Thus, t h e  Deutsch equat ion p r e d i c t s  a g r e a t e r  e f f i c i e n c y  a t  a 

given increment i n  l e n g t h  or  a s h o r t e r  a d d i t i o n a l  l e n g t h  requi red  t o  achieve 

a given i n c r e a s e  i n  e f f i c i e n c y .  This i s  t h e  same scrt of behavior  demonstrated 
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Solu t ion:  

To account  f o r  a change i n  p l a t e  l e n g t h ,  one must vary  k which 

i s  d i r e c t l y  p r o p o r t i o n a l  to  t h i s  dimension. I n  example 1, t h e  parameters 

of  t h e  i n l e t  d u s t  and k = 0.46 l e d  t o  an  e f f i c i e n c y  of 93.4%. When t h e  

s i z e  is doubled, k becomes 0.96 and t h e  computation proceeds i n  a s i m i l a r  

manner, giving an e f f i c i e n c y  of 97.92. 

This c a l c u l a t i o n  c a n  b e  compared t o  an e n t i r e l y  d i f f e r e n t  

technique.  As is  sometimes done, eqn. (2 ) ,  t h e  s i m p l i f i e d  Deutsch equat ion 

f o r  a monodisperse p a r t i c u l a t e ,  can b e  employed and thereby circumvent t h e  

u s e  of a n  i n t e g r a l  and a l l  t h e  d i f f i c u l t i e s  involved i n  its eva lua t ion .  In  

t h i s  procedure, t h e  observed 93.42 e f f i c i e n c y  can b e  used t o  f i x  t h e  value 

of t h e  argument of t h e  exponent ia l  at  2.7 .  

t h i s  parameter 5.4 an21 g i v e s  an e f f i c i e n c y  of 99.5%. Although t h e  two 

Doubling the p l a t e  length  makes 

e f f i c i e n c i e s ,  97.9% and 99.5%, appear  c l o s e ,  t h e  l o s s  r a t e s  d i f f e r  s i g n i f i -  

c a n t l y  by a f a c t o r  of 4. 

The e f f i c i e n c y  a s  a f u n c t i o n  of length  is p l o t t e d  i n  Fig.  6. 

The asymptot ic  e x p r e s s i o n  g i v e s  t h e  e f f i c i e n c y  shown by t h e  s o l i d  curve, 

whi le  t h e  s i m p l i f i e d  Deutsch equat ion produces the broken l i n e .  The two 

provide equiva len t  r e s u l t s  on ly  i n  the  v i c i n i t y  of  93.4% e f f i c i e n c y  where 

t h e  Deutsch equat ion exponent was f i t t e d .  

Thus, t h e  Deutsch equat ion  p r e d i c t s  a g r e a t e r  e f f i c i e n c y  a t  a 

given increment i n  l e n g t h  or  a s h o r t e r  a d d i t i o n a l  l e n g t h  requi red  to  achieve 

a given i n c r e a s e  i n  e f f i c i e n c y .  This i s  t h e  same s o r t  of behavior  demonstrated 
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TABLE 2 

COMPARISON OFAPPROXIPIATE AND. NUElERI CALLY INTEGRATED UNCOLLECTED 
PARTICLE S I Z E  DISTRIBUTIONS FOR EXAPPLE 1 

Cum. Wt.% J(numerical) * cum. Wt.% (approx :I d (microns) 
P 

1 0.00557 8.5 0.00563 '8.6 
2 0.0209 32.0 0.0219 33.5 . 
3 0.0347 53.1 0.0372 56.9 

. .  

4 
5 
6 
7 
8 

9 
10 

m 

0.0471 
0.0537 
0.0579 
0.0607 
0.0624 
0.0635 
0.'0642 
0.065436 

72.0 
82.1 
88.5 
92.8 
95.4 
97.1 
98.2 
100. 

0.0481 
0.0550 
0.0592 
0.0618 
0.0632 
0.0641 
0.0646 
0.065370 

73.6 
84.1 
90.5 
94.5 
96.6 
98.0 
98.8 
100. 

'. . 

'\ 
*In this example, d a 2.96 corresponds to z=t* and is therefore where we 
switch from eqn. ( 9 )  to eqn. (10). 

P 



C 
d 
U 
0 

rl 
d 
0 
V h  

w 
4 -  
rl 
rJ 
a > 
0 

m 
rl 

0 

0 

\D 

0 
N 

03 
0 

rl 
I 
0 

m 
U m 

m 
rl 

U 
UY 

rl 

m 
m 

N 
1 
d 

- 135 - 

t - d u i o m r l ? ?  
~ u u d u ~ - m m o o o  m ~ - m m m m m m o o o  
. . . . . .  

r l r l r l  

u o ~ u m m m d  
m o m o m o u m m f . ~  
. . . . . . . . ? ?  

r l r l N N m m m m a 0  rl 

r l N m O m m r l m m  . . . . . . . . . .  



- 136 - 

0 0  0 0 0  
0 0 9  4 d T \  
.-I 

0 o c o  9 d - m  N 
(v rl 



i 

i 

N 

2 
3 
m .- 
LL 

- 137 - 

1 1 I I I I I I ' I  
9 
-4 

N 
d 

-I 
4 

0 
d 

0 
0 0 0 0 0 0 0 0 0 0 0  
0 ~ a ) ~ a m u ~ C u r l  
,I 

(lN33t13d) h3N3131Jr13 NO11331103 

W 
I- 
W 
-2 a 
a 
w 
u 
a a 

- 
-I 

l- e 



- 

0 
10 
20 
30 

40 

50 

60  

70 

0 
8C 

w 
z 
I - .  u 
W 
-I 
J 
0 
0 

0, 

91 
9: 
9: 
9 I 

9 



c 
1C 
2c 
3c 

4c 

50 

60 

70 

80 

90 
91 
92 
93 

94 

95 

96 

97 

98 

99 I I I I \ I I 
2 . 3  4 .  5 6 7 0 1 

a = kap (DIMENSIONLESS) 



In 

- 140 - 

n 

Q! 
rl 

m 

0 



9 

I I  

(lN33t13d) h3N3131AA3 NO11331103 



Nota t ion  

- 
a = kdp . .  
A = a e  b t*  = -Cu*/b2 = - t*/b 

A = a r e a  o f  c o l l e c t i o n  p l a t e s  

b t n o  
P 

C = a  1/2b 

d = p a r t i c l e  d iameter  

d = mass median d iameter  

e = base  of n a t u r a l  logar i thms 

E = ae 

P 

P 
- 

bz 

Eo = charging electrical f i e l d  i n t e n s i t y  

E = c o l l e c t i o n  e l e c t r i c a l  f i e l d  i n t e n s i t y  

I = i n f i n i t e  i n t e g r a l  i n  eqn. (5) 

J = i n t e g r a l  I w i t h  v a r i a b l e  upper l i m i t  

P 

.. 

k - c o l l e c t i o n  parameter  -. 
Q = gas  volumetr ic  f low 

s = v a r i a b l e  of i n t e g r a t i o n  

t = v a r i a b l e  of i n t e g r a t i o n  

w e f f e c t i v e  m i g r a t i o n  v e l o c i t y  

z 

Greek Letters 

= v a r i a b l e  upper l i m i t  of i n t e g r a l  J = tn (dp/zp) /b  

c o l l e c t i o n  e f f i c i e n c y  

= gas v i s c o s i t y  

n numerical c o n s t a n t  

u a geometric s t a n d a r d  d e v i a t i o n  
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Appendix I 

The solut ic+i  of u* + CeCU* = 0. 

This  e q u a t i o n  is  e a s i l y  solved numer ica l ly  by means of a s u i t a b l e  

i n t e r a t i o n  method if a p p r o p r i a t e  s t a r t i n g  va lues  a r e  used. S u i t a b l e  

procedures i n c l u d e  t h e  Newton method o r  t h e  o r d i n a r y  i t e r a t i o n  method 

a c c e l e r a t e d  by means of t h e  6 2 p r o c e ~ s . ~  The latter method w a s  used t o  

’ o b t a i n  t h e  numer ica l  v a l u e s  shown i n  Fig.  5 and Table A-1. Asymptotic 

s o l u t i o n s  of t h e  e q u a t i o n  were used t o  y i e l d  reasonable  s t a r t i n g  values .  

2 The two asymptot ic  s o l u t i o n s  f o r  -Cu* 5 Ab are 

I and 

G 2 ( C )  = ,211n C - lln(2Pn .C) (C -+ 

(Al-1) 

(Al-2)  

-.. These two asymptotes  are compared w i t h  t h e  numerical  v a l u e s  i n  Table A-1. 

S ince  t h e  C +  s o l u t i o n ,  eqn. (Al-2) i n v o l v e s  a logar i thmic  s c a l e ,  i t  only 

becomes a c c u r a t e  a t  extremely l a r g e  (and i m p r a c t i c a l )  v a l u e s  of  C. However, 

i t  w a s  observed t h a t  t h e  d i f f e r e n c e  between t h e  numerical  va lues  and eqn. 

(Al-2) is n e a r l y  c o n s t a n t  f o r  C 

are seen t o  y i e l d  a c c u r a t e  r e s u l t s  f o r  C 2 2.5 .  

\ 

2.5,and thus  i n  t h e  t a b l e  va lues  o f  G2(C)+0.3 

The asymptot ic  s o l u t i o n s  g iven  above a r e  very u s e f u l  i n  t h e  asymptot ic  

a n a l y s i s  of t h e  i n t e g r a l  I. Eqns. (Al-1) and (Al-2) show t h e  asymptot ic  

behavior  of t h e  q u a n t i t y  A w i t h  r e s p e c t  t o  a and b. 

and f o r  a -+ 01, A + 2 l!n(al”b) . 
For a o r  b + 0, A + a 

b2 
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TAL3I.E A-1 

COPPARISON OF NLPICRICAL hill ASYX‘TOTIC SOLUTIONS OF EQN. (7) 

Numerical Asxnp t o t ic 
G (C) + 0 . 3  -CU* = Ab G I U  -2- G (C) -2 

2 C - 
0 0 0 
0.1 0.0099 0.0099 
0.3 0.0828 0.0828 
0.5 0.2039 0.2040 
1 0.5671 0.5614 
2 1.202 1.176 1.060 1.360 
2.5 1.456 1.372 1.227 1.527 
3 1.679 1.513 1.410 1.710 
4 2.053 1.753 2.053 
5 2.360 2.050 2.350 
6 2.620 2.307 2.607 
8 3.045 2.734 3.034 
10 3.386 3.078 3.378 
20 4.490 4.201 4.501 
1000 11.38 11.19 11.49 
10,000 15.67 15.51 

’\ 
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Appendix I1 

m c* rn c - 

We proceed by s p l i t t i n g  the i n t e g r a l  by means of I_, =L +[* where t* 

is the s o l u t i o n  of eqn.  (6) .  

F i r s t  consider  12, which t u r n s  o u t  t o  b e  much easier t o  ana lyze  than 

I (It happens that  to  t h e  f i r s t  approximation, I and I2 are equa l ) .  By 

t r a n s l a t i n g  t h e  o r i g i n  of coord ina te s  t o  t* through t-t* = u, w e  g e t  

m 
Thus I = I +I where I1 = t* and I2 = si** 1 2  I, 

1’ 1 

bu -bLAL 
2 Ie$+ Abu -Ae 

I2 = e du 

(2n)1/2 u=o 

(A2-1) . 

Since  t h e  new i n t e g r a n d ,  by way of i ts  c o n s t r u c t i o n ,  is a maximum near u=O, 

i t  is n a t u r a l  t o  approximate t o  t h e  i n t e g r a n d  i n  t h i s  v i c i n i t y  i n  hopes t h a t  

though t h e  approximation may no t  be good i n  o t h e r  r eg ions ,  these r e g i o n s  con- 

t r i b u t e  only a sma l l  p a r t  t o  t h e  i n t e g r a l .  

- .. 

--. 
The b e s t  procedure seems t o  be 

\ t h e  fol lowing.  Write 

2 2  b u  2 2  

2 2 .  
ebu = 1 + bu + - b u  + e b u - l - b u - -  

Then expand t h e  e x p o n e n t i a l  i n  eqn. (A2-1) t o  get 

2 2  

2 m 
-b A -A 

2 2  b u  1 
2 [l-A(ebu - 1 - bu - -). .] du (A2-2) 

( 2 n ) l l 2  2 
1 

where t h e  e r r o r  i n c u r r e d  by t a k i n g  1 f o r  t h e  q u a n t i t y  i n  squa re  b racke t s  is 

nega t ive  and less  i n  magnitude than t h e  nex t  t e r m .  



By performing t h e  i n t e g r a t i o n  we g e t  
.- In (A2-3) 

1 f2b  2 112 
-bLAL 

e-' d s  - ($) - - - - 2 -A 

I 2 = e  (2') (2g) ' 3 / 2 ) * * ]  
ss-b 

2 (2g) ll2 where g : ( 1  + b A)  

The e r r o r  made by approximating t h e  q u a n t i t y  i n  squa re  b r a c k e t s  by t h e  f i r s t  

term is nega t ive  and less i n  magnitude than t h e  nex t  term. It is  e a s i l y  shown 

eqn. (A2-3) t h a t  t h e  r e l a t i v e  e r r o r  a s s o c i a t e d  with using j u s t  t h e  f i r s t  term 

i n  square b racke t s  goes t o  z e r o  f o r  e i t h e r  a + 0, a + m o r  b + 0. The 

i n t e g r a l  I is transformed by means o f  t* - t = s and becomes 

(A2-4) 

Here aga in  t h e  in t eg rand  is approximated nea r  i ts  maximum ( ~ 0 )  and t o  a f i r s t  

approximation f o r  e i t h e r  a + 0, a + o r  b -+ 0 
\ 

2 2  

2 
-b A -A 

I1 -+ e 2g1/2 

\ 

However, i n  t h e  c a s e  of  11, t h e  demonstrat ion of  t h e  v a l i d i t y  of t h i s  r e s u l t  

is much more involved than i t  was i n  t h e  c a s e  of I and t h e  l eng thy  d e t a i l s  2 

are omit ted.  
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Appendix 111 

2 b t  
m -t - ap 

d t  1 2 
Other Asymptotic Expansions t o  I = - 

For b -f -, I + 1 / 2  i n  accordance with '  

(A3-1) 

Note t h e  curve f o r  b=25 of F ig .  4 is approaching t h i s  l i m i t .  

For b -+ 0 w e  have 

(A3-2) 

Eqn. (A3-2) i s . u s e f u 1  s i n c e  i t  h a s  t h e  proper ty  t h a t  t h e  e r r o r  made by tak ing  

t h e  t e r m  i n  s q u a r e  b r a c k e t s  equal  t o  1 i s  n e g a t i v e  arid less i n  magnitude than 

-. .. For a + 0 

2 

b2 2 2b2 a 3 e r  2 a e  

9D 2 . 2  b i  
- 1-2 i = u  ( - 1 ) i a i e F  i: = 1-ae +r-- 3: .. -.. 

\ 
(A3-3) 

This series d i v e r g e s  f o r  any b > 0, b u t  i t  i s  asymptot ic  i n  t h e  s e n s e  t h a t  

t h e  e r r o r  is of  t h e  same s i g n  as t h e  f i r s t  neglec ted  term and l e s s  than i t  

i n  magnitude. 

small v a l u e s  of a. 

Therefore ,  t h e  series is  of use computat ional ly  f o r  s u f f i c i e n t l y  



I 
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Appendix I V  

2 b t  z -t -ae 1 Evaluat ion of - d t  = J 

It is convenient  t o  consider  s e p a r a t e l y  t h e  c a s e s  z < t* and z > t". 

For z < t*, t h e  maximum of t h e  integrand is  a t  z and accord ingly  w e  move t h e  

o r i g i n  of coord ina tes  t o  z and approximate t o  t h e  in tegrand  i n  t h i s  v i c i n i t y .  

Thus J becomes 

bz where E E a e  

By approximating t h e  exponent ia l  near  w = 0, w e  g e t  

(A4-1) 

The i n t e g r a l  appearing i n  eqn. (A4-2) i s  j u s t  t h e  complementary e r r o r  func t ion  

which is widely tabula ted  and f o r  which t h e r e  are simple computer approximations. 

m m  - 

For z > t*, i t  is  convenient  t o  c a l c u l a t e  J by means of K = I - j -- 2.  

Then an  approximation of t h e  type discussed i n  t h e  previous peragraph .g ives  

2 (bE4-z) 
-2 

e2 ( 1+b2E) - - E  2 

m 

(A4-3) 

Note t h a t  f o r  z = t* t h e  sum of t h e  approximations t,o 1. and Jz j u s t  adds 

up t o  t h e  approximation given fot 

' 
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A STUDY OF FLY ASH REACTIONS AND DEWSIT FORMATION 

I N  A LARGE, CYCLONE-FIRED STEAM GENERATOR 

A. A. Orning 

U. S .  Department o f  t h e  I n t e r i o r ,  Bureau of  Mines, 
P i t t s b u r g h  Energy Research C e n t e r ,  P i t t s b u r g h ,  Pa. 

I n t r o d u c t i o n  

Many, i f  not most ,  o f  t h e  problems p e c u l i a r  t o  t h e  u s e  of  c o a l  a s  a f u e l  a r e  
r e l a t e d  t o  i t s  minera l  matter c o n t e n t .  The a s h  and s l a g  products  cause  f o u l i n g  
and sometimes c o r r o s i o n  o f  h e a t  t r a n s f e r  s u r f a c e s ,  a r e  hard  t o  remove when s l a g  
d e p o s i t s  become massive, a r e  d i f f i c u l t  t o  c o n t a i n  when t h e  s l a g  i s  f l u i d ,  and a r e  
costly t o  remove as p a r t i c u l a t e  m a t t e r  i n  t h e  s t a c k  g a s e s .  The purpose o f  t h i s  ' 

paper  is t o  d i s c u s s  t h e  r e l e a s e  of m i n e r a l  matter i n  burning c o a l  and t o  p r e s e n t  
d a t a  on r e a c t i o n s  of  a s h  d e p o s i t s  w i t h  combustion product  gases  i n  a l a r g e  cyc lone-  
f i r e d  steam g e n e r a t o r .  Conclusions w i l l  be  drawn t h a t  must be i n t e r p r e t e d  a s  
p e r t i n e n t  t o  the p a r t i c u l a r  u n i t  though based i n  p a r t  on o b s e r v a t i o n s  i n  o t h e r  
u n i t s .  The i n t e n t  i s  t o  demonst ra te  t h a t  v a l u a b l e  informat ion  can  be gained by 
s y s t e m a t i c  sampling and a n a l y s i s  of  f l y  a s h  and ash d e p o s i t s .  

The Release  of  Minera l  Matter 

11 Ash, as formed from t h e  m i n e r a l  m a t t e r  of  c o a l  i n  t h e  ASTM Standard Method,- 
h a s  a n a l y s e s  a s  i l l u s t r a t e d  by samples  8 and 9 of  Table  I f o r  two I l l i n o i s  c o a l s .  
S e v e r a l  t h i n g s  a r e  noteworthy:  1) Carbonates  are conver ted  t o  o x i d e s ,  2) s u l f u r  
i s  r e t a i n e d  as s u l f a t e  t o  t h e  e x t e n t  t h a t  s u l f a t e  formation precedes carbonate  
decomposi t ion,  and 3) t h e  weight  percentages  of  ash components, r e p r e s e n t e d  a s  . 
o x i d e s ,  add approximate ly  t o  100%. When t h e  a s h  i s  formed under high-temperature  
c o n d i t i o n s ,  as i n  t h e  steam g e n e r a t o r  furnace  r a t h e r  than  t h e  tempera ture-cont ro l led  
m u f f l e  f u r n a c e  used f o r  t h e  ash d e t e r m i n a t i o n ,  a l e s s e r  p r o p o r t i o n  of t h e  s u l f u r  i s  
r e t a i n e d  a s  s u l f a t e s  and t h e  a l k a l i  metals are a t  least  p a r t i a l l y  v o l a t i l i z e d .  
Vapor p r e s s u r e s  f o r  v a r i o u s  a l k a l i  m a t e r i a l s  a r e  g iven  i n  Table  11. The f r e e  a l k a -  
l i  m e t a l s  are most v o l a t i l e ,  b u t  e q u i l i b r i a  f a v o r  convers ion  t o  t h e  hydroxides .  The 
o x i d e s  should be c o n s i d e r e d ,  a l though e q u i l i b r i a  a l s o  favor  t h e i r  convers ion  t o  t h e  
hydroxides .  L i t t l e  i n f o r m a t i o n  i s  a v a i l a b l e  on t h e  k i n e t i c s  of such high-tempera- 
t u r e ,  gas-phase r e a c t i o n s .  Acid-base r e a c t i o n s  a r e  f a s t  i n  water s o l u t i o n  b u t  may 
b e  slow i n  t h e  g a s  phase.  HC1 g a s  seems r e l a t i v e l y  i n e r t .  A l k a l i n e  m i s t s  have 
been  observed t o  f a l l  o u t  of  t h e  plume from i n c i n e r a t i o n  o f  o r g a n i c  wastes wi th  
h i g h  NaCl conten t .  These c o n s i d e r a t i o n s  sugges t  t h a t  t h e  hydroxides  a r e  t h e  
probable  mode of t r a n s p o r t  o f  a l k a l i  metals i n  the h o t  combustion gases .  

TABLE I.- Analyses  of  ash  and s l a g  samples ,  weight  p e r c e n t  

No. Locat ion SO3 Fe2O3 A1203 Si02  CaO MgO Na20 K20 T o t a l  

1 
3 
4 
5 
6 

. 7  
8 
9 

S l a g  tank  
Reheat superhea ter  
Primary s u p e r h e a t e r  
Economizer hopper 
A i r  h e a t e r  hopper  
P r e c i p i t a t o r  hopper  
Coal a s h ,  A 
Coal a s h ,  B 

0 . 2 5  19.7 17.6 
10 .2  21.0 16.4 

2 .2  18.6 18.3 
5.0 20.6 17.4 
2.2 21.7 17.6 
3 . 5  18.9 17 .6  
7.5 28.2 15.5 
8.0 17.2 18.9 

45.8 
32 .5  
47.1 
43.2 
45.4 
45.8 
35.7 
44.5 

8.67 0 .95  
10.95 ,.80 

5.96 .86 
5.79 .75 
7 .61  .86 
5.04 .90 
7.68 .78 
7.55 .91 

2.16 1.99 97.1 
2.80 2.19 96 .8  
2.47 2.04 97.5 
2.56 2.13 97.4 
2.12 2.05 9 9 . 5  
2.91 2.82 97.5 
2.43 1.83 9 9 . 6  
1.98 1 . 8 3  100.9 
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TABLE 11.- Temperatures a t  s e l e c t e d  vapor p r e s s u r e s  

T O C  

Component l m m  10 m 100 mm 

Na 43 9 549 701 
K 341 443 586 
NaOH 739 897 1111 
KOH 7 19 86 3 1064 
N a C l  865 1017 1220 
KC 1 821  968 1164 

I r o n  s u l f i d e ,  FeS, and m e t a l l i c  i r o n  tend t o  appear  w i th  d e f i c i e n t  a i r  supply.  
Th i s  i s  aggravated i n  w e t  bottom fu rnaces  when p y r i t e  (FeS2) impinges on t h  s l a g  
su r face .  The i r o n  i n  c o a l  i s  p r e s e n t  p r i m a r i l y  as p y r i t e .  B a i l e y  and Elyx? have 
shown t h a t  i ron  tends t o  seg rega te  i n t o  s l a g  and i n t o  fu rnace  d e p o s i t s .  The au tho r  
h a s  observed a fu rnace  w i t h  f r o n t  wa l l  burners  and a p l an  a r e a  too small  t o  prevent  
flame impingement on the  wall s u r f a c e s .  I r o n  c o n t e n t  of  t h e  w a l l  slag w a s  over  
t h r e e  times t h a t  expected from t h e  c o a l  ash a n a l y s i s .  
d e f i c i e n t  i n  t h e  a r e a  of flame impingement and t h a t  l i q u i d  d r o p l e t s  o f  FeS were 
p r e f e r e n t i a l l y  adhering t o  t h e  w a l l ,  a l t hough  i n t e r m i t t e n t  o x i d a t i o n  gave an  
oxidized s l a g .  

It appeared t h a t  oxygen was 

F i r e s i d e  co r ros ion  a s s o c i a t e d  wi th  segregated d e p o s i t s  h i g h  i n  a l k a l i - i r o n  
s u l f a t e s  were f i r s t  found on fu rnace  w a l l  t ubes  o f  w e t  bottom E u r n a c e s . u /  
Presence of  CO i n  t h e  l o c a l  gas  s t ream was i n d i c a t i v e  of  l o c a l  oxygen d e f i c i e n c y  
and flame impingement with p r e f e r e n t i a l  adherence of  FeS d r o p l e t s  and h igh  l o c a l  
h e a t  t r a n s f e r  r a t e s .  However, t h e  segregated d e p o s i t s  were found t o  b e  s u l f a t e s  
with d e t e c t a b l e  s u l f i d e  on ly  a t  t h e  i n t e r f a c e  between the d e p o s i t  and t h e  tube  
me ta l .  I n t e r m i t t e n t  ox id i z ing  c o n d i t i o n s  conve r t  s u l f i d e s  t o  s u l f a t e s .  With tube 
s u r f a c e  temperatures  on t h e  o rde r  o f  400'C, t h e  complex a l k a l i - i r o n  p y r o s u l f a t e s  
become s t a b l e  l i q u i d s .  While these l i q u i d s  i n  p a r t  may be  c o r r o s i o n  p roduc t s ,  they 
i n  t u r n  a r e  cause f o r  e l e c t r o l y t i c  co r ro2 ion  i f  not  t h e  a c t i v e  c o r r o s i v e  agen t s .  

React ions between s u l f u r  ox ides  and f l y  a sh  have been the s u b j e c t  of  s tudy  and 
specu la t ion  f o r  many yea r s .  
b o i l e r s  had a l i t t l e  c a t a l y t i c  t i o n  on t h e  o x i d a t i o n  o f  s u l f u r  d i o x i d e  i n  f l u e  
gas .  Cross l ey ,  P o l l  and Sweettz? s t u d i e d  t h e s e  r e a c t i o n s  t o  e x p l a i n  f i n d i n g s  of 
the Bo i l e r  A v a i l a b i l i t y  Committee t h a t  f i r i n g  of  pu lve r i zed  c o a l  over t h e  back end 
of mechanical s t o k e r s  was e f f e c t i v e  i n  c o n t r o l l i n g  a c i d i c  d e p o s i t s  i n  t h e  b o i l e r .  
The appearance of  t he  t y p i c a l  a lkal i - i ron-aluminum s u l f a t e s  on supe rhea te r  t ubes  
brought renewed i n t e r e s t  i n  t he  r e a c t i o n s  between f y ash and combustion gases .  
The ex tens ive  l i t e r a t u r e  h a s  been reviewed by Reid.--/ The d e p o s i t s  are c h a r a c t e r -  
ized by water s o l u b i l i t y ,  a low pH, high con ten t  of a l k a l i ,  i r o n ,  aluminum and 
s u l f a t e ,  and r e l a t i v e l y  low contaminat ion by o t h e r  c o n s t i t u e n t s  of  f l y  ash.  These 
d e p o s i t s  u n d e r l i e  t y p i c a l  a sh  d e p o s i t s .  They have an  amorphous or m i c r o c r y s t a l l i n e  
appearance when co ld  bu t  sometimes show s i g n s  o f  having been l i q u i d .  They appear  
where gas temperatures ,  t he  th i ckness  of t h e  ove r ly ing  ash d e p o s i t ,  and t h e  steam 
cond i t ions  are such t h a t  t he  r e s u l t i n g  h e a t  t r a n s f e r  produces temperatures  near  t he  
tube su r face  approaching 65OoC. The segregated d e p o s i t  may be sepa ra t ed  from t h e  
tube me ta l  by a poorly conso l ida t ed  oxide scale. The au tho r  has  a l s o  found samples 
where l i q u i d  wetted the  metal tube and pene t r a t ed  under  t h e  ox ide  scale so as t o  
bend i t  away from t h e  tube s u r f a c e .  R e l a t i v e l y  low occ lus ion  o f  f l y  a sh  i n  t h e  
segregated d e p o s i t  i n d i c a t e s  t h a t  components not  s o l u b l e  i n  t h e  d e p o s i t  are mechan- 
i c a l l y  e j e c t e d  by c y c l i c  me l t ing  and s o l i d i f i c a t i o n .  
American bituminous c o a l s ,  h a s  a somewhat v a r i a b l e  composi t ion,  p a r t i c u l a r l y  t h e  

Johnston&/ concluded t h a t  f l y  a sh  from s t o k e r - f i r e d  

3 

The r e s u l t i n g  d e p o s i t ,  from 
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p r o p o r t i o n  of  i r o n  and aluminum s u l f a t e s ,  b u t  i s  so c h a r a c t e r i s t i c a l l y  d i f f e r e n t  
from t h e  ove r ly ing  f l y  a s h  d e p o s i t s  t h a t  i t  is  v i s u a l l y  d e t e c t a b l e  without  need f o r  
chemical  a n a l y s i s .  

Occurrence o f  t h e  seg rega ted  d e p o s i t  under t y p i c a l  a sh  d e p o s i t s  h a s  caused 
s p e c u l a t i o n  as t o  whether  t h e  d e p o s i t  was formed f i r s t  and the  f l y  ash depos i t ed  
la ter  o r  whether t h e  seg rega ted  m a t e r i a l  w a s  syn thes i zed  beneath t h e  f l y  ash 
d e p o s i t .  

$7' Syn thes i s  of  t h e  complex s u l f a t e s  r e q u i r e s  a p a r t i a l  p r e s s u r e  of SO3 h i g  
than  t h a t  found i n  t h e  m a i n  s t r eam o f  combustion gases .  Anderson and Goddard- 
conclude t h a t  t h e  SO2-SO3 r e a c t i o n  r eaches  e q u i l i b r i u m  w i t h i n  t h e  d e p o s i t  and t h a t  
s o l u t i o n  phenomena a t  o p e r a t i n g  temperatures  reduce t h e  necessary p a r t i a l  p r e s s u r e  
of  SO3 below t h a t  e x h i b i t e d  by pu re  phases  o f  a l k a l i - i r o n  and alkal i -a luminum 
s u l f a t e s  t h a t  appea r  i n  t h e  d e p o s i t  a f t e r  coo l ing .  

While information on r e a c t i o n s  between s u l f u r  ox ides  and f l y  ash i s  sketchy,  
there is  even less 47formation on r e a c t i o n s  invo lv ing  t h e  a l k a l i  m e t a l s .  
Goldberg and Orning- found t h a t  t h e  a l k a l i  c o n t e n t  of  f l y  a sh ,  sub jec t ed  t o  a 
t empera tu re  g r a d i e n t  i n  a f l u e  gas  atmosphere,  migrated towards a co ld  s u r f a c e  a t  
375OC. 
beyond t h a t  of t h e  o r i g i n a l  f l y  a s h ,  t h e r e  w a s  i n s u f f i c i e n t  a l k a l i  f o r  t h e  synthe-  
s i s .  S ince  the a l k a l i  components of t h e  m i n e r a l  matter of c o a l  are v o l a t i l e  under 
combustion c o n d i t i o n s ,  it seemed d e s i r a b l e  t o  g a t h e r  d a t a  on t h e  r e a b s o r p t i o n  of 
a l k a l i  by f l y  a sh  and by d e p o s i t s  a t  v a r i o u s  p o i n t s  w i t h i n  a c o a l - f i r e d  steam 
g e n e r a t o r .  A s t u d y  of d e p o s i t s  i n  a cyc lone - f i r ed  u n i t  seemed p r e f e r a b l e  because 
t h e  h igh  temperatures  w i t h i n  t h e  cyclone would a s s u r e  more complete v o l a t i l i z a t i o n  
o f  the a l k a l i  components. 

Weintraub, 

The complex a l k a l i  s u l f a t e s  d i d  not 'appear .  I n  t h e  absence of a supply,  

The Steam Generator  

The steam g e n e r a t o r  c r o s s  s e c t i o n  i s  shown i n  F ig .  1. It was r a t e d  a t  
3 ,290,000 l b  of s t eam/hr ,  3625 p s i g  and 1005% supe rhea t  with 575 p s i g  and 1005% 
r e h e a t .  It had 10 c y c l o n e s ,  10 f t  i n  d i ame te r ,  f i v e  each on t h e  f r o n t  and rear 
w a l l s .  Sampling p o i n t s  a r e  shown by the  c i r c l e d  numerals,  except  f o r  t h e  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  hopper  which i s  not  shown. The fu rnace  w a l l  t ubes  were f u l l y  
s tudded t o  a l e v e l  about  5 f t  below t h e  gas  r e c i r c u l a t i o n  p o r t s .  A t h i n ,  g l a s s y  
s l a g  c o a t  was i n t a c t  t h roughou t  t h e  studded zone fo l lowing  shutdown. S lag  shedding. 
had occurred on a l l  upper  wall s u r f a c e a e x c e p t  i n  t h e  c o r n e r s  j u s t  above t h e  s tud -  
d i n g  and o n  the w a l l s  under  some o f  t h e  gas  r e c i r c u l a t i o n  p o r t s .  

Ash and S l a g  Samples  

Two southern I l l i n o i s  bi tuminous c o a l s  were used.  Analyses o f  t h e  ash and 
s l a g  samples a r e  shown i n  Table  I. Data on t h e  mole pe rcen t  b a s i s ,  shown i n  Table 
111, are more r e v e a l i n g .  Unfo r tuna te ly ,  t h e  two c o a l s  t h a t  were used have somewhat 
d i f f e r e n t  ash a n a l y s e s .  The SO3 i s  e q u i v a l e n t  t o  abou t  70% o f  t h e  CaO f o r  bo th  
c o a l  a shes ,  while s u l f u r  i n  a sh  accounted f o r  24.6% of  t h e  s u l f u r  i n  c o a l  A and 
38.5% of  t h e  s u l f u r  i n  c o a l  B .  Re ten t ion  o f  s u l f u r  i n  t h e  c o a l  ash,  as produced a t  
700' t o  75OoC by t h e  s t a n d a r d  method f o r  a sh  c o n t e n t ,  i s  r e l a t e d  t o  t h e  c a l c i t e  
c o n t e n t  r a t h e r  t han  t o  the s u l f u r  c o n t e n t  of  t h e  coal.  

The composition o f  v a r i o u s  s l a g ,  d e p o s i t ,  and f l y - a s h  samples may be expected 
t o  depend upon o p p o r t u n i t i e s  f o r  s e g r e g a t i o n ,  on temperatures  a t  v a r i o u s  p o i n t s  
a l o n g  t h e  gas  flow p a t h ,  and on t h e  r e a d s o r p t i o n  o f  s u l f u r  and a l k a l i  components. 
The temperatures  were n o t  measured b u t  were probably on t h e  o r d e r  of  ove r  170OOC 
i n  t h e  Fyc1one,100O0C i n  t h e  secondary s u p e r h e a t e r ,  l o c a t i o n  2 ,  and 325OC a t  the  
a i r  h e a t e r ,  l o c a t i o n  6.  
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TABLE 111.- Ash a n a l y s e s ,  mole p e r c e n t ,  and p h y s i c a l  c h a r a c t e r i s t i c s  

9 No .. Location Colora 

S l a g  tank 
A i r  h e a t e r  
Primary supe rhea te r  
Economizer hopper 
Reheat supe rhea te r  
P r e c i p i t a t o r  hopper 
Coal a s h ,  A 
Coal a s h ,  B 

BL . 
BL . 
R.B. 
B.R. 
B.R. 
G.B. 

b Mag. SO3 

1 0 . 2  
3 2 . 1  
2 2 . 2  
2 4 .9  
0 10.2 
2 3 . 4  - 7 .6  
- 7 . 5  

Fe203 

9 . 5  
10 .4  
8 .9  

1 0 . 2  
10 .5  
9 . 2  

14 .3  
8 . 0  

~ 

A1203 

1 3 . 3  
1 3 . 2  
13 .9  
1 3 . 4  
1 2 . 9  
1 3 . 4  
1 2 . 3  
13 .8  

Si07 CaO MgO 

59.0 11 .9  1 . 8  
5 8 . 0  1 0 . 4  1 . 6  
6 0 . 4  8 . 2  1 . 6  
56.7 8 . 2  1 . 5  
43 .6  15.7 1 . 6  
59 .4  7 . 0  1 . 7  
48 .3  1 1 . 1  1 . 6  
5 5 . 2  10.0 1 . 7  

Na20 K20 

2 .7  1 . 6  
2 . 6  1 .7  
3 . 1  1 . 7  
3 . 3  1 .8  
3 . 6  1 .9  
3 . 6  2 . 3  
3 . 2  1 . 6  
2 . 4  1 . 4  

a 

bSca le  of i nc reas ing  magnetic c h a r a c t e r .  
Color code: BL., b l ack ;  R.B., red-brown; G.B., gray-brown; B.R., b r i ck - red .  

S u l f u r  con ten t  of  t h e  s l a g  i s  almost immeasurably low. The 0 . 2  mole of  SO3 
corresponds t o  0 .1  w t  p e r c e n t  of  s u l f u r ,  which i s  r epor t ed  t o  t h e  n e a r e s t  0.1%. 
The sodium and potassium c o n t e n t s  o f  the s l a g  are comparable t o  those  o f  t h e  c o a l  
a shes .  
E i t h e r  t he  a l k a l i  metals were not  s u b s t a n t i a l l y  v o l a t i l i z e d  i n  the cyc lones  or they 
were readsorbed as t h e  s l a g  flowed a c r o s s  t h e  fu rnace  f l o o r .  

S l ag  from t h e  cyc lones  f lows a c r o s s  t h e  fu rnace  f l o o r  t o  t h e  s l a g  d r i p . -  

Deposi t  samples were n o t  t aken  from l o c a t i o n  2 ,  Fig. 1 (lead tube o f  t h e  l a s t  
p l a t e n  o f  t h e  secondary supe rhea te r ) .  V i s u a l l y  i d e n t i f i a b l e  complex a l k a l i - i r o n -  
aluminum s u l f a t e ,  covered by a t h i n  s h e l l  o f  ash, was found on t h e s e  tubes .  The 
ash s h e l l  had p a r t i a l l y  shed on c o o l i n g  of the fu rnace .  Large s e c t i o n s  could be  
removed i n t a c t  with l i g h t  f i n g e r  p r e s s u r e  on t h e  edge t o  expose t h e  unde r ly ing  
s u l f a t e  d e p o s i t .  The s h e l l  was so t h i n  t h a t  c l e a n  s e p a r a t i o n  from t h e  underlying 
s u l f a t e  d e p o s i t  could no t  be a s su red  f o r  t he  purpose o f  chemical a n a l y s i s .  

Deposi ts  a t  l o c a t i o n  3 ( l ead  tube of  the r e h e a t  s u p e r h e a t e r  p l a t e n )  were 
shaped l i k e  a n t l e r s  j u t t i n g  i n t o  t h e  gas  stream and were jo ined  by a t h i n  s h e l l  
a c r o s s  t h e  f r o n t  of t h e  tube.  They were so hard  t h a t  t he  a u t h o r  could not  break 
t h e m  o f f  by hand though they  p r o j e c t e d  about 3 inches i n  f r o n t  of the tube .  The 
a n a l y s i s  gave an e x c e p t i o n a l l y  h igh  con ten t  of  SO3 and maximum v a l u e s  f o r  t h e  
a l k a l i  metals, excep t  K20 i n  t h e  p r e c i p i t a t o r  hopper sample. The s u r f a c e  of  t he  
d e p o s i t  was d u s t y ,  and f r a c t u r e  s u r f a c e s  showed no i n d i c a t i o n  o f  f u s i o n ,  sugges t ing  
t h a t  t h e  ash w a s  cemented by formation o f  a l k a l i  s u l f a t e s  w i t h i n  pores  o f  t h e  
d e p o s i t .  

The samples from l o c a t i o n  4 ( the  top o f  the primary supe rhea te r )  were ha rd  
nodules  blown from a n  unknown l o c a t i o n  and too  l a r g e  t o  p a s s  between t h e  supe r -  
h e a t e r  tubes.  While these  nodules  were a s  ha rd  a s  sample No. 3 ,  t h e  s u l f u r  con ten t  
was no t  a s  h igh .  The under ly ing  tubes  were f r e e  o f  d e p o s i t s .  

The economizer hopper ( l o c a t i o n  5)  was l o c a t e d  below t h e  downflow s e c t i o n  of  
convec t ive  h e a t  t r a n s f e r  t ubes .  The a i r  h e a t e r  hopper was under t h e  flow r e v e r s a l  
duc t  between s e c t i o n s  of  t h e  a i r  h e a t e r .  The c l a s s i f y i n g  a c t i o n  of  changes i n  
flow d i r e c t i o n ,  compared t o  e lectrostat ic  p r e c i p i t a t i o n ,  may be r e s p o n s i b l e  f o r  t h e  
d i f f e r e n c e s  i n  a n a l y s i s  between samples from t h e  economizer hopper ,  t h e  a i r  heater 
hopper ,  and the  p r e c i p i t a t o r  hopper ,  l o c a t i o n s  5 ,  6 ,  and 7 .  There is a l s o  a pro-  
g r e s s i v e  drop i n  temperature  between t h e s e  l o c a t i o n s .  
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The sample a n a l y s e s  a r e  remarkably c o n s i s t e n t  excep t  f o r  t h e  v a r i a t i o n  i n  s o 3  

c o n t e n t  and a d i s p r o p o r t i o n a t i o n  between l i m e  and s i l i ca  i n  sample No. 3. The i r o n  
c o n t e n t  of  t h e  hopper and d e p o s i t  samples is  between t h o s e  of  the t w o  c o a l  a s h e s ,  
while  t h e  silica c o n t e n t s ,  with t h e  o n e  e x c e p t i o n ,  are h i g h e r  then thz t  of e i t h e r  
c o a l  a s h .  i 

The hopper and d e p o s i t  samples showed remarkable d i f f e r e n c e s  i n  c o l o r  and rp 
magnet ic  p r o p e r t i e s .  Tab le  111 g i v e s  d a t a  from g r c s s  appearance.  Microscopic 
examinat ion showed heterogeneous c h a r a c t e r .  The s l a g  t ank  sample looked l i k e  p u l -  
v e r i z e d  b l a c k  g l a s s  w i th  a few t r a n s l u c e n t  wedges and a few magnetic p a r t i c l e s ,  
presumably magnet i te .  The b r i c k - r e d  material  from t h e  r e h e a t  supe rhea te r  tube had 
a ve ry  small number o f  m a g n e t i t e  p a r t i c l e s .  The economizer hopper and supe rhea te r  
nodule  samples had i n c r e a s i n g  p r o p o r t i o n s  of  magne t i t e  mixed wi th  t h e  b r i c k  red.  
The a i r  h e a t e r  sample appeared almost  a s  b l a c k  as t h e  s l a g  t a p  sample,  and had a 
l a r g e  p o r t i o n  o f  magne t i t e  with a s p r i n k l i n g  of small red p a r t i c l e s  on t h e  s u r f a c e  
o f  t h e  l a r g e r  b l ack  p a r t i c l e s .  
p o r t i o n  o f  magnet i te  w i t h  enough w h i t e s  (some o p a l e s c e n t  beads) and r e d s  t o  give a 
gray-brown appearance.  
were magnet ic ,  presumably magne t i t e .  The ana lyses  f o r  i r o n  are g iven  i n  terms of 
FeqO3 without  regard t o  t h e  a c t u a l  s t a t e  o f  ox ida t ion .  
t o  f e r r i c  ox ide ,  and t h e  c o l o r  v a r i a t i o n s  may be  used t o  i n f e r  v a r i a t i o n s  i n  f e r r i c  
oxide c o n t e n t .  

I 

1 
The p r e c i p i t a t o r  hopper sample had a cons ide rab le  - 

Almost a l l  b l ack  p a r t i c l e s ,  excep t  t hose  from the  s l a g  tank,  

The b r i c k  r ed  c o l o r  is  due 

Di scuss ion  

Most of the ash from cyc lone  combustion i s  c o l l e c t e d  i n  t h e  s l a g  tank wi th  
almost  n e g l i g i b l e  s u l f u r  c o n t e n t .  
long p e r i o d s  of t i m e  and r e p r e s e n t  a n e g l i g i b l e  p a r t  of  t h e  m a t e r i a l  ba l ance .  The 
f l y  ash has  a s i g n i f i c a n t  s u l f u r  c o n t e n t  b u t  r e p r e s e n t s  a minor f r a c t i o n  o f  t h e '  
mine ra l  m a t t e r  i n p u t .  Most of t h e  s u l f u r  p a s s e s  through t h e  system a s  S02, bu t  
o x i d a t i o n  t o  SO3 and s u l f a t e  fo rma t ion  by r e a c t i o n  wi th  o t h e r  mine ra l  matter com- 
ponents  have c o n s i d e r a b l e  e f f e c t  on d e p o s i t  formation.  

Depos i t s  with high s u l f u r  c o n t e n t  a r e  formed over 

The behavior  of i r o n  i s  o f  p a r t i c u l a r  i n t e r e s t .  It i s  p r e s e n t  i n  t h e  c o a l  
a lmost  e n t i r e l y  as p y r i t e ,  o f t e n  d i s t r i b u t e d  as v e r y  f i n e  p a r t i c l e s .  Rapid hea t ing  
t o  22OOoC produces l i q u i d  d r o p l e t s  approximating FeS, f e r r o u s  s u l f i d e  .lo/ 
sequence of  m e l t i n g ,  decomposi t ion,  and o x i d a t i o n  i s  unknown. Larger  p a r t i c l e s  a r e  
probably thrown o n t o  t h e  s l a g  w i t h i n  t h e  cyc lone .  Smal l e r  p a r t i c l e s  are converted 
i n  suspension t o  f i n e l y  d i v i d e d  f e r r i c  oxide.  The au tho r  has  observed a cyclone-  
f i r e d  u n i t  w i th  a mechanical  b u t  no 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 .  
was b r i c k  r e d .  Had i t  been b l a c k  i t  would have been r a t e d  number 4 smoke. The 
f i n e l y  d iv ided  f e r r i c  ox ide  produces a d u s t  c o a t i n g  on tube s u r f a c e s .  A t  app ropr i -  
a t e  temperature  l e v e l s ,  o x i d a t i o n  of SO2 t o  SO3 w i t h i n  t h e  d u s t  l a y e r  and r e a c t i o n  
w i t h  adsorbed a l k a l i  metals  produces the  complex a l k a l i - i r o n  s u l f a t e s .  Depending 
upon temperatures  and temperature  g r a d i e n t s ,  t h e s e  s u l f a t e s  may a c t  as  cementing 
a g e n t s  o r  may accumulate as a seg rega ted  phase near  t h e  tube s u r f a c e .  Cyc l i c  
m e l t i n g  and f r e e z i n g  t h e n  causes  e j e c t i o n  o f  non-soluble  p a r t i c u l a t e s  and 
accumulat ion of t h e  seg rega ted  d e p o s i t .  

The 

The s t a c k  plume 

A sys t ema t i c  v a r i a t i o n  i n  a l k a l i  metal c o n t e n t  was no t  appa ren t  u n t i l  t he  da t a  
were a r r anged  i n  t h e  sequence o f  Tab le  111. Data f o r  t h e  s l a g  t ank  sample a r e  
l i s t e d  f i r s t .  Those f o r  t h e  p r e c i p i t a t o r  hopper sample and t h e  c o a l  ashes  a r e  
l i s t e d  l a s t .  I n t e r v e n i n g  d a t a  are i n  the s=:quence o f  i n c r e a s i n g  con ten t  of  f e r r i c  
i r o n  as i n f e r r e d  from c o l o r .  V a r i a t i o n  from t h e  sequence of p o s i t i o n s  along t h e  
flow pa th  i s  a r e s u l t  of s e g r e g a t i o n  of p a r t i c u l a t e  m a t t e r  and t h e  a c t i o n  o f  re-  
t r a c t a b l e  blowers used p e r i o d i c a l l y  t o  blow loose  d e p o s i t s  o f f  t ube  s u r f a c e s .  
h i g h e s t  c o n t e n t  of f e r r i c  i r o n  was found i n  t h e  ha rd  d e p o s i t  on t h e  r e h e a t  supe r -  
h e a t e r  tube.  

The 

Dusty d e p o s i t s  a r e  blown o f f  t h e  tubes  by t h e  r e t r a c t a b l e  blowers .  

I 
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Depending upon agglomerat ion,  t h e s e  tend t o  f a l l  ou t  i n  t h e  economizer hopper o r  
c a r r y  through t o  t h e  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 .  
appears  t o  be favored by t h e  f i n e l y  d iv ided  f e r r i c  oxide with some e f f e c t  of  
temperature on o p p o r t u n i t i e s  f o r  s u l f a t e  formation.  Temperatures are lowest i n  
the  p r e c i p i t a t o r .  
d e p o s i t s  on t h e  secondary supe rhea te r ,  l o c a t i o n  2 ,  and t h e  r e h e a t  s u p e r h e a t e r ,  
l o c a t i o n  3. 
t he  unknown times r equ i r ed  f o r  d e p o s i t  formation.  
d e p o s i t s  i s  n e g l i g i b l e  i n  comparison t o  t o t a l  f low ove r  t h e  t i m e  of  t h e i r  formation.  
R e l a t i v e l y  h igh  con ten t  i n  the  p r e c i p i t a t o r  sample i s  o f f s e t  by the  l a r g e r  p o r t i o n  
o f  t h e  t o t a l  ash c o l l e c t e d  i n  t h e  s l a g  tank.  Immeasurably lower c o n t e n t  i n  t h e  s l a g  
tank sample i s  s u f f i c i e n t  t o  provide m a t e r i a l  balance.  The d i s p r o p o r t i o n a t i o n  of 
MgO and SiOp, i n  t h e  d e p o s i t  a t  l o c a t i o n  N o .  3, t h e  r e h e a t  supe rhea te r  l ead  tube ,  
i s  exp la inab le  i n  terms of  t h e  r e s u l t s  of  i n t e r m i t t e n t  o p e r a t i o n  of  r e t r a c t a b l e  
blowers.  Acid formation and a l k a l i  adso rp t ion  extend through the i n t e r f a c e  be- 
tween t h e  cemented d e p o s i t  and t h e  dus ty  o u t e r  c o a t .  Basic  c o n s t i t u e n t s ,  a s  
a g a i n s t  t h e  a c i d i c  s i l i ca  p r e s e n t  i n  segregated p a r t i c l e s ,  are p r e f e r e n t i a l l y  
r e t a i n e d  when t h e  d u s t  c o a t i n g  i s  i n t e r m i t t e n t l y  removed by t h e  blower a c t i o n .  

Reconrmendations f o r  F u t u r e  Study 

Absorpt ion of t h e  a l k a l i  metals 

Condit ions are most f avorab le  f o r  r e a c t i o n  with SO3 w i t h i n  

Material ba l ances  are obscured by d i f f e r e n c e s  between t h e  c o a l s  and 
High SO3 c o n t e n t  i n  segregated 

Data p resen ted  h e r e  are f o r  samples taken from a cyclone-combust ion-f i red-uni t .  
It has  o f t e n  been observed t h a t  t hese  u n i t s  produce r edd i sh  f l y  ash r a t h e r  t han  t h e  
t y p i c a l  g ray  f l y  a sh  from pu lve r i zed -coa l - f i r ed  systems,  i n d i c a t i n g  t h e  presence of 
f i n e l y  d iv ided  f e r r i c  oxide.  Neve r the l e s s ,  t h e  d a t a  i n d i c a t e  t h e  p o s s i b i l i t i e s  f o r  
b e t t e r  understanding of  t h e  r e a c t i o n s  involved i n  d e p o s i t  formation.  Supplemental  
d a t a  on temperatures ,  gas  compositions,  and p a r t i c u l a t e  samples taken from the gas 
stream a t  va r ious  p o i n t s  a long  t h e  gas flow pa th  would be  h e l p f u l .  P r e p a r a t i o n  f o r  
t ak ing  samples from less a c c e s s i b l e  p o s i t i o n s  would a l s o  be h e l p f u l .  

Laboratory s t u d i e s  of  r e a c t i o n s  between gases  and mineral  matter components 
become meaningful only when i n t e r p r e t e d  i n  r e l a t i o n  t o  t h e  c o n d i t i o n s  and m a t e r i a l s  
t h a t  e x i s t  w i t h i n  a c t u a l  steam gene ra to r  systems. Laboratory s t u d i e s  should be en-  
couraged, b u t  they must be coordinated wi th  a c t u a l  cond i t ions  i n  l a r g e  steam 
gene ra to r s .  

Conc l u s  ions 

1) Samples of f l y  ash and d e p o s i t s  were obtained from v a r i o u s  l o c a t i o n s  i n  a 
l a r g e ,  cyc lone - f i r ed  steam gene ra to r .  

2) Wide v a r i a t i o n s  i n  c o l o r  were due t o  v a r i a t i o n s  in f e r r i c  ox ide  con ten t .  

3) V a r i a t i o n s  i n  a l k a l i  metal con ten t  were r e l a t e d  q u a l i t a t i v e l y  t o  v a r i a t i o n s  
i n  f e r r i c  oxide con ten t  and temperatures .  

4) Typical  segregated d e p o s i t s  of complex a lka l i - i ron -a lumina  s u l f a t e s  were 
visual1.y i d e n t i f i e d  wi th in  the  secondary supe rhea te r .  

5) A hard d e p o s i t  on t h e  r e h e a t e r  supe rhea te r  probably w a s  formed by t h e  
cementing a c t i o n  of s u l f a t e s  formed wi th in  the  po res  of  an  ove r ly ing  d u s t y  d e p o s i t  
and incremental  bui ldup of  cemented m a t e r i a l  l e f t  a f t e r  each c y c l e  o f  r e t r a c t a b l e  
blower ope ra t ion .  
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Secondary superheater 

Figure 1 . -  Sampling loca t ions  i n  the cyclone f i r e d  steam generator.  
Location 7 ,  the prec ip i ta tor  hopper i s  not  shown. 
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